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ABSTRACT 

The preliminary conceptual design is described of RST, a radio frequency driven, 
steady-state tokamak. The function of RST is to develop the physics and engi
neering bases for the development of the tokamak as a true steady-state reactor. 
The physics of rf current drive, using a variety of electromagnetic waves, is 
discussed. The device makes use of a novel superconducting toroidal magnetic 
field coil concept, in which the axial current is carried in only three return 
legs, and superconducting pullback coils are used to reduce the magnetic field 
ripple. This technique greatly increases access to the plasma. Impurity con
trol by means of edge cooling, bundle divertor, and rf wave momentum sources is 
discussed, as well as fueling. 
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EPRI PERSPECTIVE 

PROJECT DESCRIPTION 

This final report presents the third and final phase of this effort and is aimed at 
finding a means of steady tokamak operation. The first phase of this effort was 
published as EPRI ER-289, Experimental Fusion Power Reactor Conceptual Design Study, 
December 1976. The second phase was published as EPRI AP-1347, Experimental Fusion 
Power Reactor Design Tasks, February 1980. Presently the federal effort aimed at 
developing a steady-state tokamak is just getting underway. An experimental device 
based on the work reported here is being constructed at and funded by the General 
Atomic Company. The study presented in this report is part of the Fusion Program's 
Fusion Power Plant Development Subprogram. 

PROJECT OBJECTIVE 

The objective of the project is to find a means for steady-state tokamak reactor 
operation. Tokamaks currently operate in a cyclic manner. This imposes several 
engineering problems such as temperature cycling of the first wall leading to severe 
fatigue; the need for thermal energy storage; and the need for large electric power 
handling and switching devices. A steady-state reactor would be simpler to 
engineer, easier to maintain, and inherently more reliable. 

PROJECT RESULTS 

This theoretical investigation concludes that a steady-state tokamak is 
theoretically feasible. 

David J. Paul, Project Manager 
Fusion Program 
Advanced Power Systems Divisions 
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SUMMARY 

The RST device (RF Driven iteady-State Iokamak) is intended to address present day 
problems facing the implementation of the tokamak as a fusion reactor. Tokamak 
fusion reactor conceptual designs have received criticism that such reactors would 
be too complex and difficult to maintain on a commercial basis. However, recent 
experimental results have shown that the physics of energy confinement and plasma 
heating in tokamaks is sufficiently encouraging that greater effort should be put 
into overcoming the engineering difficulties of tokamaks while taking advantage of 
the good confinement properties of the concept. The RST conceptual design presented 
in this report is for a small near term device which is oriented toward demon
strating the physics bases of a simplified tokamak system. 

The source of much of the problem with tokamak fusion reactors lies in the pulsed 
nature of the tokamak: plasma current, which is necessary for plasma confinement, 
has been generated by changing the magnetic flux through the core of the tokamak. 
This means of inducing current introduces some of the key difficulties of tokamaks. 
Current pulses provided by induction are necessarily limited in duration by the 
flux swing available in the core; therefore, tokamak reactors must go through a 
periodic startup, burn, and shutdown cycle, lasting on the order of minutes. 

This cycling of the burn introduces many severe engineering problems. Foremost 
is temperature cycling of the first wall that faces the plasma. Temperature 
cycling is expected to be a primary cause of structural failure of the wall, and 
replacement of the wall, which will be highly radioactive due to neutron activa
tion, is a formidable and lengthy maintenance task which should be avoided if at 
all possible. 

Steady-state operation of a reactor has the benefit of supplying constant power 
output rather than pulsed power. Although thermal energy storage could be arranged, 
such a scheme introduces complications, costs, and a degradation of the reactor 
thermal efficiency. For the UWMAK-111 reactor conceptual design, for example, 
150 MW-hrs of thermal energy storage is required between burn cycles. 
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Next, the cycling through the startup phase introduces a large circulating energy. 

About 1 GJ of energy must be transferred from the ohmic heating and auxiliary 
heating system to the plasma to achieve ignition, and from the plasma back to 
the power supply via thermal conversion at the end of the cycle. This process 
requires large power handling and switching devices, reduces the plant efficiency 
due to parasitic losses and conversion inefficiencies, and reduces the effective 
plant duty cycle. 

Finally, the time dependent magnetic fields of the ohmic heating coil introduce 
pulsed field losses in the superconductors that generate the toroidal field, which 
cause joule heating in those conductors. These losses are difficult to reduce to 
levels at which disastrous quenching of the toroidal field coil can be avoided. 

Steady-state current drive can eliminate or ameliorate these constraints on toka
mak reactor design, resulting in a reactor that is simpler to engineer, easier to 
maintain, and inherently more reliable than one driven by induced voltages. RST 
is designed to address the question of steady-state current drive by means of rf 
waves. 

RST will have to yield experimental data as soon as possible if it is to impact 
the national program. It is therefore conceived of as a small device that could 
be built quickly (~2 years) and cheaply (<5M$), and provide quick answers to 
important questions regarding rf current drive. In addition, small size is 
important in minimizing the rf power required to drive the plasma current, which 
increases the flexibility of the device by reducing the cost and effort involved 
in testing each of the various current generation schemes. In accordance with 
these principles, the size of RST was selected at 80 cm for the major radius, 
20 cm for the minor radius. The magnetic field on-axis is 1.5 T. A machine with 
these parameters can provide an initial electron temperature of 400 to 600 eV 
which is sufficient to start the rf current drive. 

Several distinct rf current drive mechanisms have been studied. In general, they 
can be divided into two categories. In the first, a wave traveling in the toroidal 
direction damps on the electrons, thereby transferring momentum to the electrons. 
This net toroidal momentum causes the electrons to drift toroidally, creating a 
current. As the electrons move they lose momentum to the ions, so that a steady
state current is eventually achieved. The particular mechanism by which the wave 
is damped is immaterial; whether collisional, Landau, or transit time damping, the 
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result is the same. Typical of this category is Landau damping of traveling 
lower hybrid waves. 

The propagation and damping of lower hybrid waves is treated in some detail. 
Landau damping of the wave on the high velocity part of the electron parallel 
velocity distribution is specified as a means of obtaining maximum plasma current 
for a given wave power. The analysis of momentum and energy transfer from the 
wave to the electrons, and the subsequent transfer of momentum to the ions, has 
been carried out in terms of a Boltzmann equation for the electron velocity dis
tribution. This equation balances the rf induced quasi-linear diffusion of the 
electron against the electron-electron and electron-ion collisional effects, as 
modeled by a Fokker-Planck collision operator. 

In order to best simulate the rf current drive in RST, the current deposition 
Fokker-Planck computer code was coupled to the one-dimensional plasma transport 
code. This allows self-consistent calculations of plasma heating and current 
generation in the plasma, in which the decrease in plasma resistivity due to 
heating is included. Results show that the application of 225 kW of rf power at 
a frequency of 1.79 GHz is sufficient to drive the entire 90 kA of plasma current. 
The self-consistent electron temperature increases from 600 eV to 1400 eV. An 
antenna system for launching the traveling wave consists of six waveguide grills, 
each grill being eight waveguides of dimension 12 cm by 0.5 cm. For this antenna, 
the electric fields in the waveguide lie well below the multipactoring breakdown 
limit. 

An alternative to lower hybrid wave current drive is current drive using the fast 
wave. This wave has the advantage of being an eigenmode of the plasma-vacuum 
chamber system, and therefore coupling of the wave to external power sources can 
be very efficient. It also has the advantage of having most of the wave power 
density located near the center of the plasma where the current drive is required 
for a normal centrally peaked current density profile. Absorption of the wave by 
electrons is due to Landau and transit-time damping, or due to collisional damp
ing for very low plasma temperatures. The frequency is held well above the ion 
cyclotron frequency to avoid ion cyclotron damping. 

Heating and current drive using the fast wave have also been calculated using the 
one-dimensional plasma transport code and a code which generates the eigenmodes. 
This analysis shows that 350 kW of power at 45 MHz can drive 76 kA of plasma current, 
with a self-consistent electron temperature of 1000 eV. 
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The antenna required for launching the fast wave is technologically more difficult 

than that for the lower hybrid wave. The antenna is made of wire loops encircling 

the plasma about the minor axis. For good efficiency, the vacuum chamber wall 

must be of a high conductivity material, and it must be removed from the plasma 

by several centimeters in the vicinity of the antenna. 

Very high energy runaway electrons also generate a plasma current. A scheme is 

described for maintaining the runaways by rf effects. This process is very effec

tive due to the low collision rate of the fast electrons. 

The second general category of rf current drive is called 11 enhanced bootstrap" 

current. This technique makes use of the fact that as a conducting medium, such 

as a plasma, crosses a magnetic field B with a velocity V, an electric field 
+ + + 
E = V x Bis generated. This electric field is sufficient to drive all the plasma 

current if the cross field plasma velocity is just that due to neoclassical dif

fusion and if the plasma pressure divided by the poloidal magnetic field pressure 

is about equal to the toroidal aspect ratio (4.0 in the case of RST). However, 

at such a high pressure plasma stability is severely reduced; but it appears that 

rf waves can be used to enhance the cross-field particle diffusion above the neo

classical rate, thereby producing the same plasma current at reduced plasma 

pressure. 

Two varieties of enhanced bootstrap current drive are described. In the first, 

enhanced diffusion is created by an electric field parallel to the magnetic field, 

applied at a frequency above the electron bounce frequency but well below the 

electron cyclotron frequency. A field of this type is effective in enhancing the 

radial diffusion of the trapped or nearly trapped electrons, and thereby enhancing 

the toroidal bootstrap current without increasing the electron-ion friction 

significantly. 

The second variety of enhanced bootstrap current uses a driven flow to effect the 

radial transport responsible for the bootstrap current. Waves traveling in the 

toroidal direction are made to interact only with electrons traveling in the same 

direction through the Doppler-shifted electron cyclotron resonance. This inter

action increases the perpendicular energy of the electrons, changing barely 

transiting electron orbits to barely trapped orbits. This trapping process causes 

an effective radial step in the particle average position, which in turn creates 

the electric field that drives the enhanced bootstrap current. Current density 

profiles and power requirements for the two varieties of enhanced bootstrap cur

rent are presented. 
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Since RST is designed to be a steady-state tokamak, the problems of impurity 
control and refueling become important. A number of means of controlling impu
rities are described. First, moderate atomic number materials, such as stainless 
steel, are used for the vacuum chamber wall and limiter; low Z coatings, such as 
beryllium, carbon, or silicon carbide, can be added as required to reduce the 
deleterious effects of impurities. A bundle divertor is a possible means of 
impurity control; its application to RST is discussed in terms of physics and 
technology, and some advanced bundle divertor concepts are discussed. Finally, 
a turbulent boundary concept for edge cooling is discussed. 

The RST device is designed to test many of the concepts presented here. In 
accordance with its near-term objectives, RST is a relatively small, low-cost 
device. Its major radius is 0.8 m, its minor radius is 0.2 m, and its on-axis 
field is 1.5 T. The toroidal field is generated by a superconducting coil of 
novel design. Instead of many return legs of a conventional design, only three 
return legs are used. The uncorrected magnetic field ripple of such a design is 
large, about 11%, so three superconducting baseball-seam shaped pullback correc
tion coils are added to bring the ripple down to about 1%. The pullback coils, 
as their name suggests, do not link the torus and may be easily pulled back away 
from the machine. This concept greatly facilitates access to the plasma chamber, 
both for an experimental device like RST and for a reactor, since very large seg
ments of the torus become directly accessible. 

Detailed analysis of the pullback coils and toroidal field coils has been per
formed, including such aspects as magnetic field, coil stress and deformation, 
coil support, and liquid helium boiloff. All design criteria can be satisfied 
by use of standard manufacturing techniques and materials, and proper machine 
operation can be predicted with high confidence despite the introduction of a 
superconducting technology relatively new to fusion applications. 

The conceptual design for all other tokamak elements, including the ohmic heating 
.system, equilibrium field coil system, plasma chamber, rf systems, support struc
ture, and facility and equipment is presented. A seismic analysis of RST is 
included, as well as construction schedule and costs. 
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Section 1 

INTRODUCTION 

The RST device (Bf Driven iteady-State Iokamak) is intended to address present day 
problems facing the implementation of the tokamak as a fusion reactor. Tokamak 
fusion reactor conceptual designs have received criticism that such reactors would 
be too complex and difficult to maintain on a commercial basis. However, recent 
experimental results have shown that the physics of energy confinement and plasma 
heating in tokamaks is sufficiently encouraging that greater effort should be put 
into overcoming the engineering difficulties of tokamaks while taking advantage 
of the good confinement properties of the concept. The RST conceptual design 
presented in this progress report is for a small near term device which is ori
ented toward demonstrating the physics bases of a simplified tokamak system. 

The source of much of the problem with tokamak fusion reactors lies in the pulsed 
nature of the tokamak: plasma current, which is necessary for plasma confinement, 
has been generated by changing the magnetic flux through the core of the tokamak. 
This means of inducing current introduces some of the key difficulties of toka
maks. Current pulses provided by induction are necessarily limited in duration 
by the flux swing available in the core; therefore, tokamak reactors must go 
through a periodic startup, burn, and shutdown cycle, lasting on the order of 
minutes. 

This cycling of the burn introduces many severe engineering problems. Foremost is 
temperature cycling of the first wall that faces the plasma. Temperature cycling 
is expected to be a primary cause of structural fai'lure of the wall, and replace
ment of the wall, which will be highly radioactive due to neutron activation, 

· is a formidable and lengthy maintenance task which should be avoided if at all 
possible. 

Steady-state operation of a reactor has the benefit of supplying constant power out
put rather than pulsed power. Although thermal energy storage could be arranged, 
such a scheme introduces complications, costs, and a degradation of the reactor 

1-1 



thermal efficiency. For the UWMAK-III reactor conceptual design, for example, 
150 MW-hrs of thermal energy storage is required between burn cycles. 

Next, the cycling through the startup phase introduces a large circulating energy. 
About 1 GJ of energy must be transferred from the ohmic heating and auxiliary 
heating system to the plasma to achieve ignition, and from the plasma back to the 
power supply via thermal conversion at the end of the cycle. This process requires 
large power handling and switching devices, reduces the plant efficiency due to 
parasitic losses and conversion inefficiencies, and reduces the effective plant 
duty cycle. 

Finally, the time dependent magnetic fields of the ohmic heating coil introduce 
pulsed field losses in the superconductors that generate the toroidal field, which 
cause joule heating in those conductors. These losses are difficult to reduce to 
levels at which disastrous quenching of the toroidal field coil can be avoided. 

Steady-state current drive can eliminate or ameliorate these constraints on toka
mak reactor design, resulting in a reactor that is simpler to engineer, easier to 
maintain, and inherently more reliable than one driven by induced voltages. RST 
is designed to address the question of steady-state current drive by means of rf 
waves. 

RST will have to yield experimental data as soon as possible if it is to impact 
the national program. It is therefore conceived of as a small device that could 
be built quickly (~2 years) and cheaply (<5M$), and provide quick answers to 
important questions regarding rf current drive. In addition, small size is impor
tant in minimizing the rf power required to drive the plasma current, which 
increases the flexibility of the device by reducing the cost and effort involved 
in testing each of the various current generation schemes. 

In accordance with these principles, the size of RST was selected at 80 cm for 
the major radius, 20 cm for the minor radius. The magnetic field on-axis is 
1.5 T. A machine with these parameters can provide an initial electron tempera
ture of 400 to 600 eV which is sufficient to start the rf current drive. The 
application of 350 kW of lower hybrid power in a wave traveling in the toroidal 
direction will raise the electron temperature to about 1400 eV peak while driving 
90 kA of plasma current. This expectation is based on a computer simulation in 
which a quasi-linear Fokker-Planck code calculating wave power and current density 
deposition profiles is coupled to a one-dimensional transport code. 
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Several distinct rf current drive mechanisms have been studied. In general, they 

can be divided into two categories. In the first, a wave traveling in the toroi

dal direction damps on the electrons, thereby transferring momentum to the elec

trons. This net toroidal momentum causes the electrons to drift toroidally, 

creating a current. As the electrons move they lose momentum to the ions, so 

that a steady-state current is eventually achieved. The particular mechanism by 

which the wave is damped is immaterial; whether collisional, Landau, or transit 

time damping, the result is the same. Typical of this category is Landau damping 

of traveling lower hybrid waves. 

The second general category is called '1enhanced bootstrap11 current. This tech
nique makes use of the fact that as a conducting medium, such as a plasma, crosses 

a magnetic field B with a velocity V, an electric field E = V x Bis generated. 

This electric field is sufficient to drive all the plasma current if the cross 

field plasma velocity is just that due to neoclassical diffusion and if the 

plasma pressure divided by the poloidal magnetic field pressure is about equal to 

the toroidal aspect ratio (4.0 in the case of RST). However, at such a high 

pressure plasma stability is severely reduced; but it appears that rf waves can 
be used to enhance the cross-field particle diffusion above the neoclassical rate, 

thereby producing the same plasma current at reduced plasma pressure. This 

process has been discussed in detail in Ref. (1), This promising technique 

requires a similar amount of power, 400 kW, at the electron cyclotron frequency 
to drive 90 kA in the RST. 

In the study of these and other current drive techniques, several different time 

scales become important. The longest time scale is the L/R time, which for RST 

parameters (R = 80 cm, a= 20 cm, central electron temperature Te= 1400 eV, and 

Zeff= 2) is about 200 ms. In order to study true steady-state behavior, the 
pulse length must greatly exceed this time, and in RST we have opted for true de 

operation. This requires a superconducting toroidal magnetic field coil as well 

as cw (continuous wave) rf supplies. 

A superconducting toroidal field coil for RST is appropriate, since the super

conducting technology is one which must necessarily be dealt with for a tokamak 

reactor. In addition, even for an RST-sized device a superconducting coil is 
cheaper than a copper coil if the power supply costs are included. The opera

tional advantages of steady-state operation are considerable, since such adjust

ments as waveguide relative phases for optimum current drive are most easily 

performed during a very long pulse. 
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In RST, we have gone one step further in addressing the maintenance needs of 
reactors. In order to maximize access to a tokamak reactor, the toroidal field 
coils should interfere as little as possible. This can be done by grouping the 
return legs of the coil in a very small number of bundles, like 2--JS. This alle
viates the problem of access to the reactor blanket, but it introduces unaccept
ably large magnetic field errors. These field errors can be compensated by coils 
which do not link the torus, and which can therefore be pulled back away from the 
reactor with a minimum of work. 

This approach has been adopted for RST, in order to maximize the access for rf 
antennas and other equipment, as well as to address the reactor maintenance access 
problem. For RST, the pullback coil approach will permit replacement of a large 
segment of the vacuum chamber on a time scale of a few days. If the vacuum cham
ber is divided into three 120° segments, for example, and all of the pumping ducts 
and permanent diagnostics (Thomson scattering system, charge exchange analyzer, 
radiometers, etc.) are located in two segments while the rf antenna is located in 
the remaining segment, then the latter part of the vessel can be removed and 
replaced without disturbing the permanent fixtures. This operational access will 
increase the flexibility of the experiment by eliminating much of the down time 
that would otherwise be associated with an antenna change. 

True steady-state operation of tokamaks results in engineering simplifications; 
however, these simplifications do not come for free. Some new complications arise: 
impurity removal, particle fueling, and for a reactor, ash removal. Impurity con
trol and removal is necessary since even a very small impurity accrual rate will 
result in a significant impurity level in the plasma if the accrual continues for 
a sufficient time. Although severe, the impurity control problem in a steady
state reactor is not more difficult than that for a pulsed reactor, since all 
pulsed reactors have pulse lengths much longer than an impurity transport time, 
so in either case impurity levels come to an equilibrium level. In this report 
several means of impurity control are discussed. 

REFERENCE 
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2.1 INTRODUCTION 

Section 2 

PHYSICS OF RST 

The physics of steady-state tokamak devices has some novel aspects in addition to 
the usual considerations that apply to more conventional ohmically driven tokamaks. 
The major novel aspects may be divided into two broad categories: (1) the ques
tion of steady current maintenance by rf waves and (2) the question of long time 
impurity control and fueling. In addition it is necessary to consider the ques
tions of MHD equilibrium and stability, plasma power balance for various types of 
current drives, etc. In the following, we shall present the results of our inves
tigations carried along these different lines. In Section 2.2, we discuss the 
results of our numerical study of the MHD equilibrium and stability of the con
ceptual RST design; Section 2.3 will contain the results of the current drive 
mechanisms that we have studied and some power estimates. Section 2.4 will have 
the results of the impurity control study, and Section 2.5 is a discussion of 
fueling requirements and techniques. Section 2.6 is a discussion of reactor 
requirements. 

2. 2 MHD EQUILIBRIUM AND STABILITY 

The existence of hydromagnetically stable equilibria for the plasma is one of the 
basic requirements in the design of the RST device. The equilibrium is obtained 
as a result of the existence of the toroidal current, toroidal magnetic field, 
and a vertical field produced by a pair of coils placed symmetrically in the up 
and down direction (Fig. 2-1). 

We study certain equilibria which are stable in the various MHD disturbances 
including the vertical axisymmetric displacement modes. We have not searched for 
completely optimized equilibria at the present time. We study the stability of 
such equilibria using the numerical codes developed at General Atomic Company. 
These studies consist of determining the stability of the equilibria with respect 
to the interchange mode (Mercier criterion) and to the v.ertical displacement. The 
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• 

Figure 2-1 Flux plot for the RST device. The coils labeled 
1 and 2 are the vertical field coils. 

• 
dimensional parameters of the system are the major radius R

0 
(80 cm), the minor 

radius a (20 cm), the position of the vertical coils v1 and v2 , and the diameter 
of the outside limiter surface which is chosen to be of circular shape as shown 
in Fig. 2-1. 

The surfaces of constant flux for such a system are obtained as solutions of the 
well-known equilibrium equation for an axisymmetric system (in MKS units): 

(2-1) 

where R, Z, and¢ are the usual coordinates, pis the plasma pressure,~ is the 
flux function, and I is the vertical component of the current. The various compo
nents of the magnetic field in the plasma are defined as: 

B = l £!l!. z Raz ' B = 1. 
¢ R 
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As dp/d~ and IldI/d~) are functions of~ only, we choose them in the following way: 

(2-3) 

I ~ " - j 0µ0 R0 (1 - Bp) {•x{- (.: : ::r]- l} 

Here, j
0 

is the current density of the magnetic axis, R
0 

is the major radius, R is 
the distance from the toroidal axis, and~ is the poloidal flux function with ~o 
and ~Las its value on the magnetic axis and on the limiter surface, respectively. 
The parameters a 1 and a2 determine the degree of "peaking" of the current profile; 
profiles with a 1 S 1, a 2 S 1 are highly peaked on axis, while profiles with a 1 > 1, 
a 2 > 1 becomes progressively ''flatter" as the quantities a 1 and a 2 increase. 

The total current in the plasma is chosen to be about 90 kA. 

Various equilibria could be obtained depending on the values of the quantities a1 
and a2 which denote the steepness of the current and pressure profiles. A typical 

equilibrium with a1 = a2 = 2 is shown in Fig. 2-1. In obtaining these equilibria 
the strength of the current in the vertical field coils v1 and v2 (in Fig. 2-1) 
was adjusted until the flux surfaces were more or less concentric with the given 
plasma limiter surface. The vertical coils are located at R = 1.08 m and 
Z = ± 0.28 m, and each carries a current of roughly 30 kA. As can be seen, the 
flux surfaces obtained are predominantly circular in shape with some modest amount 
of triangularity on the outer flux surfaces. The values chosen for the quantities 
a1 and a2 correspond to a fairly typical peaked current profile as observed in 
present-day tokamak experiments. The type of equilibria found are not sensitive 
to the magnitude of the parameters a1 and a2. 

The stability of the various equilibria was tested with respect to hydromagnetic 
plasma displacements of the interchange type and also to vertical displacements 
of the plasma (the latter is also described as axisylllTietric modes). This was 
carried out numerically using computer codes developed at General Atomic Company. 
Our results indicate that the various equilibria found are stable to both of these 
modes. We thus conclude that, for a variety of different plasma parameters, 
hydromagnetically stable plasma configurations are easily obtained (1). 
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2.3 RF CURRENT DRIVE 

2.3.1 Lower Hybrid Current Drive 

2.3.1.1 Introduction. Traveling plasma waves have momentum associated with them 
which may be transferred to one of the plasma species, resulting in a bulk plasma 
current. To the extent that current drive, and not heating is the main interest, 
it is desirable to minimize the power dissipation necessary to drive the current. 
For a given amount of wave energy, current drive is most efficient if the wave 
momentum is transferred to the electrons rather than the ions. Although the 
momentum dissipation rate is the same for ions or electrons, the ratio of current 
to momentum is an ion-electron mass ratio (mi/me) greater for electrons compared 
to ions. That is, for efficient rf current drive, the wave momentum must be 
deposited on the electrons and not on the ions. 

Lower hybrid waves may be used to transfer momentum to the high velocity tail of 
the electron velocity distribution via Landau damping, rather than to particles 
within the bulk of the distribution. There is a disadvantage to tail electron 
drive in that the momentum and energy dep~sited f~om waves at velocity vph paral
lel to the magnetic field are related by & = vph p, where & and pare the wave 
energy and momentum densities; this indicates that at higher vph' more power is 
used for given p. This result is more than compensated by the circumstance that 
the dissipation rate of electron momentum by electron-ion collisions varies with 
particle velocity v, as v-3. The net result is that tail current drive, as will 
be shown in more detail in the remainder of this section, is an attractive current 
drive mechanism. 

The analysis of momentum and energy deposition on the electrons, and its subse
quent dissipation on the ions, can be carried out in terms of a Boltzmann equa
tion for the electron velocity distribution. This equation balances the rf 
induces quasi-linear diffusion of the electrons against the electron-electron 
and electron-ion collisional effects, as described by a Fokker-Planck collision 
operator. 

This section describes the use of lower hybrid (LH) waves for current drive 
including past work and work in progress. The section is organized as follows: 
the nature of LH waves is briefly examined; next, a one-dimensionalized Fokker
Planck collision operator is used to calculate the electron velocity distribution 

2-4 



and associated current resulting from a spectrum of LH waves. This is followed 
by results from a two-dimensional Fokker-Planck code which calculates more accu
rately the rf power required to excite a given rf current. Spatial profiles of 
current and power absorption are calculated for fixed plasma parameter profiles, 
and then the results from a self-consistent transport model of rf heating and 
current drive are presented. A preliminary examination of the wave launching 
structure is carried out. 

2.3.1.2 Lower Hybrid Mode and Choice of rf Frequency. The frequency range of 
the lower hybrid wave is intermediate between the electron and ion gyro-frequencies. 
As a result, wave induced motions of the electrons are described by guiding-center 
theory, in which electrons move freely parallel to the ambient magnetic field 8

0
, + + + + 

and undergo Ex B
0 

or polarization drifts perpendicular to B0 . Here Eis the LH 
+ 

wave electric field. The ions respond to E as if unmagnetized since the wave 
frequency is much greater than the ion cyclotron frequency. The LH mode is elec
trostatic (longitudinal) in that the wavenumber vector k is parallel to E, and 
there is no associated rf magnetic field. 

An adequate dispersion relation can be derived from cold plasma theory (_g_), 
neglecting thermal motion of the particles. For plane waves with space (t) and 
time (t) dependence ei(k • t - wt), the wave frequency w is simply 

w2 = w2 (1 + k~ mi) 
LH k2 me (2-4) 

where 

Here, me and mi are the electron and ion masses, wpe and wpi the electron and ion 
plasma frequencies, and wee is the electron gyrofrequency. The wavenumber k 
may be written k+= (k~ + kr)1f2, where parallel and perpendicular are directions 
with respect to B

0
• If the plasma consists of multiple charged ions, then the 

LH dispersion is described by propagation in a singly-charged-ion plasma with 
effective ion mass M equal to 

[

~ n. z~]- l 
M= L....,_1_1 ' 

i mi ne 
(2-5) 
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where ne and ni are the number density of electrons and ions, and Zi is the charge 
of the ith ion species. 

Equation 2-4 describes propagation of waves at frequencies w greater than wLH' a 

parameter which in general increases towards the plasma center. For the case that 

LH energy at a given k11 irradiates a plasma slab with density varying in the 

direction perpendicular to B
0

, then the k
11 

of the waves within the plasma remains 

constant. This is also approximately the case for tokamak geometry. Equation 2-4 

then demonstrates a resonance k1 + 00 , as the density increases to the point where 

w = wLH' For current drive purposes, w is chosen greater than the maximum LH fre

quency (wLH MAX) within the plasma resulting in accessibility of the LH wave to 
the plasma center (for sufficiently large k11 ). 

The group velocity trajectories shown in Fig. 2-2 are readily obtained from the 

relation 

equation 2-5 yields 

2 2 
aw w - WLH 
akjj = wk 11 

2 2 
(2-6) 

aw w - WLH 
ak1 - - wk1 

Noteworthy features are that the ray (group velocity) trajectories as determined 
by (aw/ak1 )/(aw/ak

11
) depend only on wavenumber through k

11
Jk1 ; but from Eq. 2-4 

this ratio depends only on plasma parameters. Hence, the entire spectrum of k11 
waves excited by the antenna will propagate toroidally within the same rf energy 

channel. Secondly, the group velocity is perpendicular to the wave phase velocity 

cit•vg=o). 

There are constraints on the applicability of the dispersion relation (Eq. 2-4). 

If the wave parallel refractive index n11 = k11 c/w imposed by the rf antenna is 

small, the LH waves can only penetrate to a given plasma density at which point 

they mode convert to a "fast" plasma mode which will carry the rf energy back 

2-6 



TRAVELING WAVE EXCITED 
BY WAVEGUIDES. 

PROJECTION OF 
~ TRAVELING WAVE 

ON DIAN. OF B. 

Figure 2-2 A top view of the torus, showing the lower hybrid energy channel 

towards the plasma periphery (1). That is, for LH penetration to a given plasma 
density n0 , the refractive index must be greater than nllF' where 

and vis the wave frequency normalized to the geometric mean gyrofrequency, 
v = w/(wci wce)l/2_ 
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On the other hand, LH waves with large n
11 

may mode convert to warm plasma Bernstein 

waves. Ion cyclotron damping then results in deposition of the rf energy and 

momentum on the ions near the mode conversion point. This is the original concept 

of LH heating(!), Mode conversion occurs when the rf perpendicular wavelength 

Al= 2TT/k1 becomes comparable to the ion gyroradius. From Eq. 2-4, this always 

occurs for w < wLH MAX' For w > wLH MAX' conversion to thermal modes can be 
avoided if n

11 
is less than n

1
T (§), where 

( ) 

2 
w2 Wpi 

- 1 2 
w~H MAX w 

nllT = -"\13-3 -(~-e--,)2.----'-(-v~-e-)-[1-+~4-4-T-f T_e_2 -----y....,.,..7 2 

ce w / wee wci~ 

(2-8) 

and vte = (Te/me) 112 is the electron thermal velocity. 

An additional consideration in choosing the rf frequency is the necessity to avoid 

parametric decay of the LH wave into subsidiary waves which subsequently may damp 

on the ions. Experiment and theory(_§_) suggest these processes are inhibited if 

w > 2 wLH MAX' 

The above suggests choosing w ~ 2.5 wLH MAX' Larger w may increase technical dif
ficulties. Table 2-1 shows possible operating conditions in RST, and the resultant 
LH frequency for hydrogen and deuterium fill gases. Hence 11 nominal 11 parameters for 

Table 2-1 

LOWER HY6RID FREQUENCY AT VARIOUS DENSITIES AND MAGNETIC FIELD STRENGTHS 

ne (m-3) B (T) fLHjH+ (MHz) fLHID+ (MHz) 

2 X 

1 X 

2 X 

1 X 

1019 1. 5 680 480(a) 
1019 1. 5 550 390(b) 
1019 1.0 540 380(b) 
1019 1.0 465(a) 380(b) 

(a)Marginally compatible with Doublet 2A system. 

(b)Compatible with Doublet 2A LH heating frequency. 
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Table 2-2 

LIMITS ON N11 DUE TO MODE CONVERSIONS 

f (GHz) Gas ne ( 1019 m-3) B (T) nl!T 
(a) 

nllF 

1. 70 Ho 2.0 1. 5 26.8 2.2 
0.91 Do 1.0 1.0 25.5 2.3 

(a)Te = 600 eV, Ti= 300 eV. 

-+ ( 19 3 ) o ne and B0 ne = 2 x 10 m- , B0 = 1.5 T , and-+H fill gas lead to an rf generator 
frequency f = 1.7 GHz. Derated values of ne, B

0 
and/or D0 fill gas give plasma 

parameters compatible with f = 910 MHz, the Doublet IIA lower hybrid generator fre
quency. Both of these frequencies have been selected for further study. 

The resultant limits on n11 due to mode conversions are shown in Table 2-2 for the 
f = 1.7 GHz source at nominal plasma parameters, and for th~ f = 910 MHz source 
with D+ plasma at ne = 1 x 1019 m- 3, B

0 
= 1.0 T. 

In the following sections, the appropriate values of n11 for current drive within 
the central region of the plasma are found to be well within these mode conversion 
limits. 

2.3.1.3 Current Drive and Power Absorption - Theory. The present theoretical 
effort towards estimating LH current production and power absorption determines 
the electron velocity distribution fe (v,t) resulting from a balance between rf 
induced quasi-linear diffusion and the effects of Coulomb collisions(]_), (~). (2_). 
This process is depicted in Fig. 2-3. The underlying mathematical description is 
the coupled quasi-linear Fokker-Planck equation for fe(v,t) in a homogeneous mag
netized plasma: 

(2-9) 

Here, Dw is the rf quasi-linear diffusion operator resulting from the Landau wave
particle interaction (lQ_), 
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1D (IN VELOCITY) 

:~;;;:---- "QUASILINEAR" PLATEAU 

RANGE OF PARA, 
PHASE VELOCITY 
WAVES EXCITED BY 
THE ANTENNA. 

CARRYING CURRENT 

Figure 2-3 The reduced electron velocity distribution. The dotted line 
is the initial Maxwellian distribution. The distorted 
distribution (solid line) is fonned by the spectrum of 
lower hybrid waves. 

&. 11 is the (one-sided) power spectrum of parallel electric field fluctuations 
normalized so that 

(2-10) 

where Ellrms is therms of the applied field. The term af/atlF-P in Eq. 2-9 is the 
Fokker-Planck collision operator: 

(2-11) 

I -+ 
where ui = vi - vi, f' = f(v') is the velocity distribution of particles upon 

which fe(v) is scattering, and 
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where tnA is the Coulomb logarithm. 

In the following, we examine results of Eq. 2-9 using a one-dimensional approxi

mation to af/atlF-P' and compare them to computer code results which use a full 
two-dimensional representation of Eq. 2-11. 

2.3.1.3.1 Current Drive and Power Absorption Using a One-Dimensionalized 
Collision Operator. Quasi-linear diffusion via the Landau process causes electron 
velocity diffusion only parallel to the magnetic field. Hence it is reasonable to 
assume that the electron velocity distribution remains approximately Maxwellian in 
the perpendicular direction. Linearizing the Fokker-Planck operator by taking the 
scattering distribution (f') to be Maxwellian and introducing the assumption that 

fe varies as exp(- vf/2 vie) with v1 , then integrating Eqs. 2-8 and 2-10 with 
respect to v1 gives (_1_!_) 

(2-12) 

where Fe is the reduced electron velocity distribution, 

and 

0col l 

4 1 
T = ---

0 3/2-ir VT 

Equation 2-12 applies for spatially uniform rf irradiation of plasma. However, 
the LH wave field is concentrated in a channel as it propagates into the torus 
(Fig. 2-2). The diffusion coefficient Dw will be non-zero within the rf energy 
channel and zero over the remainder of the flux surfaces. Here, we estimate the 
modification to Eq. 2-12 necessary to account for the finite spatial extent of 
the rf. 
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The electrons experience the rf forces only within the energy channel but are 
deflected by Coulomb collisions continuously as they travel the remainder of a 

flux surface. Assuming that the collisional mean free path is much greater than 

the torus circumference, \mfp >> 2TTR, then the variation of the electron dis
tribution with distance x from the rf region can be written 

where Fe
0

(v 11 ) is the flux surface averaged part of Fe, and Fel << Feo· Substi
tuting the expansion into Eq. 2-11, assuming Dw 3Fefav 11 ::: Dw aFeofav 11 , and flux 
surface averaging the resulting equation gives 

--:::-D --+-F + D--, a F eo a ( a F eo v ) a - a F eo 
at av 11 coll av 11 TD eo ~ w av 11 

(2-13) 

where Dw is the flux surface averaged diffusion coefficient. The only changes from 

Eq. 2-11 are Fe+ Feo and_Dw + Dw. Henceforth we designate Feo by Fe and use the 

rf diffusion coefficient Dw. 

Equation 2-13 is readily integrated for Fe• assuming a quasi-steady state aFe/at::: O. 
The result is 

(2-14) 

where c is chosen such that 

(2-15) 

If the number density of electrons in the quasi-linear resonance region is small 
compared tone, then c is approximately the usual Maxwellian value, 

(2-16) 
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For Dw » Dcoll' a 11 raised 11 plateau such as shown in Fig. 2-3 is obtained. The 
level of the plateau is approximately a Maxwellian evaluated at the lowest phase 
velocity in the rf spectrum (where Dw ~ Dc011 ). 

The excited current is given by 

(2-17) 

It is assumed that the spectrum of rf parallel electric field is constant over a 
range of parallel wavenumbers Lik 11 , 

0 

Likll 
' I k II - k11 o I $ 2 

Then within the rf phase velocity region, the velocity variation of the diffusion 
coefficients due to the rf and due to collisions, is 

- - - ~ 0w - 0wo v II 
and 

- -
where vph = w/k 110 , Dwo = Dw(vph), and Dcoll O = Dcoll (vph). Using Eqs. 2 .. 14, 2-16, 
and 2-19 in 2-17 gives the current, 

(2-20) 
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w212 
where f(w1) = 1/v'2rr e-

1 
, w1 = v1/vTe' nv = Dwo v

2
1(ocoll O v~h)' and nT = n/2 vTe' 

~nd (v1,v2) is the phase velocity range of the rf spectrum. In the limit of 
Dwo >> Dcoll 0, the usual case in rf heating and current drive experiments, Eq. 2-20 
reduces to the relatively simple form(§_), 

(2-21) 

-
The flux surface averaged power absorption per unit volume, PABSIQL' required for 
maintenance of the quasi-linear distortion of Fe is 

l
+oo -

- + 1 2 af e 
PABSIQL = dv 2 mv at • 

oo RF 

where afe/atiRF is the rate of change of fe due to the waves, 

- -
afe a _ afe 
- = - D (v )-at RF av 11 w li av 

11 

Substituting Eq. 2-23 irto Eq. 2-22 and using Eq. 2-13, gives 

:valuating Dcoll/Dw at vph and taking Fe to be approximately Fe(v1) (good if 
Dw » Dcoll and/or the rf spectrum is narrow, tik 11 /kl! < 1), gives 

- ne me Vie in(~~) 

PABSIQL = f(wl) To\vTe (1 + D6011 

WO 
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A noteworthy observation is that PABSIQL is independent of rf energy density if 

Dwo >> Dcoll 
0

, contrary to the linear Landau damping case. This reflects the 

fact that once the quasilinear plateau is formed, the electrons can only gain 

energy from the wave at the rate at which collisions scatter particle energy 

out of the resonant region. 

An ultimate measure of the efficiency of rf current drive is the ratio of excited 

current density to absorbed power density. For 6k 11 / k 11 « 1 and Dwf Dco 11 » 1 ( the 

usual circumstance), then Eqs. 2-21 and 2-25 give the particularly simple 

relationship 

Thus in this limit, j/PABSIQL depends strongly only on the square of the phase 

velocity and the inverse of density. 

(2-26) 

2.3.1.3.2 Results From a Two-Dimensional Fokker-Planck Code. Although the 

one-dimensionalized treatment of the previous section illustrates basic features 

of the physics of rf current drive, the estimates of j/P therefrom turn out to be 

pessimistic relative to results from a more accurate Fokker-Planck calculation. 

Since the quasi-linear diffusion operator does not introduce any preferred velocity 

direction perpendicular to the magnetic field, a two-dimensional representation of 

the Fokker-Planck operator having symmetry about the direction of the magnetic 

field is completely general for the spatially homogeneous case. Large computer 

codes are available for the two-dimensional Fokker-Planck operator (12). In this 

section, results of coupling the quasilinear operator in Eq. 2-9 to such a code 

are examined. Starting from an initial Maxwellian electron velocity distribution, 

Eq. 2-9 is numerically integrated forward in time so as to obtain the evolution 

of fe(v 11 .v1 ), and hence the time variation of current and power absorption (_Ll_). 

In order to obtain a steady state, there must be a sink for both the energy and 

momentum deposited by the rf on the electrons. In the following calculations the 

ion distribution function, which is held constant, is the primary sink of electron 
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momentwn. But little energy is transferred to the ions due to their relatively 
large mass. Two approaches are examined for the electron energy loss. One possi
bility for obtaining a steady state is to linearize the electron-electron Fokker
Planck operator about a fixed Maxwellian distribution of electrons, such as is 
done in Ref. (]1). This approach has the effect of transferring at each electron
electron collision both electron energy and momentum to the 11 scattering 11 dis
tribution of electrons about which the FP operator is linearized. A calculation 
of induced current by this method thus ignores momentum transferred to the scatter
ing electron distribution, and can be expected to underestimate j/P. 

Alternatively, effects of transport loss of electron energy can be modeled directly. 
A steady state is obtained by solving the kinetic equation (Eq. 2-9) with the fully 
nonlinear F-P operator (Eq. 2-11), coupled to an energy loss term (14) based on the 
theory of electron transport losses due to magnetic field stochasticity (Ji,..!.§_). 

With the ansatz that the zeroth order distribution function is everywhere Max
wellian (fM) with Gaussian spatial profiles of density and thermal velocity with 
half-width x, then at the plasma center the loss term is 

af 
0m Iv II I [ v2 

] at =-='2-v-fm (x=O) 4 - - ' 
X Te v2 

Te 

(2-27) 

where Om is the diffusion coefficient due to a stochastic magnetic field. This 
loss term conserves electron density and momentum. The value of Om is adjusted 
to obtain a given steady state electron temperature in the presence of the applied 
rf power. 

For completeness in this section, results are reviewed for a full range of vph/vTe 
from 0.25 to 3.0. 

Figures 2-4(a) and 2-4(b) show contour plots of the electron distribution fe(v
11
,v1 ) 

resulting from application of a quasi-linear diffusion coefficient ten times greater 
than the collisional diffusion coefficient, over the range of velocities v

11 
from 

2.8 vTe to 4.7 vTe' The plasma parameters are ne = 1.0 x 1013 cm-3 and Teo= 200 eV, 
resulting in TolvTe = 0.78 µsec. Figure 2-4(a) shows the initial plateau formation 
after about a collisional deflection time(~ 35 µsec) evaluated at vph' and 
Fig. 2-4(b) shows feat t = 200 µsec. This is at about two-thirds the rf heating 
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Figure 2-4 Contour plots of the two-dimensional electron velocity distribution, 
as obtained for a Fokker-Planck code. The distribution is shown 
after formation of the initial plateau (a), and after about 
two-thirds of the heating time (b). 

time, based on estimates using Eq. 2-25. The resultant reduced electron dis
tribution Fe(v 11 ), at t = 200 µsec, is shown in Fig. 2-5. It doesn't markedly 
differ from a Maxwellian except for the plateau formation. 

A comparison between the time variation of excited current in the one- and two
dimensional Fokker-Planck studies is shown in Fig. 2-6. Although for the one
dimensional case the current is constant in time after about a turn-on time 
[~ 12 µsec, (§)], the current in the two-dimensional case continues to increase 
with time over about a heating time. 

As can be seen from Fig. 2-4, the two-dimensional electron distribution deviates 
from the assumptions used for the one-dimensional analysis. The most important 
difference appears to be that the distribution of current carrying electrons in 
the v1 -direction is substantially elevated above a Maxwellian, resulting in a 
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Figure 2-5 The reduced electron velocity distribution corresponding 
to the case depicted in Fig. 2-4(b) 
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Figure 2-6 The time history of the rf excited current to power 
ratio, as derived from the one-dimensionalized theory 
(dotted line), and from the two-dimensional Fokker
Planck code 
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greater number of current carriers at velocities IYI > vph min' and subsequently 
lower resistivity. In addition there is a significant amount of current carried 

by electrons at v
11 

< vph min' The net result is greater j/P relative to that 
obtained from 1D analytic calculations. 

Figure 2-7 gives the time-asymptotic ratio j/P as a function of vph/vTe (ll.), 

obtained from the 2D Fokker-Planck code with the addition of the loss term 
Eq. 2-25 (designated "FP + losses"), and from a linearized 2D Fokker-Planck 
operator but no further losses (designated "linearized FP"). For the high phase 

velocity cases (vph/VTe ~ 2), the results of Ref. (_!l) from a 2D linearized F-P 
code are given by a dashed line. At low vph (vph/vTe < 1), a dashed line gives 
an estimate of j/P based upon the concept that the electron slowing down rate is 

constant, and is equal to the Braginskii rate, TB~AG (..!.§_). The quantity TBRAG' 
is the slowing down time on ions of a shifted Maxwellian electron distribution. 

For the larger values of vph/vTe' the values of j/P obtained by the above described 
self-consistent "FP + losses" code, and with the "linearized FP" code appear to 

0..1-0 
--- 0.. --::::. 

30 

20 

10 

0 

Figure 2-7 

\ /FP+LOSSES 

\ 
\ 
\' _,.,-/ BRAGINSKII 

\: 

' ' LINEARIZED.-- ' 
FP , 

1.0 

vph/vTe 

2.0 

---KARNEY
FISCH 

The ratio of excited rf current to required power, j/P, 
normalized to (j/P) 0 = e(me vre TDlvre)- 1. The dots (o) 
are time-asymptotic values obtained with the 2D 
Fokker-Planck code. 
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converge towards each other. This is to be expected in that the tail electrons 
slow down mainly on the thermaZ electrons and on the ions. Although the linearized 
FP code doesn't conserve momentum during electron-electron collisions, the momentum 
carried by the thermal electrons will be small; this is a result of the relatively 
high collision frequency of the thermal electrons compared to tail electrons. 

The effective plasma resistivity to current induced by electron Landau quasilinear 
diffusion at vph/vTe < 1 is well modeled by the resistivity of a shifted Maxwellian. 
This is apparent from the remarkably good agreement between the numeric~l calcula
tion of j/P by the "FP + losses" code and the analytic estimate, e TBRAG/m vph· 
It is anticipated that slightly greater j/P will be obtained if the electron-wave 
interaction is due to transit time effects, since this latter process results in 
a diffusion coefficient proportional to the square of electron perpendicular energy. 
Momentum thus deposited on higher Vi electrons is then dissipated more slowly than 
for lower Vi electrons. 

The discrepancy between the "linearized FP" and "FP + losses'' results in approxi
mately a factor of 2 at vph/vTe < 1. For a test electron at v ~ vTe' electron
electron collisions dominate momentum dissipation. Hence use of a linearized FP 
code which at these velocities artifically halves the electron momentum during each 
collision period, gives a j/P approximately half that obtained from the self
consistent "FP + losses" code. 

Summarizing the numerical calculations of this section, the 2D Fokker-Planck results 
may be represented to within~ 20% at high and low vph' by 

j/P = 

= 

MKS 

e Tolv 
1. 7 (1 - .! t:.v ) __ _,_p_h 

2 vph m vph 
~> 3.0 
VTe ~ 

V 
..:..e.b_ < 0.75 
VTe ~ 

2 

12 x 104(15.l)(i-l1W)vph, 
· .R.n A 2 vph ne 

T3/2 
4.0 x 1021 (15.Al) ev 

Jl,n ne vph ' 
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The Fokker-Planck equation can be put into a dimensionless form. The ratio of j/P 
is normalized to (j/P) 0 = e(me vTe TolvTe)-1, and the above ratio j/P can be 
written 

__.iLL 
(j/P)o = 

1.66 (1 - 1 /J.V) (vph)2 
2 V VT. 

(
VTe) 7.51 vph , 

(2-28c) 

2.3.1.4 Current and Power Absorption Estimates for RST. This section uses cal
culations of rf power absorption based on the 1D Fokker-Planck results, but with 
j/P corrected according to the 2D FP findings. The approach is first to illustrate 
the main dependencies on plasma parameters of power absorption and current drive, 
and then to go into greater detail. The first subsection simply applies the rele
vant formulas evaluated at nominal average values of ne, Te, and B. In the second 
section, a wave transport equation is described. This equation is used to obtain 
an analytic estimate of rf penetration into the plasma and then is numerically 
integrated to obtain the pattern of power absorption and current in a plasma slab 
model consisting of parabolic density and temperature profiles. Finally, results 
are given from a 1D radial transport code which incorporates self-consistently the 
rf power absorption and induced current profiles. 

2.3.1.4.1 Current and Power in a Homogeneous RST Plasma. Equation 2-21 gives 
a relation for the necessary rf spectral width to obtain a given current density j 
(§_): 

j 
(2-29) 

7.0 X 

where w1,w2 are the minimum and maximum parallel phase velocities within the spec
trum, normalized to vTe' Units are MKS, except Tis in keV. The dissipated power 
density is 

-W2/2 W 
P = 6 65 x 10- 31 (!/,n A) 2 r-11 2 e 1 !/,n _1_ ABS · 15. 1 n e w l (2-30) 
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Table 2-3 

ZERO-DIMENSIONAL ESTIMATES OF POWER FOR 90 kA OF CURRENT IN RST 
(n = n = 1019 m-3, T = T = 0.3 keV, a= 0.2 m, R = 0.8 m) 

2.5 
3.0 
3.5 

3.2 
5.1 

9.9 

PABS (kW) 

770 

450 
175 

Assuming flat profiles of n, T, j, and PABS then for RST parameters one obtains 

the results shown in Table 2-3. 

As shown in the following section, considerations of spatial penetration and deposi

tion of the rf near the plasma center suggest taking w1 = vllmin/vTe ~ 3. Hence it 

is estimated that 450 kW will be needed to drive the total required toroidal current 

in RST. This conclusion is contingent upon the assumption that the peak plasma tem

perature is about 600 eV. If energy confinement is sufficient to result in higher 

temperature, then less rf power may be required. That is, higher temperature will 

lead to larger vph so as to obtain rf penetration of the plasma center, and thus 

smaller PABS for a given j. 

2.3.1.4.2 Model for the Spatial Pattern of Excited Current and Power 

Disposition. In this section, a wave transport equation describing the propaga

tion of LH energy in a slab plasma model is used to find a damping length. The 

kinetic equation is also numerically solved for the spatial pattern of rf current 

and power deposition, assuming representative density and temperature profiles for 

the plasma. 

It is expected that the lower hybrid energy will penetrate through a poloidal 

cross section of the plasma approximately as shown in Fig. 2-8(a). Rays incident 

from the poloidal extremities of the antenna will partially focus at the plasma 

center. (The toroidal extent of the rf channel is assumed constant since the 

toroidal direction is ignorable). Figure 2-8(b) shows the slab geometry idealiza

tion of the above ray channel. The poloidal fraction of the plasma covered by the 

rf antenna, FP, determines the boundary height of the rf channel y8. The rays 

converge to a specified height amin' Group velocity within the rf channel, vgx' 
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Figure 2-8 Poloidal variation of the LH ray channel. The anticipated 
poloidal channel is shown schematically in (a), and the 
slab geometry idealization in (b). 

is determined at each x from plasma parameters evaluated at y = 0. The resultant 
LH energy transport equation is 

(2-31) 

where & = &(x) is the rf electric field energy density within the channel defined 
by h(x) and the toroidal fractional extent of the antenna, Ft. & is related to 
the spectrum &11 (k 11.) given by Eq. 2-18 by 

&(k11) = (1 + kI/kfi) &11(k11) 

the dielectric coefficient for LH waves is 

Allowance is made for multiple passes of the rf energy across the plasma. That is, 
if the rf energy density is not entirely absorbed on the first traversal of the 
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plasma, then the remainder is 100% reflected at the wall and continues to be 

absorbed on subsequent passes. In this case, & is energy density specific to 

a given pass. 

The total power absorption within the rf channel, PABS' is composed of four parts, 

(2-32) 

PABSIQL is the Landau power absorption in the rf channel specific to a given pass 
across the plasma, and is given by a modified form of Eq. 2-25, 

PABSIQL = PABSIQL • [F(x)]-l • &:oT 

F(x) is the fracture of a flux surface covered by the rf channel, 

where ep(x) is the angle of the rf channel boundary measured on an arc from a 

point x,y=O; ~TOT is t~e total of the rf energy density in the channel due to 

(2-33) 

the multiple passes. Dw in Eqs. 2-25 and 2-10 is calculated from the flux surface 

averaged &TOT' 

Other flux surface averages are formed in the same manner. Note that &TOT(x) must 
be known in order to calculate a(x) on a specific pass. Thus an iterative tech
nique of solving the wave transport equation (Eq. 2-31) is required. 
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The power absorption by e-e and e-i collisions is 

_ a(wE:) 
p co 11 - 2 y co 11 & 7w ' 

2 2 2 
wpe ~ wpi 
2 2 + 2 

w k w 

(2-34) 

and ve and vi are the Braginskii (1..§) electron and ion collision frequencies. The 
quantities PFM and PTM represent the portion of the rf spectrum lost through mode 
conversion to fast modes and thermal modes, respectively. The rf wavenumber spec
trum is assumed to have a full width given by 1:1k 11 /k 11 at the boundary, As the wave 
energy propagates inward, that part of the spectrum which locally attains n11 < n11 F 
(Eq. 2-7) or n11 > n11T (Eq. 2-8) is absorbed at the rate & • vgx • (fraction of 
spectrum lost in step ox). The power dissipation due to fast and thermal mode 
conversions is taken to be a local source of energy for the electrons and ions, 
respectively. Thus, the fast mode and thermal mode conversion limits on n11 are 
automatically accounted for within the code. 

Having obtained the power absorption PA85 (x) in the rf channel, it is then slightly 
* compressed in x obtaining PABS(x) = PABS (a/x0 x) where x0 is defined in Fig. 2-8{b), 

* so as not to lose power at the plasma edge. The resultant PABS is flux surface 
averaged in order to obtain poloidally independent sources for the radial transport 
code. 

The flux surface averaged rf current density source has a contribution due to 
quasilinear absorption of the wave, and a collisional contribution. The quasi
linear contribution is 

(2-35) 

where jLH is computed from j in Eq. 2-20 according to jLH = 1.7 j; the factor 1.7 
is the correction due to 20 FP considerations {Eq. 2-28). That part of the wave 
energy which is absorbed collisionally, transfers momentum to electrons at 
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velocities~ vre· Hence, in keeping with Eq. 2-28, the collisionally induced 

current, jcoll, is 

e -
jcoll = 'BRAG pcoll m vph 

2.3.1.4.3 Analytic Estimate of LH Plasma Penetration. In the limit 

(2-36) 

Ow>> Dcoll, Eqs. 2-31 and 2-25 give an expression for the length in the direction 
perpendicular to the poloidal flux surfaces, L112 , for a one-half reduction in rf 

energy (12_). Assuming constant density, temperature and y(x), neglecting mode 

conversions, taking the rf energy to be absorbed on a single pass through the 

plasma, and the resulting equation may be inverted to obtain an expression for 

minimum phase velocity in the rf spectrum, vphlmin, such that the damping length 
is L112 , 

1/2 

(2-37) 

(MKS units except Te in keV), where SAPP is the flux surface averaged rf energy 
flux (W/m2), and Ar= 1.1 x 1031/tn A. As will be seen in the following section, 

the LH damping takes place primarily near the maximum density and temperature 
penetrated by the rf. Thus this equation gives a fairly accurate estimate of 

required spectra for power absorption near a given ne and Te. Using the nominal 

RST parameters ( ne = 2 x 1019 m- 3, Te= 0.6 kev), taking SAPP= 550 kW/(plasma 
surface area), ~k 11 /k 11 = 0.6, and L112 = 0.05 m, Eq. 2-37 gives 

3.3 , 

corresponding to n11 lmax = 8.9. These rough estimates are borne out by the follow
ing analysis in which Eq. 2-31 is spatially integrated. 

2.3.1.4.4 Numerical Integration of Wave Energy Transport Equation for Fixed 
Plasma Profiles. The assumed density and temperature profiles are shown in Fig. 2-9. 

RF channeled parameters are chosen to be Fr= 0.05, FP = 0.1, and amin = 0.2 a. 
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for 550 kW of LH radiation incident 
at x = -0.2 m, the resultant power 
absorption given by the flux surface 
average of Eq. 2-32 within the rf 
channel, and the excited current are 
shown in Figs. 2-l0(a) and 2-l0(b), for 
three different central temperatures. 
The total current excited is about 
90 kA at Teo = 600 eV, using n

11 
= 8.0 

and 11k
11
Jk

11 
= 0.6 (nlllmax = 10.4, 

v hi . = 2.8 vT ~. in fair agreement p min e/ 
with the estimates obtained from 
Eqs. 2-37, 2-26 and 2-27. 

For the Teo= 400 eV case in 
Fig. 2-l0a, the rf energy is not 

absorbed via Landau damping on the 
first pass through the plasma. The 
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0.5 c:, 
I > E a, 

a, :. 0.4 1.0 0 
a, .... 

0.3 a, 
C: 

0.2 

0.1 

0.0 
-20 -15 -10 -5 0 5 10 15 20 

x(cms) 

Figure 2-9 Plasma temperature and density 
profiles used in computing the 
power absorption and excited 
current profiles. The rf 
field is incident on the 
plasma from the left. 

code then allows for 100% reflection of the remaining energy from the plasma chamber 
walls. This energy continues to bounce back and forth until absorbed collisionally. 
The large power absorption near the plasma edges in this case is due to collisional 
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Figure 2-10 Spatial patterns of power absorption (a) and rf excited 
current (b), at indicated central plasma temperatures. 
These curves are symmetric about x = 0 because the 
corresponding flux surfaces are connected. 
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damping, which accounts for 80% of the power 

absorption in this case. Total current 

excited is 40 kAmps. Because of the greater 

j/p-efficiency of the Landau absorption the 

current density is peaked towards the plasma 

center. At Teo= 600 eV, both the power 

deposition and excited current are well 

centered in the plasma, whereas at 800 eV 

the damping completely absorbs the rf energy 

before it reaches the plasma center. In the 

latter two cases the power absorption is 99% 

due to the Landau process. The resultant 

total excited rf current is~ 110 kAmps. 

The sensitivity of the absorption pattern 

to Te (or ne) indicates that the rf 
spectrum must be readily controllable. 

-20 -15 -10 -5 0 5 10 15 20 

x(cms) 

Figure 2-11 A parametric instability 
threshold parameter, 
corresponding to cases 
shown in Fig. 2-10 

Figure 2-11 shows an important parameter in determining whether parametric insta

bilities occur. u0/cs is the rf induced drift velocity of the electrons divided 

by the ion sound speed. The quantity u0 is equal to E /B
0

, where E1 is the rf 

electric field perpendicular to 8
0

• The obtained values of u0/cs which are sub

stantially greater than unity indicate possible instability, particularly near the 

plasma edge. The potential problems are not well understood theoretically or 

experimentally. Hopefully the finite extent of the plasma antenna may introduce 

enough effective damping to alleviate deleterious effects of parametric 

instabilities. 

To conclude this section, it is found that about 550 kW of rf power at n11 = 8.0, 

tk11 !k 11 = 0.6 is sufficient to excite the total necessary equilibrium current, i.e., 

about 90 kA, under RST nominal conditions. A means of readily controlling the 

excited rf spectrum is apparently necessary. 

2.3.1.4.5 Lower Hybrid - One-Dimensional Radial Transport Code Results. The 

transport code (20,21) integrates forward in time a coupled set of radial equations 

consisting of the electron and ion energy equations, and Ampere's and Faraday's 

laws. For purposes reported here, the density profiles are held fixed. Thermal 

conductivity is assumed to be local "Alcator" (empirical) scaling for the electrons, 
- - -

and neoclassical transport for the ions. The terms PABSIQL' Pcoll and PFM are 
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-used as source tenns in the electron energy equation. PTM is a source tenn for 
the ion energy equation. The rf contribution to the current, jQL + jcoll' is a 
source term in Ampere's law. 

It is shown in this section that only 225 kW of rf power is required to drive 
90 kAmps of current in RST. This result which is substantially lower than deter
mined in the previous section, is due to the self~consistent rf heating of the 
tokamak and subsequently greater temperature than the nominal 600 eV value. Cases 
are considered in which n11 is varied in time to optimize power and momentum deposi
tion near the plasma center, and, n11 is held fixed in time corresponding to employ
ing LH antennas without dynamic control of the relative phases of adjacent elements 
of the antenna. The possibility of distinguishing the rf driver current from the 
ohmic current experimentally, by co- and counterinjection of the rf momentum, is 
examined for a case in which the rf does not drive all the plasma current. 

Figures 2-12(a) through 2-12(e) display a lower hybrid current drive trans
port scenario for RST design parameters: minor radius a= 0.20 m, parabolic 
electron density profile with central value ne(0) = 2 x 1019 m~3, hydrogen plasma, 
and toroidal magnetic field B = 1.5 T. The LH power is 225 kW at f = 1.79 GHz 
with spectral width tik 11 ;k 11 = 0.4, and it is turned on from 50 msec to 300 msec. 
The central value of refractive index, n

11
, in the LH spectrum is varied so that 

at each time step the LH power absorption is maximum at the plasma center. The 
resultant n11 (t) variation is shown in Fig. 2-12(a). The total plasma current, 
i.e., the sum of rf induced current and ohmic current, is maintained constant at 
90 kA, by adjusting the applied toroidal one-turn voltage at the plasma boundary. 

9 ..... 

C: 
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\ 
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0 

Figure 2-12 

(a) 

I I I 

100 200 300 400 

TIME (msec) 

Coupled LH transport code results for a parabolic 
density profile with ne(0) = 2 x 1019 m-3 and 225 kW 
of rf power applied from 50 msec to 300 msec: 
(a) refractive index n 

11 
versus t 
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From Fig. 2-12(b) it is seen that the applied voltage becomes zero approximately 

200 msec after the rf is turned on. At this time, if it has been arranged that 

the current in the E-coil reaches zero, then the E-coil circuit can be disconnected, 

and the toroidal plasma current may be maintained entirely by the rf. 

The spatial pattern of LH power absorption shown in Fig. 2-12(c) is almost entirely 

due to (quasilinear) Landau damping with negligible collisional damping and no fast 

or thennal mode conversion. The LH induced current is proportional to the power 

absorption divided by density. Total current density and the self-consistent 

evolution of the electron temperature are shown in Figs. 2-12(d) and 2-12(e). 

The total current density (J) is the sum of ohmic (Jn) and the rf induced (JRF) 
components. Combining Ampere's and Faraday's laws given an expression for the 

time rate of change of J, 

(2-38) 

where n is the Spitzer resistivity modified for trapped particle effects. From 

Eq. 2-38 the total current density varies on a resistive time scale TR= µ
0
L2/n, 

where Lis a scale length for variations of Jn. Immediately upon turning on JRF' 
an induced ohmic "return" current completely masks JRF such that J remains unchanged. 
When the total rf current is comparable to the total current in the discharge, and 

is localized near the plasma center, then the induced ohmic return current density 

is substantially larger than the unperturbed jn just before application of the rf 

energy, but is in the opposite direction. The return Jn ohmically heats the plasma 

central region, causing the temperature overshoot observed in the electron tem

perature profiles immediately after turn-on of the rf. The total current then 
relaxes to a new equilibrium in a time scale~ TR. For L = 0.05 m, Te= 1.5 keV, 

TR is approximately 200 msec, consistent with the gentle rise during the rf pulse 

of Jover the central plasma region. 

The detailed evolution of J near the central plasma region, in particular the 
initial reduction of Jon axis, is governed by details of the transport ~nd rf 

current excitation profiles. The inverted current profile which occurs imme
diately after the rf is turned on is not physical, since tearing modes would be 
excited over the central region and would flatten the current density profile (g). 
Such MHD effects are not included in the code. 
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The capability to vary n11 with time is probably practical from a technological 

point of view. However, it complicates the rf system and may add significantly 

to the cost. For the same set of parameters as the above vari ab 1 e n 
11 

run, except 

that n11 is fixed at 6.1 (i.e., the time asymptotic value of n11 in the variable n11 
run), the plasma evolves to the same temperature with 90 kA of rf induced current. 

However for significantly larger or smaller n
11

, the total current is less than 

90 kA. In particular, for n11 = 4.5, the total rf current is only 1.8 kA, whereas 

for n11 = 8.0 the total rf current is 65 kA. In the low n11 case the LH damping is 

almost entirely collisional, hence rf current excitation is computed according to 

Eq. 2-36, giving considerably less current than is obtained from electron damping. 

For the high n11 Landau absorption case, the current computed according to Eq. 2-35 

is proportional to n1j2; hence the reduction in current of the n
11 

= 8.0 case rela

tive to the n11 = 6.1 case. 

From these results it can be concluded that the amount of rf current excited in 

the plasma is a sensitive function of n
11

• Also, the optimum n
11 

has significant 

dependence on the density and temperature of the plasma (c.f. Eq. 2-37), and these 

quantities may vary in time. Hence it is highly desirable to have phase control 

of the antenna. 

If rf current drive is less than complete and the one-turn voltage is not reduced 

to zero, then in the constant total current mode of tokamak operation it may be 

difficult to distinguish experimentally between reduced one-turn voltage due to 
heating and consequent reduction of the plasma de resistivity, and that due to 

voltage drop resulting from rf current drive. Figures 2-13 and 2-14 show results 

from code runs with co- and counterinjection, respectively, of rf with respect to 

the ohmic current. The rf induced current is or order 50 kA, resulting from 

150 kW of LH power, with n11 optimization and t.k 11 /k 11 = 0.4, in both cases. Total 
plasma current is maintained constant at 90 kA. Co-injection (Fig. 2-13) results 

in somewhat lower one-turn voltage and temperature relative to the counterinjection 

case (Fig. 2-14). Nevertheless, such a difference in results may not be considered 

definitive in an experimental situation. 

The problem with running partial rf current drive experiments on a tokamak in the 

constant total current mode is basically that the heating of the plasma is faster 

than 'R' the magnetic diffusion time. Thus, the heating and subsequent reduction 

in plasma resistivity dominates to a large extent the drop in one-turn voltage. 

It is conjectured that if the tokamak could be run in a constant one-turn voltage 
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Figure 2-13 One-turn voltage (a) and central electron temperature (b) 
corresponding to co-injection 150 kW of rf power 
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Figure 2-14 One-turn voltage (a) and central electron temperature (b) 
corresponding to counterinjection of 150 kW of rf power 
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------ --------------------------------, 

mode for times near the beginning of the rf pulse, then the time rate of change of . 
total current, I, would respond on a very short time scale to the rf current drive . . 
The sign of I would be determined by the direction of the rf current at short times 
before the effects of rf heating become dominant. However, in the constant voltage 
mode of operation the ohmically heated plasma is thermally unstable, since a small 
increase in temperature causes an increase in conductivity, which in turn causes 
an increase in the ohmic power input. From an experimental point of view, the 
clearest indication of satisfactory current drive may come from an experiment 
designed to provide the proper conditions for complete rf current drive. This 
requires sufficient power at a proper value of n11 , over an interval long compared 
with the skin time and L/R time. 

As a final remark in this section, transport code runs with a deuterium gas show 
that 90 kA of rf induced current is also obtainable with 225 kW of LH power at 
f = 915 MHz, the Doublet IIA oscillator frequency. 

2.3.1.5 Lower Hybrid Wave Launching Structure. In this section, the production 
of a traveling wave by a set of phased waveguides is briefly examined. Electric 
fields in the waveguides are calculated and compared with multipactoring waveguide 
breakdown limits for a 0.91 GHz and a 1.7 GHz system. 

b = Ajl/4 

-l 

1 
XFS E E E E 

a ;;;,-2-

l 
¢ 
1T 

-7T 

Figure 2-15 A set of waveguides which may 

B 

Antennas consisting of sets of wave
guides such as are shown in Fig. 2-15 
have been analyzed within the context 
of lower hybrid plasma heating (23), 
and have demonstrated~ 90% coupling 
of the waveguide energy to the plasma 
(_§), (24), (25). The guide structure 
is mounted flush with the plasma and 
oriented such that the waveguide elec~ 
tric field in the TE 10 mode is across 
the short dimension, i.e., parallel to 
the toroidal magnetic field. By prop
erly controlling the relative phases 
of the waveguides a traveling wave is 
induced along the face of the guide, 
and is launched into the plasma. 

be used to radiate traveling 
lower hybrid waves into the 
plasma. The relative wave
guide phasings used to excite 
the highest wavenumber traveling 
wave are shown at the bottom of 
the figure. 
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Four waveguides are sufficient to excite a traveling wave. Here we consider an 
eight waveguide grill, sized so that the central n of the excited traveling wave 
is nil= 9 when phasing is as shown in Fig. 2-15. The eight guides may be phased 
to obtain excitation of traveling waves down to nil= 4.5, or excitation of stand
ing waves (for heating) up to nil = 18. 

Assuming six such structures irradiate the plasma, then 550 kW total power gives 
11 kW per individual waveguide. The power flow P, in each waveguide is related 
to the maximum electric field Ezo across the short dimension by 

(2-39) 

where a is the long dimension of the waveguide, bis the short dimension, A is the 
free space wavelength, and Ac= 2a is the cutoff wavelength of the guide. We chose 
Ac/A equal to 1.3. The value of Ezo given by Eq. 2-39 must be less than the multi
pactor breakdown electric field EMP (26), 

- w2 d EMP - 0.18 Te7iiiJ 

The resultant waveguide dimension and electric fields are shown in Table 2-4 for 
the f = 0.91 GHz and the f = 1.7 GHz sources. The power level (11 kW) is a factor 
of 5--6 lower than the limits placed by multipacting. 

Table 2-4 

WAVEGUIDE DIMENSIONS, ELECTRIC FIELD, AND MULTIPACTOR LIMIT (11 kW) 

f (GHz) a (m) b (m) Ezo (kV/cm) EMP (kV/cm) 

0.91 0.22 0.009 1.4 3.1 
1. 70 0.12 0.005 2.0 6.0 
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2.3.1.6 Conclusions. Assuming RST nominal plasma parameters, the phase velocity 

and wave frequency of lower hybrid waves may be easily chosen for central plasma 

rf current drive, with no danger of mode conversions to thermal modes or the fast 

wave. 

A comparison between the 1D Fokker-Planck theory of rf current drive and 2D FP code 

results, show that for vph >> vTe' the time-asymptotic ratio of excited rf current 
to consumed rf power is approximately 1.7. This result obtains with either a 

linearized FP code (.ll) or a fully nonlinear FP code with simulated transport 
losses of electron energy (lZ_). 

A slab model of rf current drive and power absorption, assuming RST nominal plasma 
parameters, showed that about 550 kW of rf power is required to achieve full rf 
current drive. Wave parameters are n11 = 8.0 and llk 11 /k 11 = 0.6. 

Radial transport code calculations of the self-consistent lower hybrid current 
excitation and power absorption indicate that only 225 kW of rf power will be 

required to generate 90 kA of rf current. This estimate relies upon the calcula
tions of Refs. l13) and l17) utilizing a two-dimensional Fokker-Planck code. A 
nominal central density equal to 2 x 1019 m-3 is assumed. Higher central densities 

will require greater power in proportion to density. The above rf current was 
obtained at n11 = 6.5 and tik 11 ;k 11 = 0.4. Deviations from this optimized n11 result 
in sharply reduced rf current, indicating the need for a means of readily adjust
ing n11 from tokamak shot to shot, and perhaps even a means for dynamic control of 

n11 within a tokamak shot. 

Another result indicated by the transport code runs is that experimental detection 
of partial rf current drive (less than 50 or 60% of the total mount) may be experi
mentally difficult, due to the sharp reduction in one-turn voltage due to plasma 
heating and subsequent reduction in plasma resistivity. 

An antenna system consisting of eight waveguides per antenna and six antennas in 
total is found to be sufficient to transmit this amount of power to the plasma 
without multipactor breakdown. Increasing the number of antennas may be necessary 

in order to further reduce the parametric decay parameter u0/cs. 
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2.3.2 Fast Wave Current Drive 

2.3.2.1 Introduction. In this section, we discuss the de current driven by trav
eling fast waves. The fast wave is an electromagnetic mode in which the electric 
field is primarily perpendicular to the de magnetic field, and because of this 
property it can propagate in a plasma over a wide frequency range from below the 
ion cyclotron frequency Qi all the way up to the electron cyclotron frequency Qe· 
It has quite a few names. In the low frequency range (w < Qi), it is called the 
compressional Alfven wave or fast compressional hydromagnetic wave. Since its 
electric field is primarily right-hand polarized (in the sense opposite to the 
ion gyromotion) near the Qi' the fast wave suffers little change due to the ion 
cyclotron resonance. When Qi< w < wLH (the lower hybrid frequency), it has the 
names: magnetosonic wave; high frequency Alfven wave; whistler wave. When 
w > wLH' it is generally named whistler wave. Following Stix (27), we will simply 
call it fast wave for the entire frequency range. 

This wave is a promising candidate for rf heating for future reactor grade plasmas 
and has been studied by various groups [see (28) for a partial list of works]. 
One particular advantage of the fast wave is that, with appropriate frequencies 
which depend on the magnetic field strength and plasma density, it can be a cavity 
eigenmode in tokamaks and-therefore the coupling to external rf power sources can 
be very efficient. This feature has been demonstrated experimentally by the 2Qi 
ion cyclotron heating and magnetosonic heating on various machines (28). It was 
Wort who first proposed using the low frequency fast wave to sustain a de current 
in a tokamak reactor (29). We will discuss this subject starti'ng with the mode 
structures. 

2.3.2.2 Mode Structure. The fast wave eigenmode structure of a bounded plasma 
are calculated by solving the coupled wave equations 

+ 
V X (V XE) w2 ++ + 

= - e • E 
c2 

with appropriate boundary conditions, where f°is the plasma dielectric tensor. 
The geometry is illustrated in Fig. 2-16. We assume a metallic chamber with a 
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Figure 2-16 The model used for eigenmode calculation. The waveguide 
is of width 2a, height 2b, and length L. A nonuniform 
static magnetic field is applied externally in the Z 
direction. 

rectangular cross section of width 2a and height 2b and a length L which lies along 

the z axis. A static magnetic field 

+ Bo " 
Bo= 1 + (x - a)/R z (2-41) 

is adopted to simulate the magnetic field in a tokamak. Inside the chamber we 

allow for a plasma uniformly distributed in the z direction but with arbitrary 

profile in the x,y plane. The symmetry of this model allows that the wave elec

tric fields be written as 

E(r,t) = E(x,y) exp i(kz - wt) • • • [ ] (2-42) 

For situations where the wave electric field E in the direction of the confining 
• 

magnetic field is small, the perpendicular electric field EL and the associated 
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eigenwavenumber k can be evaluated from Eq. 2-40 with the 2 x 2 minor of the cold 

plasma dielectric tensor (_g_z_). 

(2-43) 

where 

2 

S = 1 - "'"' (!)pa 
Ll 2 2 ' a. (I) - S1 

a. 

S1 w2 
D = "'"' ~ pa Ll w 2 2 ' a. (I) - S1 a. 

and wp and S1 are the local plasma frequency and cyclotron frequency for species 
a. a. + 

a., respectively. The solution of E1 is obtained numerically from a computer code 

M0THRA (30). The wave magnetic field is calculated through the relation 

·(c) + 8 = -1 w 'iJ x E • (2-44) 

Through an iterative scheme, the small parallel electric field E11 is then deter

mined from the parallel wave magnetic field B11 by introducing some hot plasma 

effects. The details of the calculation is reported in Ref. (29). We found it 

is convenient to plot the right-hand polarized wave electric field ER= Ex - iEY, 

the left-hand polarized electric field EL= Ex+ iEY, and the parallel magnetic 

field 811 as a representation of the mode structure. By a straightforward calcula
tion, ~t can be shown tha!, in cylindrical coordinate, if B11 '\., eime, ER wi 11 go 
like e1 (m-l)e, and EL'\., e1 (m+l)e_ 

For the RST parameters: B
0 

= 10 kG, R = 80 cm, a= 20 cm, b = 20 cm and with the 
following plasma profiles (Fig. 2-17) 

. (TTX) . n = n
0 

sin 2a sin (i) , (2-45) 

(2-46) 
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Figure 2-17 The contour plot of constant plasma density used in the 
RST calculation. The separation of the lines denote a 
5% variation. 

where n0 and T0 are the on-axis density and temperature, the fast wave with fre
quency w > ~i can easily fit into the machine for n

0 
> 1013 . With a given fre

quency, the numerical solution of the coupled ~ave equations leads to a number of 
eigenmodes with discrete k values. A general trend of these eigenmode structures 
is that as the k increases not only the structures in the x,y plane become simpler 
but also the ER and B become more concentrated in the interior of the plasma. An 
example is shown in Fig. 2-18 for n

0 
= 2 x 1013/cc and w = 3~i = 45 MHz. The EL 

is generally smaller than ER and tends to stay in the low density region of the 
plasma. The reason for this is that the wave is evanescent for left-hand polarized 
fields when w > ~i• These modes with the largest k's propagate almost parallel to 
the de magnetic field and their phase speeds are given approximately by 

(2-47) 
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The contour plot of constant (a) parallel wave magnetic field 1B111 2
; and_ 

(b) right-hand polarized electric field IE11l 2 for a mode with k = 0.22 cm 1
, 

w = 2TI x 45 MHz and n0 = 2 x 1013 cm- 3
• The separation of solid and dotted 

lines denote 10% and 2% variation, respectively. The boundary between the 
solid line and dotted line is 10% of the maximum value. 



for w << wpe' where VA is the.Alfven speed in the center of the plasma. Therefore, 

by programming the frequency we can tune the parallel phase speed of the fast wave 

to the optimum value. 

2.3.2.3 Absorption of the Wave. The fast wave can be absorbed by plasma particles 

via collisionless dampings (e.g., Landau, transit-time, and ion cyclotron damping) 

as well as collisional damping. Due to the smallness of E11, the linear Landau and 

transit-time damping is not very effective. Since we are primarily interested in 

converting the wave momentum to electron momentum, we need to have the wave parallel 

phase speed to be of the order of the electron thermal speed (ve = Te/me) 112 to 

maximize the linear collisionless damping and at the same time to have the frequency 

not too close to the Qi to avoid the ion cyclotron damping. For RST, w "' several 

times of Qi appears suitable. For future higher S machines, as we can see from 

Eq. 2-47, the choice of w/k"' Ve leads tow>> ni, the condition for weak ion 

cyclotron absorption. Since we do not know what the electron distribution will be, 

we use the Maxwellian distribution to evaluate the Landau and transit-time power 

absorption rate: 

where 

2 

2 
1 + I h , 2 I B 11-I 41T , 

h = nil (1L)wlnel 1 
2 2 2 ~1-+_F,;_z...,...( F,;""T') , 

S - nil wpe 

and F,; = w/./2kVe. The collisional damping for the wave is 

(2-48} 

(2-49} 

where v1 is the perpendicular collisional frequency. The wall resistive dissipa

tion for those modes concentrated in the interior of plasma is always negligible 
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Figure 2-19 The Landau and transit time power deposition pattern 
at T0 = 500 eV for the mode shown in Fig. 2-18. The 
meaning of solid lines and dotted lines is the same 
as in Fig. 2-18. 

compared with the dissipation in the plasma. For T
0 

= 500 eV, the Landau and 
transit-time power absorption pattern is shown in Fig. 2-19. 

2.3.2.4 Current and Power Estimation. When a traveling wave is absorbed by the 
electrons, the associated momentum is also transmitted to the electrons. The . . 
parallel momentum absorption rate P11 is related to the power absorption W by 

(2-50) 

By equating this input to the momentum loss due to the frictional force between 
electrons and ions, we obtain the local de current density: 

j = (~) l.. (l) 
m vii w 

. 
w , (2-51) 
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where 

2 2 
_ 0.14 z e wpe n A 

\) II - -Cl- m ~ "'n 
e 

is the parallel electron-ion collisional frequency, Z is the effective ionic 
charge, and a is a parameter. For collisional process a= 1, while for col
lisionless processes 

= Z(2,r)l/2 
a l + (Z + 2)4 

was used to mock up the possible reduction of classical collisional frequency 
for particles moving with the wave phase speed w/k (~). 

A quantity of interest is the current to power ratio defined as 

l = fjdxdy 

p fwdxdydz 

Shown in Fig. 2-20 is the de current profile due to a traveling wave which has 
the profiles shown in Fig. 2-18 for peak electron temperature of 1000 eV. The 
current is primarily due to the collisionless processes. The 1/P is 0.17 (A/W) 
for Z = 1.5. Since this 1/P ratio is primarily determined by the parallel electon
ion collision frequency which scales like Zn/T312 , a higher temperature, lower 
density, or cleaner plasma (lower Z) will help to increase this ratio. For exam
ple, a wave with the same phase speed would give I/P ~ 0.2 (A/W) for a fusion 
reactor with R = 4 meters, n = 1014;cm3, T = 10 keV and Z = 2. Note that the 
calculation here is done for a fixed temperature. In RST, the turn-on of rf 
power to do the current drive would also heat the plasma and increase the 1/P 
ratio. The determination of the final temperature of the steady state requires 
a self-consistent MHD equilibrium and transport calculations which will be pre
sented in Section 2.3.2.5. 

Recently, the sustaining of de current in a collisional tokamak by traveling fast 
waves was demonstrated experimentally on Synchromak (l!), This opens the possi
bility that RST may use the fast wave to generate the de current right from the 
startup collisional phase, heat the plasma up to the collisionless phase where 
the collisionless process can take over the de current generation. 
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Figure 2-20 The de current profile due to a traveling wave 
corresponding to the mode shown in Fig. 2-18 at 
T0 = 500 eV. The current is primarily due to 
the collisionless processes. 

The collisional absorption, in contrast to the collisionless absorption, is not 

sensitive to the wave phase speed; therefore, we can probably use the same wave 
(which has desirable phase speed for the collisionless absorption corresponding 

to the final temperature in steady state) to do the current drive in the resistive 
phase. If the density can be maintained constant, the mode structure will be the 
same for the entire temperature range and then the same coupler could be used for 
both the collisional regime and collisionless regime. The ~urrent pattern in a 

collisional phase at Te= 10 eV for the same mode as shown in Fig. 2-20 is shown 
in Fig. 2-21. The 1/P is 1.63 x 10-5 (A/W) for Z = 3. Although the 1/P ratio is 
small in the collisional phase, from the point of view of heating it is adequate 
because the rf power can deliver a huge amount of energy to the plasma and heat 
up the plasma more quickly than the ohmic heating. 
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Figure 2-21 The de current profile due to a traveling wave 
corresponding to the mode shown in Fig. 2-18 at 
T0 = 10 eV. The current is primarily due to the 
collisional process. 

Here the calculation is valid only in the small amplitude limits. In view of the 
small absorption rate for the linear collisionless processes (y/w"' 10-3 or less, 
where y is the damping rate), the nonlinear processes probably will play an impor
tant role, and much further work on the effect of finite amplitudes is called for, 
We like to point out that the nonlinear effects will not necessarily increase the 
power consumption. It may be possible for nonlinearity to enhance the de current 
generation. For example, the following situation may be realized: the fast wave 

+ + + 
(w

0
,k0) decays into a wave (wl'k1) and a wave/quasimode (w2,k2) with w2/k 211 "'Vi 

where k11 is the parallel wave number and Vi is the ion thermal speed. If k011 k21( 0 
+ 

and wave (w1,k1) can be absorbed by electrons, then the parallel momentum available 
for electron absorption will be enhanced by a factor (1 - k211 /k011 ) which can easily 
be much greater than 1. In addition, if the parallel collisional frequency is not 
enhanced as much, then the 1/P ratio can be improved. 
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2.3.2.5 Self-Consistent Heating and Current Drive. In the previous sections we 
calculated the spatial mode structure of a fast wave in a bounded plasma imbedded 
in a tokamak-type magnetic field. We also estimated the power deposition and the 
de current density profile, assuming fixed density and temperature profiles. In 
this section, we extend these results to include the self-consistent temporal 
evolution of the temperature profiles due to heating of the plasma and to trans
port in the spatial coordinates. This work results in much more realistic esti
mates of the power required to maintain the plasma current. In order to accom
plish this, the code M0THRA which calculates the eigenfunctions is coupled to the 
General Atomic one-dimensional transport code. 

Due to lack of knowledge of the detailed electronic velocity distribution function, 
a local Maxwellian velocity distribution is assumed in calculating the absorption 
of the waves. In order to couple the two-dimensional fast wave heating code with 
the General Atomic one-dimensional transport code(£!.) to determine the time evolu
tion of the fast wave current drive, the local power deposition is calculated and 
averaged over flux surfaces which are assumed to be circular. The transport code 
assumes local Alcator scaling for electron thermal conduction, and neoclassical 
transport for the ions; greatly enhanced electron thermal conductivity inside the 
q = 1 surface is employed to mock-up the effects of the sawtooth oscillations, in 
the event that the safety factor q on the axis becomes less than unity. 

In this section, results from computer simulations of plasma transport with fast 
wave current drive are described. The plasma parameters are those of the RST 
design. The magnetic field on the plasma axis (8

0
) is 10 kG. The minor radius a 

of the plasma is 20 cm, and the major radius of the torus R is 80 cm. The plasma 
density has a fixed parabolic profile with central value n = 2 x 1013 cm-3 and 

0 

n(r) = n0 [(1 - ::) + 0. 001] (2-53) 

With these parameters, we used the fast wave heating code to determine the mode 
structures. Since the mode structures are not sensitive to the temperature pro
files and since the density profile is assumed to be constant during the transport 
calculation, we calculate the mode structure only at the beginning. The mode used 
for the current drive calculations is one similar to that shown in Fig. 2-18. 
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With the same frequency w = 3~i = 2rr x (45 MHz), the calculated parallel wavelength 
changes from 28.4 cm to 27.8 cm due to the change of the density profile from a 
sine function used previously to a parabolic one. The essential structure of the 
mode remains the same. 

The total rf power delivered to the plasma is treated as an input parameter. The 
total current in the plasma is held constant at 90 kA by adjusting the ohmic heat
ing one-turn voltage appropriately. The initial plasma temperature at the center 
is assumed to be 250 eV, while the edge temperature is fixed at 20 eV. The case 
with rf input power of 350 kW is shown in Figs. 2-22 through 2-27. With the ohmic 
heating alone, the plasma reaches, at t = 50 msec, a steady-state central electron 
temperature of 440 eV, ion temperature of 363 eV, assuming Zeff= 1. The one-turn 
loop voltage is 1.34 V. The energy confinement time for electrons is 3.28 msec, 
and the energy confinement time for ions is 3.26 msec. 

The rf power is turned on at t = 100 msec and it approaches the full value of 
350 kW exponentially with a time constant of 10 msec. Most of the rf power is 
absorbed by the electrons directly. The central electron temperature increases 
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Figure 2-22 Electron temperature profiles versus time. 
RF input of 350 kW is turned on at t = 100 msec. 
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figure 2-24 Fast wave electron power absorption profiles. 
The absorption is primarily due to transit 
time and Landau damping. 
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Figure 2-25 Fast wave ion power absorption profiles. 
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Figure 2-26 Current density profiles versus time. Initially, 
the profile is due to ohmic current. After 100 
msec, the profile is determined primarily by the 
current due to the rf power. 
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rapidly as the rf power is increased, 
overshoots to 1.07 keV at t = 135 msec, 
and then approaches the steady-state 
temperature 1.04 keV at t - 200 msec. 
The ions gain energy from the electrons 
via collisions and from the waves via 
cyclotron harmonic heating. The ion 
temperatures rise relatively slow to 
942 eV at t = 270 msec. Figures 2-22 
and 2-23 show the time evolution of 
the temperature profiles for electrons 
and ions. The energy confinement time 
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Figure 2-27 The time history of the 
one-turn loop voltage 

for electrons remains at 3.3 msec, while for ions it increases to 540 msec. In 
the steady state, the 350 kW rf power sustains a de current of 76 kA for a clean 
plasma with Zeff= 1. Figures 2-24 and 2-25 show the time evolution of the power 
deposition for the electrons and ions, respectively. 

The time history of the current profile is shown in Fig. 2-26. The one-turn loop 
voltage at t = 150 msec, when the electron temperature reaches a maximum, is 0.16 V; 
at t = 300 msec, when steady state, it is 0.099 V, and this low value is maintained 
until the end of the run at 700 msec, The history of the one-turn loop voltage is 
shown in Fig. 2-27. If the voltage drop were coming solely from the drop in 
resistivity due to the increase in temperature on application of the rf power, 
the one-turn loop voltage would be 0.37 V. This indicates that the rf power is 
effective in driving currents. 

In order to clarify the role of the traveling wave in driving current, two computer 
simulations were set up with the same power input of 200 kW. In one simulation, 
the traveling wave is launched in the direction which drives a de current, parallel 
to the ohmic current, and in the second, the traveling wave drives a current 
against the ohmic current. The total current is held at 90 kA in each case. In 
the first case the steady-state electron temperature is 800 eV, the loop voltage 
is 0.46 V and the rf power drives a de current of 30 kA. In the second case, in 
order to compensate for the rf current in the opposite direction the ohmic current 
is increased by the amount of the rf driven current and the ohmic heating is 
greatly enhanced; therefore, the steady-state electron temperature rises to 1258 eV. 
The loop voltage in this case is 0.57 V, and the rf drives a current of -42.4 kA. 
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From these two simulations, the effect 
of the rf current on the one-turn loop 
voltage can be clearly seen. This per~ 
mits a clear experimental distinction 

between ohmic and rf current. Further
more, a simulation with 450 kW of rf 
power input shows that the central 
electron temperature rises to 1.18 keV 
and an rf current of 120 kA results. 
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In this simulation, the one-turn volt- Figure 2-28 
age actually goes negative, driving an 
ohmic current in the opposite direction 
to compensate for the excessive rf current 
and.maintaining the total current constant 
at 90 kA. Figure 2-28 shows the one-turn 
voltage history for this case. 

\.. 
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The time history of the one
turn loop voltage for the case 
of 450 kW rf power. Note that 
the voltage goes negative at 
t = 150 msec. 

2.3.2.6 Wave Launching Antenna for Fast Wave Current Drive. In this section we 
discuss the resistive loading of the rf coil structure which is used to generate 
the fast wave eigenmodes in the plasma for rf current drive at frequencies near 
the ion cyclotron frequency. The power absorbed in the plasma and the power lost 
by ohmic heating of the wall are also calculated. It is expected that a large 
amount of rf power can be coupled to the plasma if the plasma parameters are such 
that the toroidal eigenmode can be generated effectively. This may require the 
coupling structure to be rather close to the plasma. 

In the experiments on Synchromak (31), a whistler wave with w2 >>~~was used for 
- 1 

the rf current drive based on collisional power absorption, where wand ~i are 
the applied frequency and the ion cyclotron frequency, respectively. The col
lisional power absorption for RST, however, may be negligible because of the higher 
plasma temperature. In the following, we consider the power absorption mainly due 
to electron transit time damping of electromagnetic waves when the frequency is 
near the ion cyclotron frequency. 

A cylindrical plasma in which the plasma density is a function of radius is treated. 
The coupling between the plasma and the coil is stronger when the coil position is 
near to the plasma. The coil, therefore, should be located inside of the wall 
(Fig. 2-29). This coil is modeled as a sheet current which has the form of a trav
eling wave, which may be generated, for example, by an LC transmission circuit (_~l), 
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RF COIL 

WALL 

figure 2-29 Model for the rf launching structure. 
Here rw, re, and a are the radius of 
the wall, the coil, and the plasma, 
respectively. 

The analytic expressions for the power absorption due to the plasma and the ohmic 
loss in the wall are obtained. Following that, the desirable launching structure 
for the rf current drive in RST is discussed. 

To determine the electric fields induced by the sheet current of density 
j o (r - re) exp i(k 11 z - wt) in thee direction, where re is the coil radius 
and k11 is the wavenumber parallel to the magnetic field B

0
, we solve Maxwell 1s 

equations. For them= O mode, the electric field in thee direction Ee is 
expressed by the solution to the Bessel equation: 

where 

x2(r) 

(2-54) 

The perpendicular refraction index n1 may be obtained from the dispersion relation 
for the wave. Equation 2-54 can be solved by expanding Ee as (E_,33) 

E = E0 + E1 + e e e . . . . ' (2-55) 
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where 

GE~= 0 , 

GE1 = - 2(r) Eo 
8 X 8 ' 

For the geometry shown in Fig. 2-29, the electric fields E~ and E~ become 

Eo = 
8 

where 

AI 1(k11r) r ::: a 

BI 1 (k11r) + CK1 (k11r) a < r::: re 

DI 1 (k 11 r) + FK1 (k 11 r) rc<r:::rw 

G e-lIT r/o r > r w ' 

A1I1(k
11
r) - AI 1(k11r) f(r) + AK1(k11r)g(r) 

B'I1(k,1r) + C'K1(k!ir) 

D1 I 1(k 11 r) + F1 K1(k 11 r) 

G' e-lIT r/o 

R < a 

a < r < r 
- C 

r < r < r 
C - W 

(2-56) 

(2-57) 

(2-58) 

(2-59) 

(2-60) 

(2-61) 

The coefficients A~ G and A'~ G' are determined by the boundary conditions. The 
zeroth order field E~ corresponds to the vacuum solution and the plasma effect is 
taken into account in E~. Near the edge of the plasma and especially for a low 
density plasma, this expansion converges well. 
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The power absorbed by the plasma cylinder per unit toroidal length, PP, is cal

culated from the Poynting vector. When IEzl << !Ee,rl, this becomes 

(2-62) 

where 

From Eqs. 2-59 and 2-60, Eq. 2-62 reduces to 

(2-63) 

[ 
-2k ( r -r )l 2 

where h '\, 1 - e 11 w c J for k11 rw,c > 1. The effects of the coil and the 

wall positions are taken into account in this expression. The ohmic loss in the 
wall per unit toroidal length is given by 

[ 
r -2k r ]

2 
1 + Tig (a) : e II c h 1/ 2 

When k11 (rw - re) is large, and k11 (rc - a) and o are small, strong coupling between 
the plasma and the coil can be expected. 

The collisional power absorption may be dominant in a low temperature plasma. For 
a higher temperature plasma (more than a few hundred electron volts), however, the 

collisional effect can be neglected. The ratio of the power absorption due to 

Landau damping to that due to electron transit time damping may be also small for 
RST parameters. We now consider the electron transit time damping only. 
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The perpendicular refraction index can be determined from the dispersion relation 

S + iI - n2 iD 

-iD 

Here S = (R + L)/2 

D = (R - L)/2 

= 0 . 

R = 1 -L(w31w) (w + Qj)-l 

L = 1 -L (w31w) (w - Qj)-l 

and wj = the plasma frequency of species j. 

In Eq. 2-65, the effect of the poloidal magnetic field B8 is neglected because 
JB8/B

0
1 << 1. From Eqs. 2-61, 2-63 and 2-65, we have the form for the power 

absorption due to the plasma 

-2kll I( r c-a) 
X _e ___ -=--

(kiia)4 

where 
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In this expression, it is assumed that ne = ne,o (1 - r21a2), k
11
a > 1 and 

k
11
r w,c > 1. Similarly, the ohmic loss in the wall becomes 

where 

a 'v r w h 1/2 
a 

2 ; 2 Yo= wi,o c , 

(2-67) 

The efficiency for the coupling between the plasma and the coil may be defined as 

n = P + P 
p w 

(2-,68) 

The applied frequency and the wavenumber must satisfy the dispersion relation for 

the effective excitation of the wave and the condition vp ~ v
11
,e for the strong 

damping of the wave. Ion cyclotron damping must be avoided for the rf current 

drive based on electron heating. For the plasma of RST, the fast wave which is 

described by 

( )

1/2 
k~I ~ v A 1 + rl~ , (2-69) 

may be appropriate. Here VA is the Alfven velocity. 

For the rf current drive, the required power absorption is given by 

(2-70) 

where 'e ~ 3.44 x 1011 T;12/(ne Zeff in 11.), and IP is the plasma current. 
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This power decreases with increasing plasma temperature because Te is proportional 
to T!12 . Using the results of Section 2.3.2, Fig. 2-30 shows the sheet current 
density required to drive the RST plasma current when Zeff= 2, re= 23 cm, 
rw = 30 cm, and a = 20 cm. The parallel wavenumber k11 , which must satisfy the 
dispersion relation and the condition vp = vll,e' increases with plasma tempera
ture. Therefore, the required current increases as the temperature, because E0 
rapidly decreases as k

11
, increases. This current becomes roughly twice that of 

the case neglecting the wall effect. Figure 2-31 shows the coupling efficiency n. 
When the copper wall is considered, roughly 90% coupling between the plasma and 
the coil can be expected. 

The power absorption in the plasma and the power lost in the wall strongly depend 
on the positions of the coil, the wall and the plasma. When the coil radius is 
very near to the plasma radius and the wall radius is much greater than the coil 
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Figure 2-30 The required current density in the coil. 
The current depends on the radial positions 
of the coil and the wall. 
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Figure 2-31 The coupling efficiency n = Pp/lPp + Pw) 

radius, a strong coupling between the plasma and the coil can be expected. As a 
wall material, a high conductivity metal should be used to decrease the ohmic 
loss in the wall. The coupling structure shown in Fig. 2-32 may satisfy these 
requirements. The rf coil is located in the expanded vacuum vessel region. The 
copper shell, whose thickness is larger than the skin depth, is added to the 
inside of the wall. In this arrangement, the coupling efficiency n becomes~ 90% 
when rw = 30 cm, re= 23 cm and a= 20 cm. 

The required power absorption decreases as the plasma temperature increases because 
for constant plasma current the dissipation is proportional to T;312 . The power 
absorption in the plasma rapidly decreases as k11 is increased, and the value k11 
which satisfies the dispersion relation and the wave damping condition increases 
with temperature. For current drive in a higher temperature plasma, then, the 
external current in the coil must be larger to compensate for the shorter attenua
tion length between the coil and the plasma. The optimum value of k11 also depends 
on the plasma density, and for a higher density plasma a larger external current 
may be required. 
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The traveling waves can be generated by 
an LC transmission circuit. The phase 

delay between the elements is regulated 
by variable condensers. The reflection 

of the power from the end of the LC 
transmission line may be avoided by 

terminating the transmission line with 
its characteristic impedance. 

2.3.3 Runaway Electrons and Current 
Drive in a Tokamak 

2.3.3.1 Introduction. In an ohmically 
heated tokamak discharge with a low density 
plasma, the production of runaway electrons 
appears to be a fairly universal phenom
enon. Under appropriate conditions, the 
runaway electrons may be used to provide a 

/VACUUM CHAMBER 

Cu SHELL 

RF COIL 

Figure 2-32 The arrangement of the rf 
coil. This expanded vacuum 
chamber is located in a 
part of a torus. Since the 
antenna is near the plasma 
and far from the highly 
conducting wall, a strong 
coupling between the plasma 
and the coil can be expected. 

convenient way of achieving a quasi-steady state operation. Such electrons would 
provide the plasma current to produce the poloidal field required for plasma equi
librium. However, in that case, the heating of the bulk plasma would have to be 
carried out by some means other than ohmic heating. 

For energy confinement times TR and TE for the runaway and the bulk electron compo
nents, the power loss from the runaway electrons is small compared to that from the 
bulk plasma if the condition 

(2-71) 

where Wr is the runaway electron energy, n
0 

is the bulk electron density, vR is the 
runaway electron velocity which is very close to the speed of light c, and where 

the equality nRevR = 2B0/µ 0 Rq has been used. Taking TR~ 3TE' i.e., assuming the 
energy loss time of the runaway electrons is roughly the same as the particle con
finement time of the plasma, one obtains the restriction 

(2-72) 
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for a plasma with RST-type parameters. Thus the above condition, which requires 

WR< 10 MeV, does not pose any severe limitations to the basic concept of using 

runaways for the maintenance of the current in an experimental tokamak. For a 

reactor, the condition on WR is about the same, WR< 30 MeV. 

The use of the inductive drive is not possible for steady-state operation and, 

even for long pulse operation, such a mechanism of current drive is not attractive 

unless the confinement time of the runaway electrons is much longer than the 

plasma particle confinement time, which is not very likely. On the other hand, 

a radio frequency drive may be more attractive since the power requirement would 

be modest for driving the electrons near the tail of the distribution. In the 

following, we shall consider a simplified model to understand such an rf current 

drive mechanism using the runaway electrons. 

2.3.3.2 Steady-State Runaway Density Model. The effect which runaway electrons 

have on the plasma current drive can be determined only if the number of such 

electrons present as a function of time is known. This number depends upon the 

rates at which runaways are produced and lost. The problem is complicated by 

the fact that the loss mechanisms for runaway electrons are not well understood 

and, most likely, the nature of the loss processes change during the discharge 

evolution. The question of runaway production, taking into account the various 

possible slowing-down mechanisms, has not yet been answered. Most theories 

developed to date have considered infinite plasmas in the absence of toroidicity 

and any collective effects. Within the limits of such theories, the runaway rate 

is defined as the rate at which electrons diffuse in velocity space to the criti

cal velocity. The application of such theories is only intended to yield order 

of magnitude estimates of the runaway rate. 

At this point, we will develop a simple model for the runaway electron density at 

equilibrium, or close to equilibrium, conditions. The plasma is assumed to be 

fully ionized and therefore the classical runaway generation rate (34) may be 

used as the source term in the Vlasov equation. Since the current channel is 

fully developed, the dominant loss term may be a diffusion across field lines. 

The runaway electron density is now evaluated by solving the Vlasov equation for 

the runaway portion of the distribution function. The Vlasov equation with a 

source, S
0

, of runaway electrons can be expressed as 

af + + • lf. + E af - 1 a (ro ~fr) + Soo(p) 
at vd at co • ap - r ar a 

(2-73) 
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-+ 
where E

0 
is the ohmic electric field, vd is the radial drift velocity, and Dis 

the radial diffusion coefficient. As mentioned above, the current channel is 
assumed to be fully developed such that the radial drift velocity can be 
neglected. The steady-state problem will be solved since the equilibrium runa
way rate is desired. 

Diffusive loss of the runaway electrons across the magnetic field can be expressed 
in terms of a characteristic loss time TR, It is assumed that the runaways are 
primarily lost by stochastic processes (35) resulting from magnetic fluctuations 
which may be responsible for the energy losses from the bulk plasma (36). Using 
the results obtained in Ref. (35), the loss time can be written in the form 

(2-74) 

where 

G "' 1rR L I o: I 2 o ( n - m/ q) 
n,m 

Here aa is the average radial distance the electron must travel before being lost, 
a is the minor radius of the plasma, oB denotes the magnetic field fluctuation, 
and n and mare the toroidal and poloidal mode numbers for such fluctuations. 
Expressing the diffusive loss term as f/TR, Eq. 2-73 can be readily solved. For 
the case of a steady-state source, S

0
, of runaways, the distribution in velocity 

space can be shown to be given by 

l 2 2 2 l ~ S0m -ml v11 I G/a a eE0 
f - eE e f 1 , 

0 
(2-75) 

f1 being the velocity distribution function of the runaway electrons in the per
pendicular direction. The current carried by the runaway fraction of the elec
trons is then obtained as 

(2-76) 
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The quantities v1 and v2 define the range of the velocity space over which a runa
way electron distribution is maintained. For an inductive drive with an ohmic 
field, the lower limit v1 is approximately the critical velocity vcrit given by 

eE
0 

Vcrit ~ mve(nc) , (2-77) 

with the electron collision frequency ve evaluated for a given density n = nc; 
the upper limit v2 essentially extends to the speed of light, c. If, however, 
rf drive is used to maintain the runaway tail, it is desirable to have the Landau 
resonance velocity of the rf waves close to the critical velocity of the runa
ways. In that case, the quantities v1 and v2 are approximately given by 

and 

where ~vis the range in electron velocity space in which the Landau resonance 
process takes place. The magnitude of ~v, in that case, is determined by the 
bandwidth of the incident rf wave spectrum. The quantity vcrit is now chosen 
so that 

where w
0 

is the central frequency of the incident spectrum of waves. For a given 
startup ohmic electric field E

0 
and a given value for w0/k 11 , the above equality 

determines the critical density that the plasma should assume in order for such 
a drive mechanism to be operational. 

The integral in Eq. 2-76 above can be done to obtain 

(2-78) 

2-65 



* 2; where TE= a aveG, ve being the bulk electron thermal speed; the quantity S
0 

is 

given by 

(2-79) 

in which Ec is the critical Dreicer field consistent with the given plasma param

eters. If we choose Ec/E0 = 1.75, then for an RST-type plasma, the critical den

sity is about 7 x 1019/m3, assuming a parallel refractive index n
11 

= k
11
c/w

0 
= 4 

for incident waves. If we now take T~ ~ 10-2 sec and a~ 1/2, then an estimate 

for the current is obtained from Eq. 2-78: jR ~ 7 x 105 amp/m2. 

In this calculation the width ~v has been taken to be about 3ve. If the incident 

waves are in the lower hybrid frequency range, the necessary bandwidth (corre

sponding to ~v) of the incident spectrum is not very difficult to achieve in 

experimental situations. The parameter T~ is essentially the energy confinement 

time for the bulk plasma and, as stated above, it has been taken to be 10 millisec 

as a nominal value. 

The power dissipated in driving this current in the RST device can be easily cal

culated following a procedure similar to that worked out in Ref. (_J,Z). The 

expression for the power that is transferred from the wave to the runaway elec

trons is then given by: 

v2 1 

-16 nc ( 2) 
P ~ 1.5 x 10 Tl/2 

- 20 /v \ 
e e ,Q,n \v ~-, wa tt/m

3 
, 

where n is in cm-3 and Tis in eV, and the quantities v2 and v1 have been defined 

before. For nc = 2 x 1013 cm-3, T ~ 1 keV and v1 = 4 ve for n
11 

= 4, one obtains 

the result that the total power required to drive the necessary current for the 

steady-state operation of the RST device is roughly 200 kW (taking a= 20 cm and 

R = 80 cm). For the range of frequencies where such a current drive mechanism 

is feasible, the amount of power necessary is not at all difficult to obtain. 
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The results obtained indicate that the concept of maintaining a current utilizing 
the runaway component of the plasma appears feasible. In an actual experiment, 
there may be various phases of such a current drive scheme: 

1. The plasma startup is achieved using an ohmic electric field in a 
low density plasma. 

2. The inductive drive phase is then followed by an rf drive phase in 
which, for example, appropriate lower hybrid waves with small values 
of the parallel refractive index n11 are applied with phase velocity 
close to the critical runaway velocity of the electrons. 

3. The plasma density is increased by injection of gas, for example, 
through gas puffing techniques. 

4. Bulk heating for the plasma is introduced simultaneously, in order 
to help counteract the diffusive heat losses of the electrons. It 
may be pointed out here that this heating process is completely 
independent of the startup ohmic electric field. In conventional 
tokamak startup schemes, the ohmic field supplies most of the heat
ing until auxiliary heating means are applied to increase the 
plasma temperature later in the plasma discharge. 

The simplified model of runaway electron current drive described above does not 
include some of the possible limitations that may arise due to various other 
physical processes not considered. The runaway electrons are susceptible to 
various anomalous effects which would decrease their longitudinal energy, thereby 
limiting the maximum current that could be achieved. Also, the energetic elec
trons are susceptible to being lost through trapping in magnetic field ripples 
whkh are inherent in the tokamak-type configuration. In the following section, 
we discuss some of the possible consequences of the anomalous behavior of the 
runaway electrons. 

2.3.3.3 Anomalous Runaway Electron Effects. The distribution function for the 
runaway electrons has a characteristic non-Maxwellian nature for v11 > v er > v e· 
Such distribution functions may be unstable to the excitation of magnetized 
Langmuir waves due to the anomalous Doppler effect. The possibility of such an 
effect was originally pointed out by Kadomtsev and Pogutse (38). Besides the 
resonance w = k11 v11 , in a magnetic field resonances occur at the harmonics of 
the gyrofrequency, w - nSte - k11 v11 = 0, where n is a positive or negative integer. 
The usual Cereukor resonance w = k11 v11 for the runaway electron distribution func
tion with af;av 11 < 0 can lead only to damping of the waves. However, as was shown 
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in Ref. (35), waves at frequencies w < wPe < ne can grow because of the anomalous 
Doppler effect (n < 0), the condition for such resonance being 

(2-80) 

This instability arises owing to the anisotropy of the distribution function of 
the runaway electrons 

due to acceleration of the latter by the external electric field. During the insta
bility process magnetized Langmuir oscillation are excited with the dispersion law 

w = wPe k11 /k, for /rii7W < k11 /k < 1. 

In a strong magnetic field and under the inquality w < ne, the first resonance 
n = 1 is predominant. The anomalous Doppler effect involves the emission of plasma 
waves accompanied by a decrease in the longitudinal energy of an electron and by an 
increase in its traverse energy. For the case w < ne, the emitted wave energy is 
much smaller than the increase in the transverse electron energy; i.e., the con
version occurs at a nearly constant electron energy. This is the case of elastic 
scattering and it tends to make the electron distribution function more nearly 
isotropic. Such an isotropization of the runaway electrons in velocity space is 
also followed by diffusion of the resonant electrons in coordinate space. As a 
result of such instabilities, the average energy achieved by the runaway electrons 
is limited. 

In a recent theoretical calculation (39), it has been shown that the development 
of the instability comprises of two stages: isotropization of electrons due to 
the anomalous Doppler effect, as mentioned above, and subsequent formation of a 
plateau in the electron distribution function. It is at the second stage that 
oscillations of noticeable energy occur. Following the results derived in (39), 
one can obtain an estimate for the average energy achieved by the runaway electrons 
before they are affected by anomalous effects: 

(2-81) 
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The corresponding lifetime for the accelerated electrons is given by 

(2-82) 

In the above expressions, vee and vei are electron-electron and electron-ion col
lision frequencies, respectively; Pe is the electron Larmor radius. 

Remembering that vcr ~ eEofmve(n=ncr) ~ wofk 11 , and using the nominal parameters of 
the RST device, one finally obtains the following estimate: 

10 MeV for Te~ 1 keV 

Both these estimates are within the range of assumptions we have made in order to 
obtain a successful current-drive scheme (see Eqs. 2-72 and 2-78). 

In conclusion, we have shown that, within the limits of a simplified model for the 
runaway electron distribution in steady state, it is possible to drive the required 
current in RST by means of the interaction of rf waves with runaway electrons. The 
basic assumptions have been that the runaway losses are dominantly influenced by 
the existence of magnetic fluctuations in a tokamak and that it may be possible to 
supply momentum to the runaways (after they have been created) by means of a suit
able source of rf waves. Furthermore, it has been assumed that the energy for 
heating of the bulk plasma would be supplied from an independent source. A good 
fraction of this supplied energy would eventually be lost through the runaway 
electron component. This may be a significant fraction of the total energy sup
plied to the plasma and a detailed energy balance, including both the bulk and the 
non-thermal electrons, would be necessary to obtain a realistic estimate for such 
losses. Of course, such an energy balance process should include the most likely 
anomalous losses which result from the characteristic non-Maxwellian nature of the 
runaway electron distribution function. 
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·------------------------------

2.3.4 Enhanced Bootstrap Current Drive 

RF current drive methods may be broadly classified into two main categories: one 

is acceleration of electrons parallel to the confining magnetic field by the action 

of the wave field, which is a process that can take place in a uniform plasma; and 

the other is the enhancement of the parallel (toroidal) electron flows that take 

place in a collisionless plasma in toroidal geometry due to transport of the plasma 

across the flux surfaces in response to radial pressure gradients. This latter 

current is called the "bootstrap" current, and suitably enhanced as suggested by 

Ohkawa (40) it may be sufficient to provide the confining poloidal magnetic field 

for RST. 

According to the neoclassical theory, the existence of the bootstrap current is a 

natural consequence of the collisional diffusion of the electrons and ions. In 

an axisymmetric system the electrons and ions conserve their combined angular 

momentum during the collisional event. However, the individual angular momentum 

changes during this process. The collisions reduce the relative velocity of 

electrons and ions and also shift their orbits, resulting in the diffusion. If 

an rf field could be applied in such a way as to increase the particle transport 

rate but not its drag forces, then the bootstrap current could be sustained for 

any value of the quantity Bp· (NB, according to the theory of the bootstrap 
effect, the current is proportional to the plasma pressure gradient, and if 

Bp ~ (R/R) 112, then the bootstrap current is sufficient to entirely replace the 

externally induced ohmic current; the quantity BP is defined here as the ratio of 

the plasma pressure to the pressure due to the poloidal magnetic field.) Two 

different cases exist depending on whether the transport is a driven flow or an 

enhanced diffusion. We first consider the case of enhanced diffusion. 

2.3.4.1 Enhanced Diffusion. In the neoclassical theory for a tokamak plasma, the 

radial diffusion is mostly due to trapped or nearly trapped electrons. The boot

strap current itself, however, is carried mainly by the electrons with a large 

velocity parallel to the magnetic field, i.e., by the untrapped electron popula

tion. It is important to make this distinction since we want to affect the dif

fusion without changing the resistivity significantly. If such a situation could 

be achieved, then an increase in the bootstrap current may be expected. In the 

following, we consider a scheme in which it may be possible to disturb the orbits 

of trapped or nearly trapped electrons. It is shown that such distortions in the 

orbit could give rise to enhanced radial diffusion (and thus a corresponding 
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enhancement in the toroidal bootstrap current) without significantly affecting 
plasma collisionality. 

Enhanced radial electron diffusion will probably not affect the plasma power 
balance significantly. Measurements in existing plasma confinement devices show 
that electron particle confinement times are typically five times larger than 
electron heat confinement times; thus an increase in particle transport of a 
factor 3 will decrease the total energy confinement time by a factor of 1.36 at 
most, which. may be acceptable for both RST and a fusion reactor. An enhancement 
of a factor 3 in bootstrap current is sufficient, since for the RST parameter 
(R/r) 1/ 2 = 2, so that the enhanced bootstrap current will entirely supplant the 
induced ohmic current for BP~ 0.67, which is well within the range of observed 
values of BP in existing tokamaks. 

Here we start an analysis of the possible effect of a high frequency electric 
field parallel to the magnetic field lines on the dynamics of trapped particles 
and its consequences with respect to the bootstrap effect. We refer to a col
lisionless low B plasma in a magnetic field whose strength varies sinusodially 
along the field lines (this is to simulate the magnetic field variations in a 
tokamak): 

• I\ 

B = B
0 

(1 + E cos k
0 

z) e
2 

, (2-83) 

with E = r/R < 1. In the equilibrium we also introduce an electric field (assumed 
uniform in space for simplicity) given by 

(2-84) 

with nj >> p > Wbj where wbj is the bounce frequency of the particle species j and 
Qj is its gyrofrequency). The particle equation of motion in the toroidal direc
tion is given by: 

(2-85) 
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I __ 

We now average over the fast time scale 1/p and introduce, correspondingly, 

z = z + z1 cos pt+ z2 sin pt , 

where the quantities z, z1, and z2 all vary in the slower bounce time scale 1/wbj· 

Omitting all the detailed algebra, it can be shown that the equation for the aver

age displacement z is 

.. 
z - µj k0 E B0 J0 

(sj) sin k0 z ~ o , 

with J0 as the 0th order Bessel function and Sj = k0 ej E0/mj p2. After applying 

the same method of averaging on the magnetic drift velocity we obtain, after some 

algebra, the average values for the components of the magnetic drift velocity in 

the rand 8 directions: 

-
z ' 

(2-86) 

together with 

(2-87) 

A calculation of particle diffusion in the presence of the rf electric field can 

now be carried out [e.g., following the scheme of Galeev and Sagdeev (!!_)]. It 

is well known that in the collisionless regime ("Banana" regime), the diffusion 

coefficient is proportional to (Vdrj) 2, so that the ratio Qj between the diffusion 

coefficients with and without the rf field is 

(2-88) 

When we evaluate the quantity Qj as a function of the argument sj, Qj has a maxi

mum of about 3.5 for values of Sj lying between .1.5 and 2 (see Fig. 2-33). This 
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estimate was obtained for the case where p2/k~V2 ~ 1. Th~s, it appears possible 
to enhance the radial diffusion of electrons in the collisionless regime using 
external rf waves in order to achieve distortion of the trapped electron drift 
orbits. For these values of the quantity ;j• the effective electron collision 
frequency does not differ very much from the case where there is no rf electric 
field imposed on the plasma. 

An approximate estimate for the 11 bootstrap 11 current may now be obtained if we use 
the basic relation: 

where BP is the poloidal field, rr is the radial flux in the banana regime, and 
v11 is the flow causing the current. However, it is also necessary to affect the 
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ion diffusion in order to maintain ambipolarity and then eventually enhance the 

bootstrap current. It may be possible to affect the ion motion by similar rf 

waves but with much smaller frequency, e.g., Wbe > Pi > wbi· 

Following a treatment similar to that for the electrons, we finally obtain the 

expression for the enhanced bootstrap current: 

·* 1 _/f ( dn dT) Jb = - 8 l'R 4.88 kT ar + 0.27 nk ctr Qj , 
p 

(2-89) 

where BP is the poloidal magnetic field. 

The bootstrap current is proportional to the pressure gradient and also to the 

enhancement factor. For example, Fig. 2-33 shows the value of Q and the required 
6 -1 -1 electric field E

0 
versus ~e· Here, p ~ 2.2 x 10 s , k

0 
~ 0.1 m and 

p2/2k~V2 ~ 1 are assumed. The maximum of Q is 3 ~ 4 when ~e = 1.3 ~ 2 in this 

case. The electric fields are roughly 230 V/m and 360 V/m for Q = 2 and 3, 

respectively. Thus, the poloidal beta Sp can be decreased for a fixed bootstrap 

current. Alternatively, the current can be increased for a fixed Sp value, due 

to the enhancement factor. 

If we consider the density and temperature profiles to be given by 

(2-90) 

and choose on= 0.25, Yn = 0, oT = 1.8, and Yr= 0.9 (to simulate typical observed 
tokamak profiles), then the radial variation of the bootstrap current profile can 

be evaluated. As shown schematically in Fig. 2-34, the current density is dis

tributed mostly toward the outside of the plasma, and also there is no current 

at the center of the discharge due to the vanishing of dP/dr ands. The latter 

observation constitutes one of the main disadvantages of such a possible current 

drive technique. 

As mentioned previously, if SP~ (R/r) 112 , then the bootstrap current sufficiently 

replaces the entire ohmic current. The enhancement factor Qj obtained above now 

makes it possible for the bootstrap current to replace the ohmic current in plasmas 
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Figure 2-34 A schematic for the 11 bootstrap 11 current distribution 
in a typical circular tokamak in the presence of 
density and temperature profiles as discussed in 
the text 

in present-day tokamaks without having to raise Sp to the large value given by 
(R/r) 112 . It may be pointed out here that the enhancement factor Qj may attain 
a magnitude of 3 or 4 at its maximum. The strength of the rf field necessary to 
obtain such an enhancement can be estimated from the value of the argument ~j• 

For barely trapped particles, we obtain an estimate for the necessary field 
strength of roughly 300 V/m, assuming that k

0 
is given by 1/Rq, in order to 

represent tokamak geometry. 

There are two important question remaining: first the question of fueling, which 
is necessary due to enhanced radial losses, and the associated problems of heat
ing the fresh fuel up to the equilibrium plasma temperature. The evaluation of 
the power requirement for such a technique is complicated by this heating problem. 
The second problem, as mentioned previously, is the absence of any bootstrap cur
rent to the center of the discharge. This may be alleviated by introducing a 
so-called 11 seed 11 current at the center, possibly through a low power rf drive 
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which operates efficiently for plasma parameters characteristic of the center of 

the discharge. For an ignition device, it may be that such a seed current would 

be supplied by alpha particle production due to D-T fusion reactions. A signi

ficant net alpha current may be generated as a result of the preferential prompt 

losses of some of the counter-current alpha particles whose drift orbits strike 

the outer wall. This effect is discussed in greater detail in Section 2.3. 

2.3.4.2 Driven Flow. A particular case for driven flow has been discussed in 

Ref. (40). It has been shown that by trapping or detrapping electrons selectively 

in the magnetic field mirrors, a radial flow of electrons may be created in the 

presence of a radial pressure gradient. It has been shown that by an application 

of suitable rf waves which could be absorbed by resonant electrons resulting in 

enhanced perpendicular energy, an increase in the trapping of electrons with 

v11 < 0 could be attained. Such trapping of untrapped electrons produces the 

radial outward flow because of the orbit shift of the size of the '1banana 11 orbit 

in each trapping. Since the rf field is a traveling wave, the heating rate is 
larger for particles traveling in one direction. This will result in asymmetric 
trapping. On the other hand, Coulomb collisions which are predominantly small 
angle scattering would result in particle detrapping which is symmetric with 

respect to v11 . The final outcome of this asymmetric trapping in the presence of 

rf waves and symmetric detrapping due to collisions is a gain in net parallel 
momentum by the untrapped electron population. In a steady state, this momentum 

gain is balanced by the collisions between electrons and ions, resulting in a 

net electron current. 

It has been suggested (40) that an rf electric field which propagates parallel to 

the magnetic field with its electric field component perpendicular to the magnetic 

field would be the likely candidate for the aforementioned current-drive mechanism. 
The frequency and the wave number of the rf field is chosen such that the Doppler

shifted frequency is in resonance with the cyclotron resonance frequency of the 

electrons (viz., w- k11 v11 "'Qe' Qe being the electron gyrofrequency). 

In the following, we present a brief quasi-linear analysis of this electron
cyclotron current drive mechanism and the resonant heating process. We make the 
usual assumption that quasi-linear theory is valid for a monochromatic wave and 
cyclotron damping process in the tokamak geometry. Considering only the right-hand 
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component of the wave electric field and only fundamental harmonic heating, the 

quasi-linear diffusion equation may be written as: 

e _ ,r e E 2 l II II 1 a + II a v2 0 k V af 2 {~( k V ) k ] at - 4 m2 I I - -w- Vjj" avji w avjj 1 ( II II 

* fi(1 _ ~\ ..!. _a + !JL a ] f { . 
~ w J v av 1 w avjj e} 

The circulating particles satisfy the condition v1 < Ve tan 6 where 
tan 6 ~ (R - r/2r) 112 , and the quantities Rand rare the major and the minor . 
radii of the plasma, respectively. The rate Pat which the parallel momentum 

of circulating particles is increased by electron-cyclotron resonance may now 

be calculated. We finally obtain: 

2 2 
• _ 1 (ir) 1/ 2 Qene IEI 3 2 ( ) 
P - - 4 - -- --- V tan 6 exp - v: sec2 6/2 V~ 2 mw ik 11 iv; * 

)
1/2 n

2
k IEl

2 
( [ 

+ (11 ~ -- exp - V2 /2 V ) 1 - (1 + v2 tan2 6/2 v2 
8 mw ik11IVe * e * e 

- v! tan4 6/2 v!) exp(- v: tan2 6/2 v~)] , 

where V* = (w - Qe)lk 11 and we have assumed the distribution function fe to be . 

(2-91) 

given by a Maxwellian. The electron heating rate per unit volume W can also be 

similarly calculated and from that, one can obtain the relation between energy 
and parallel momentum input into the circulating particles: 

. 
p -.- - -
w 

2
1/2 Qe (v* tan 6/./l ve)3 ( 2 2 2) 

wVe tan 6 exp - V* tan 6/2 Ve 

+ ~ [1 + (v! tan
4 

0 
w 2 v4 

e 

v2 tan2 0 
* 

2 v2 
e 
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The first tenn on the right-hand side corresponds to the result previously cal
culated in Ref. (40) and represents the net momentum gained by the circulating 
particles through the perpendicular electron-cyclotron interaction process. The 
second term represents the additional effect resulting from the quasi-linear dif
fusion acting on the parallel particle motion. The first tenn inside the square 
brackets indicates the rate at which the parallel momentum of the electron changes 
on application of electron-cyclotron waves. The other tenns inside the brackets 
represent corrections resulting from the detrapping of some marginally trapped 
electrons as well as from the transfer of wave momentum to deeply trapped electrons. 

The current density in the plasma is related to the momentum input by the waves by 

. 
eP 

j - -
mve 

where ve is electron-ion collision frequency. 

We now obtain an estimate for the amount of current drive achievable through this 
technique when the rf power is given. We start by making the assumption that all 
of the power input via the current drive mechanism will sustain the plasma heat
ing. For rf waves near the electron cyclotron frequency, such an assumption 
regarding plasma heating is reasonable. For simplicity, we shall make the fur
ther assumption that the energy confinement scaling remains unchanged for any 
particular current drive mechanism. This means that we can, in effect, choose 
the power input on the basis of tokamak parameters. Then, if we grant that the 
present-day widely accepted Alcator scaling holds for the RST, we obtain 
W = 3nT/Te where Te~ 3.5 x 10-21 na2 (MKS units). For the nominal RST param
eters, we have that W ~ 1 MW/m3 is required to maintain the power balance 

(Teo= 1 keV, neo = 3 x 1013 cm-3) . 

. 
After taking the ratio of j to Wand substituting the required power into the 
equation, one obtains the value of the current density given by 

2 2 
j = 2.5 x 1019 Tn (1 - 0.44 y) y3e-0·6 Y 

(2-94) 

- 5.85 x 1016 T
5
:

2 
[1 + (o.72 y4 - 0.6 i - 1)] e-0·6 i , 
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where y = (w - f;"2e)/k
11
ve. The values of j are plotted in Fig. 2-35 for n = 10191m3 

as a function of the ratio of resonant velocity V* to the thermal velocity Ve. As 
can be seen, the current peaks for electron velocities near the thermal speed and 
the amount of current obtained is sufficient to maintain the RST equilibrium. 

The above-mentioned mechanism for current drive by asymmetric detrapping of elec
trons also suffers from the problem of maintaining ambipolarity. It is likely 
that the effect of the ambipolar field on the electron flow would be significant 
and further study of this process is needed. The other alternative may be to 
affect the ions also in order to enhance their perpendicular flow. 

flN < E 

0 2 3 4 5 

Figure 2-35 The current density as a function of the ratio of 
the phase velocity of the waves, to the thermal 
velocity of the electrons 
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2.3.4.3 Seed Current. As we pointed out in Section 2.3.4.1, the current density 
profile of the bootstrap current has its peak at some radial position between the 
plasma center and the boundary. For the plasma to be stable, the current profile 
needs to be flat. In that case, a seed current (42) at the plasma center is 
required in order to obtain a stable current profile. If the plasma current 
is produced by a combination of bootstrap current and seed current, the power 
required for current drive may be greatly reduced, since the input power is 
mainly for the seed current which is several times smaller than the plasma cur
rent. In this section, we consider current drive based on the bootstrap current 
and the seed current for a reactor-like plasma. 

As a seed current, the use of neutral beams (43), net momentum from selective loss 
of fusion alpha particles (44), or rf waves, such as the lower hybrid wave or the 
fast wave (1), may be considered. For a reactor-like plasma, the rf waves may 
have difficulty in penetrating to the center of the plasma. The net current due 
to the selective loss of a-particles depends on the magnitude of the plasma cur
rent. This a-net current increases as the plasma current decreases. If the 
a-net current can be used, no special power for the current drive will be needed. 
Current drive based on neutral beam injection may be possible because the input 
power is much less than the fusion power (43). If the neutral beam is used only 
for the seed current, the required power can be reduced even further. The cur
rent profile of the seed current can also be controlled by the energy of the 
neutral beams, as for rf. In the following sections, the seed currents due to 
neutral beams and to the net momentum of a-particles are discussed. 

The Maxwell equation for the poloidal magnetic field Be in steady state is 
given by 

where js is the seed current density. Equation 2-95 becomes 

(2-96) 

where B0 ~ µ
0

I/2TTr, I= Jr 2TTrjdr, j = js + jb and Is= ~r 2TTrjsdr. The boot
strap current is proportional to I-1. We consider a model where the density and 
the temperature profiles are given by 
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n = n 
0 

T = T 1 - L 
( 

2)aT 
0 a2 

The first term of the right hand in Eq. 2-96 can now be evaluated. When an and aT 

are large and Bn and Br are small, the peak of the bootstrap current shifts toward 
the center of the plasma. 

When the poloidal beta BP is defined by 

the first term on the right-hand side in Eq. 2-96 becomes 

_/J.. B Q ( )a-1/ 2 rjb = cl'R7 I~ x7/2 1 - x2 I , 

where c = 4.88 an+ 0.27 aT, x = r/a, It= 2TTaB6(a)/µ
0

, and a= an+ aT. 

also assumed that Bn = O and Br= O. From Eqs. 2-96 and 2-97, the total 
current is obtained as 

12 - 2lsl + 12 - F = 0 s ' 

where 

Then, the solution becomes 
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Figure 2-36 The required seed current 

When x = 1, we have the relation between the total current It and the total seed 
current Is,t· In the neoclassical theory (45), the temperature profile is more 
centrally peaked than the density profile in the banana regime. Assuming that 
an= 0.5, aT = 1.5 and /RTa = 2, we have the ratio of Is,t to It: 

which is shown in Fig. 2-36. When BpQ = 3 and 4, the required seed currents are 
roughly 25% and 10%, respectively. Thus, the seed current can be several times 
smaller than the plasma current for the possible values of BPQ. 

2.3.4.4 Current Profiles. The current distribution depends on the seed current 
profile. For the plasma to be stable, an increasing rotational transform, i.e., 
radially increasing profile for j, must be avoided. In addition, the 
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Kruskal-Shafranov criterion q(r) > 1 must be satisfied. Thus, the current profile 
should preferably not be too steep, and the toroidal magnetic field must be greater 

than~ µ0 Rjmax/2. 

The current density can be numerically calculated by approximately the differential 
equations as the following difference equations: 

JN = (IN - IN-1)1sN 

SN = 
TI~~ r~-1) (2-99) 

IN= IS,N + 
Fl/2 
N 

. 
where the suffix N is the radial mesh number, JN is the current density, SN is the 
area of mesh N and IN is the current given by Eq. 2-98. Figures 2-37 and 2-38 show 
the current profiles for a flat seed current (js = const.) and a radially decreas
ing seed current [js = jso (1-2r/a) for r < a/2]. These profiles are calculated 
for reactor-like parameters: It= 5 MA, Is,t ~ 0.17 Ip' a= 1,25 m, R = 5m, a= 2, 
and SPQ ~ 3.5. The required electric field E

0 
is~ 230 V/m when Q = 2 and SP~ 1.8, 

or 360 V/m when Q = 3 and Sp~ 1.2, respectively. 

For the flat seed current, a fairly flat profile can be obtained except near the 
plasma center (Fig. 2-37). When the seed current has its peak at the plasma center, 
a more desirable profile can be obtained (Fig. 2-38). The seed current, thus, must 
be produced mainly at the plasma center. For q(r) to be larger than unity, the 
toroidal fields should be greater than 4.3 T and 8.3 T for the cases of Figs. 2-37 
and 2-38, respectively. 

As another source of seed current, the use of the a-net current has been recently 
discussed (44). Some fraction of a-particles, whose direction of motion is oppo
site to the plasma current, strikes the outer wall. Such a preferential loss of 
a-particles eventually gives rise to a net momentum in the plasma. If this momen
tum transfer, in its turn, adds to the plasma current, then it may be used as a 
seed current. The a-net current is given by 

(2-100) 
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Figure 2-37 The current density profile when the seed current js = const. 
Here, j is the total current density. 

where Sa= n2 <av>/4, qa = 2e, Ta~ 2Tae ~ 3.16 x 1013 T!12;ne, va is the velocity 
of a-particles (~ 107 m/s), <av> is the fusion reaction rate, and Mis the net 
momentum. The value of the quantity (M/s

0
m v) has been calculated by McAlees (44). aa -

For the net current to be significant, the plasma current must not be too large 
(~ 2 MA). The poloidal beta, especially the plasma temperature, must also be fairly 
high. Figure 2-39 shows the current profile when It= 2 MA, n

0 
= 8.5 x 1018 m-3, 

T
0 

= 60 keV and BP= 2. In this case, Is,t is roughly 88 kA. The required electric 
field is~ 250 V/m, which results from taking Q ~ 2.3. The other parameters 
employed in the calculation are the same as those of Figs. 2-37 and 2-38. The 
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Figure 2-38 The current density profile when j 5 = j50 (1 - 2r/a) l(a/2 - r). 
Here, l(x) = 1 for x > O and O for x < 0. 
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Figure 2~39 The current density profile when the a-net 
current is used as the seed current 

1.0 

current profile is similar to that shown in Fig. 2-37. When It= 5 MA, 
n0 = 1.33 x 1019 m-3, T0 = 60 keV and Sp= 2, the current density rapidly drops 
in the plasma center, which is shown in Fig. 2-40. Here Q ~ 2.5, E

0 
~ 310 V/m 

and Is,t ~ 46 kA. Thus, the use of the a-net current as an effective seed cur
rent is possible only for the case where the plasma current is not too large 
(~ 2 MA) and the plasma temperature is high(~ 60 keV). 
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2.3.4.5 Energetic Neutral Beam as a Source of Seed Current. It may be possible 
to use energetic neutral beams as a source of seed current at the plasma center. 
The mean free path for beam penetration, which is given by 

must be about the size of the plasma radius. Here Vb is the velocity of the neu
tral beam and <av>t is the total beam interaction rate (46), When T

0 
~ 20 keV and 

n ~ 5 x 1019 m-3, the required energy of the neutral beam is greater than 500 keV. 

The net current due to the neutral beam deposition can be expressed as (42,43) 

(2-101) 

where Zb and Z; are the charge numbers of beam ion and plasma ion, respectively, 
and nb is the neutral beam density. The beam current, which must be injected to 
the plasma, is given by 

Here 'b! = vbe is the collision frequency of beam ions with the electrons. The 
required power for the neutral beam per unit volume is given by 

where Tb is the energy of the beam. This power must be much smaller than the 
fusion power: 

W ~ k(17.6 MeV) <crv>n2 
f 4 (2-104) 
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If a deuteron beam is considered and the required seed current density is 
~ 172.6 kA/m2, which corresponds to the case in Figs. 2-37 and 2-38, Eqs. 2-102, 
2-103, and 2-104 become 

(2-105) 

3 wf ~ 0.9 (MW/m) , 

where jZb(l - Zb/Zi)I ~ 1, T ~ 20 keV, n ~ 5 x 1019 m-3, R = 5 m and a= 1.25 m 
are assumed. Thus, the required power can be much smaller than the fusion power, 
but beams with very high energy are required. 

2.3.4.6 Conclusion. Current drive using the enhanced bootstrap current and a 
seed current is considered for a reactor-like plasma. The magnitude of the boot
strap current becomes comparable with the plasma current required for confinement 
if the enhancement can be achieved. The seed current should be necessary mainly 
at the plasma center. The use of neutral beams with very high energy (more than 
~ 500 keV) may be required for this purpose. Because the ratio of the seed current 
to the bootstrap current can be made small, the power for the neutral beam can be 
much less than the fusion power. The a-net current may be used as the seed current 
only when the plasma current is low(~ 2 MA) and the plasma temperature is high 
(~ 60 keV). 

2.4 IMPURITY PROBLEMS AND CONTROL FOR RST 

The study of impurities and their control is a natural corollary to the RST pro
gram. The achievement of steady-state current drive will for the first time permit 
the establishment of a plasma wall-limiter equilibrium. Therefore the long term 
effects of impurities may be examined. It is possible for example that the con
centration of impurities will not build up in time and that an equilibrium concen
tration will be established. Impurities are not considered desirable in a tokamak 
but nevertheless they do not prevent tokamak operation either. However, in RST, 
there are several reasons why impurities could be detrimental to the experiment. 

1. There is evidence to indicate that impurities concentrate in the 
plasma center and that the concentration builds up in time. With 
more impurities present, impurity radiation will increase. This 
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may lead to a lowering of the plasma temperature and could even
tually lead to termination of the discharge. If RST is indeed able 
to achieve steady-state current drive, then impurities could limit 
the pulse length to finite values. 

2. Increased radiation loss could be compensated by increased power 
input to the plasma. However power supplies are limited and pre
sumably already operating at full power prior to the buildup of 
impurities. Hence impurities would lead to greater power require
ments for achieving a given current level. 

3. A particularly important problem is the potential interference of 
impurities with the current drive mechanism. As impurities build 
up, the effective ion charge increases and the electron-ion colli
sion frequency increases. There is hence a more rapid transfer of 
momentum and energy from the electrons to the ions and therefore 
less current is driven for the same power input. 

It is of interest to compare RST with ISX (47). RST is quite similar to ISX in 

both physical parameters (size, field strength, etc.) and plasma parameters (den
sity, temperature, etc.). ISX was found to be a very clean tokamak (47). The 

careful design of the device plus discharge cleaning procedures certainly con

tributed to this cleanliness. If similar design philosophies are followed with 
RST then there is every reason to believe that it would be equally clean at least 

so long as it is operated as a standard short pulse tokamak. Therefore the first 

phases of the RST experiments should not require active impurity control. 

The situation is less clear for the later phases of the RST experiments when a 

steady state is achieved. A low rate of sputtering that might be unimportant for 
a short tokamak discharge may become a significant problem for a very long dis

charge. True plasma-wall equilibrium has not been achieved in tokamaks so it is 

not clear whether or not impurities will continue to build up in time. The steady

state mode of RST will in any case present the opportunity to study extended plasma
wall interactions and the long term effects of impurities. 

Several methods of impurity control have been considered for RST. These are dis
cussed in the following sections. 

2.4.1 Low Z Wall and Limiter Materials 

More "exotic" low Z materials would probably increase cost as well as risk since 

there is a lack of experience with these. If again RST is compared to ISX then 
stainless-steel walls and limiter become a reasonable choice. ISX was a very 

clean tokamak and saw only negligible amounts of iron within the plasma (48). 



Certainly high Z materials should be avoided. Coatings of beryllium carbon or 

silicon carbide can be added if needed. 

2.4.2 Bundle Divertor 

The functions of a divertor are mainly threefold, viz., plasma diversion, power 

diversion, and screening action to shield the plasma from the impurities. Among 

the various types of divertor configurations that are available at present, the 

"bundle" type divertor appears more suitable for the conceptual RST design. In 

this section, we briefly consider the possibility of using the bundle divertor 

concept. 

Magnetic divertors can decrease impurities by reducing the plasma wall interaction 

due to plasma outflux from the main plasma and by shielding the plasma from impurity 

influx. A reduction in impurity concentrations has been experimentally demonstrated 

by use of an axisymmetric poloidal divertor in DIVA (49), and by a bundle divertor 

in DITE (50). In a device with a poloidal divertor, the axisymmetry is preserved 

and only a weak poloidal field is required to generate the divertor configuration. 

On the other hand, the bundle divertor, in which a localized bundle of flux is 

extracted from the torus, interacts with the large toroidal magnetic field, so that 

a relatively large divertor coil current is required. The bundle divertor has the 

disadvantage of breaking the axisymmetry of the tokamak, but it has the advantage 

of modular design which may easily be retrofitted on many devices. Furthermore, 

the bundle divertor may generate a thicker scrape-off layer, which facilitates 

the shielding of the plasma from impurities. 

The major parameters affecting the scrape-off layer and the screening effect are 

examined. Following that, the engineering problems are discussed. 

2.4.2.1 Scrape-Off Layer. The line density ~nes and the temperature Tes in the 

scrape-off layer are given by the particles and power balance equations: 

(2-106) 

3-i: p p 
Tes=~ (T + T-) in - br 

2 - e l P. 
YTE 1n 

(2-107) 
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Here~= (o1sL/vs)112 is the thickness of the scrape-off layer, D1s is the per
pendicular diffusion coefficient in the scrape-off layer, vs is the sound velocity, 
ip is the particle confinement time,½ is the energy confinement time, Tis the 
temperature in main plasma, Pin is the input power, Pbr is the radiation loss 
power, and y is the heat transport rate from the scrape-off layer to the divertor 
plate. The length of the field line between material surfaces, L, depends on the 
number q0 of torus transits required for a magnetic field line to get to the 
divertor region, and the field mirrors created by the bundle divertor configuration. 

The diffusion coefficient in the scrape-off layer was roughly ten times smaller 
than the Bohm diffusion coefficient in the DIVA experiment (49). For the param
eters ne = 4 x 1019 m-3, Tes= 50 eV, a= 0.2 m, R = 0.8 m, mirror ratio M = 2-3, 
q0 = 5-10, and D1s DBOHM/10, the thickness of scrape-off layer and the line den
sity are shown in Fig. 2-41. Typically, for these parameters~ and ~"es are 
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Figure 2-41 The line density and the thickness of the scrape-off layer. 
Here Dis= DBOHM/10, ne = 4 x 1019 m-3 and Tes= 50 eV. 
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roughly 2 cm and 5 x 1017 m-2, respectively. To estimate the temperatures in the 
scrape-off layer, the heat transport rate y must be detennined, If the heat flux 
to the divertor plate, Q = y nes kTes vs, is based on the temperature gradient 
between the separatrix and the divertor plate, y may be roughly detennined. From 

Eq. 2-107, Tes becomes SG-60 eV when Te= 30G-600 eV, Ti~ Te/2 and TE~ rp. 

2.4.2.2 Screening Effect. We estimate the screening efficiency defined by 

(2-108) 

Here ;x = 1 - e-(al-as)/A, and al' cri' vI and ve are limiter radius, separatrix 
radius, ionization cross section, impurity velocity, and electron velocity, 
respectively. Figure 2-42 shows the screening efficiency for oxygen and iron 
when Tes~ 50 eV and al - as~ A. If the impurity temperature is low, good 
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Figure 2-42 The screening efficiency !or impurity atoms 



I_ 

screening efficiency can be expected both for iron and oxygen. The screening effi

ciency for hydrogen atoms with low temperature (less than a few electron volts) is 
also high, so that pellet injection is required as a particle source for the main 
plasma. 

2.4.2.3 Some Engineering and Physics Problems. The bundle divertor requires 
large divertor coil currents to make a separatrix. For example, this current 
becomes 200-300 kA-T when the toroidal field in the center of the plasma is 1.5 T. 

The electromagnetic force per unit coil length which acts on the divertor coil also 
becomes large (2D-40 ton/m). The direction of this force is radially outward. The 
provision of sufficient support structure becomes a significant engineering problem. 
The large particle and heat flux to the neutralizer plate can also cause engineer
ing difficulties. A neutralizer plate with large surface area may be required to 
trap the particles effectively, and active pumping and heat removal will be 
required. 

Also, the question of plasma hydromagnetic stability (especially near the separa
trix) remains open. It is likely that field-line splitting may occur due to some 
non-axisymmetric perturbations, which may limit the q value at the separatrix and 
consequently the length of the field lines connected to the neutralizer plate. 
In addition, the transport in the scrape-off layer is not well understood. For 
example, the DITE experiment, the transport of energy in the scrape-off layer 
appeared to be strongly influenced by the presence of energetic electrons under 

certain conditions. 

In summary, the bundle divertor promises to be highly effective in the screening 
of heavy impurities and helpful in avoiding energetic light impurity (oxygen, 
carbon) buildup. It also reduces the severity of the limiter power handling 
problem by providing a larger, more accessible neutralizer plate area for dumping 
the plasma heat and particle flux. However, the engineering of a bundle divertor, 
in particular the support of the large forces involved, and the physics uncertain
ties make a bundle divertor a relatively costly and high risk option. An impor
tant advantage of a bundle divertor is that it may be added to the RST tokamak 
after construction, if other impurity control techniques prove inadequate. In 
this case, the low magnetic field and the large unobstructed volume of the toroi
dal field coil aid in adding such a divertor. 
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Figure 2-43 Divertor coils which decrease the 
perturbation of the field on axis 

2.4.2.4 Bundle Divertor With Four Divertor Coils. The disadvantage of the bundle 

divertor is the breaking of the axial symmetry, and the toroidal field at the mag

netic axis is typically modulated by 2--5% and at the separatrix by 100%. However, 

the perturbation near the magnetic axis can be reduced if the two more coils are 

added to the usual bundle divertor configuration (Fig. 2-43). The current direc

tion in the additional coils is opposite to that of the usual divertor coils. The 

decrease in the perturbation at the magnetic axis is regulated by the current ratio 

Io2/Io1, For example, the axis perturbation may be reduced by 50% when 

Io21Io1 f\., 1. 7. 

2.4.2.5 Advanced Bundle Divertor. A difficulty with the bundle divertor is that 

a large expansion of the magnetic flux at the neutralizer plate is difficult to 

achieve because it is the large toroidal field which must be modified. This 

requires very large currents for a significant expansion. Without expansion, the 

heat flux to the neutralizer plate can be so large that cooling of the plate is 

impossible. For the case of RST, this flux may be as large as 2.5 kW/cm2, which 

probably cannot be accepted. To reduce damage to the divertor plate, the follow

ing methods can be applied: 

1. Conversion from thermal diffusion power to radiation power, both 
in the scrape-off layer and in the divertor. 

2. Use of a hydrogen jet instead of the neutralizer plate. 

These methods are discussed in the following. 
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2.4.2.5.1 Radiation Cooling. The damage to the wall can be reduced if the 
thermal power diffusing from the plasma is converted into radiation power. The 
impurity sputtering due to particle diffusion is also thereby reduced. The use 
of this concept has been proposed for tokamaks with large radiative cooling 
volume in the chamber (51). If this method is applied to the bundle divertor 
system, the impurity control also may become simple. We first look at the energy 
balance of the plasma. 

The energy balance equations in the plasma core, the scrape-off layer, and the 
divertor may be approximately written as 

3npkTP 
- TE + Pin,p - Pr,p = 0 (for plasma core) , (2-109) 

nskTs + Vn 3npkTP 
- Y -- + P • - Pr, s __.c. __. __ .__ ( for scrape-off layer) , 

Ts ,n,s Vs TE (2-110) 

(2-111) 

where Pin, Pr, TE, V, n, T, and y are input power, radiation power, energy confine
ment time in plasma core, volume of plasma, plasma density, plasma temperature and 
heat transfer rate from scrape-off layer to divertor, respectively. The suffixes 
p, s, and d denote plasma core, scrape-off layer and divertor, respectively: From 
Eqs. 2-110 and 2-111, we have the following expression: 

(2-112) 

Here it is assumed that Pin,s = O. Therefore, the thermal diffusion power from 
the plasma core can be converted to radiation power if Eq. 2-112 is satisfied. 
The expressions for the radiation powers are given by 

(2-113) 

(2-114) 
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where n1 and g(T) are the impurity density and the radiation cooling rate, 

respectively. The function g(T) has a maximum in the low temperature region. 

For example, the peaks are at~ 20 eV and~ 100 eV for oxygen and aluminum (52) 

respectively. To satisfy Eq. 2-112 it may be necessary to utilize the radiation 

processes both at the divertor and the scrape-off layer, i.e., Pr,d and Pr,s· 

The impurity concentrations in the scrape-off layer and in the divertor should 

be regulated by changing the impurity injection rate to the scrape-off layer and 

the pumping rate in the divertor. The impurities injected to the scrape-off 

layer must be ionized in the scrape-off layer and must be diverted within an 

impurity inward diffusion time to the plasma core. These conditions may be satis

fied because the width of the scrape-off layer~ is substantial for a bundle 

divertor. For example, the required impurity concentration ratios become~ 5% in 

the scrape-off layer and~ 10% in the divertor if aluminum impurities are employed. 

Here it is assumed that TE~ 12 ms, np ~ 1014 cm- 3, ns ~ nd ~ 5 x 1013 cm- 3, 

Tp ~ 1 keV, Ts~ 100 eV, Td ~ Ts/2, Vs/VP~ 1/3, Vd/Vp ~ 1/12 and VP~ 0.63 m3 

which are roughly predicted in the RST. The radiation cooling both in the scrape

off layer and the divertor, then, may be obtained by impurity injection to the 

scrape-off layer and the impurity pumping in the divertor. 

The temperature in the scrape-off layer can be obtained from Eq. 2-110 and the 

particle balance equation given by 

where TP is particle confinement time of the plasma core. The temperature, then, 

becomes 

If there is a radiation loss in the scrape-off layer, the temperature in the 

scrape-off layer decreases as shown in Fig. 2-44. Here TP ~ TE' Vs/VP~ 1/3, 
np ~ 1014 cm- 3, ns ~ 5 x 1013 cm- 3, TE~ 12 ms and y ~ 30. For a higher plasma 

temperature, the use of heavier impurities may be effective. The heat flow from 

the scrape-off layer to the divertor may be proportional to the temperature 

gradient at the separatrix, because the heat flux from the scrape-off layer to 
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Figure 2-44 The temperature in the scrape-off layer Ts versus 
the plasma peak temperature Tp 

the divertor is given by Qs+d = ynskTsvs '\., xiinsv 11 kTs, where vs is the sound 
velocity. Then y may become large if there is a strong heat sink such as radia
tion in the divertor. Therefore, it is expected that both radiation losses con
tribute to the decrease of the temperature in the scrape-off layer. The impurity 
sputtering from the wall due to the plasma outflux is then expected to be reduced 
due to the smaller sputtering coefficients which are obtained at low temperature. 

2.4.2.5.2 Hydrogen Jet. If the hydrogen jet shown in Fig. 2-45 is used 
instead of a neutralizer plate, the power and the particles may be removed by 
the beam because the hot neutrals produced by charge exchange reaction are slowed 
down in the beam and driven to the pump. The major interactions between the beam 
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Figure 2-45 The bundle divertor with the hydrogen beam 

and the plasma are charge exchange, and excitation and ionization of hydrogen beam. 

The interaction efficiency may be given by 

~ = 1 - e 

-M s 

<crv>t 

VO 
(2-117) 

where~ is the plasma thickness, ns is the plasma density, <crv>t = <crve>i + <crv>a 

is the total interaction rate, <crve>i is the ionization rate, <crv>ex is the charge 

exchange rate, and v
0 

is the velocity of beam hydrogen. 

The charge exchange and the ionization efficiency factors become 

<crv> 
~ex = ex 

~ <cr >t 
(2-118) 

<crv >. 
~. = e l 

~ l <crv> t 
(2-119) 

To obtain higher charge exchange efficiency, the use of atomic hydrogen is better 

than molecular hydrogen. Atomic hydrogens are quickly produced in the plasma by 

dissociation process of molecular hydrogens. 
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The hot neutrals produced by charge exchange will move to the slowing-down zone or 
return to the plasma. The hot neutrals may be slowed down in the beam, and then 
driven to the sink. If the hot neutrals suffer n-collisions in the slowing-down 
zone, the temperature after then-th collision is roughly given by 

(2-120) 

where Ts is the initial temperature, The corresponding diffusion coefficient may 
be written as: 

(2-121) 

where n
0 

is the density of the beam, crs is the cross section for collisions and 
vho is the average velocity of the hot neutrals in the beam. Then, if the dif
fusion time across the beam is longer than the beam flight time, the hot neutrals 
are driven to the pump. This condition is described as 

(2-122) 

where Lis the beam width and v
0 

is the beam speed, The average number of col
lisions may be roughly given by 

(2-123) 

When Ts~ 100 eV, n
0 
~ 1016 cm-3, crs ~ 10-16 cm2, v

0 
~ 4 x 106 cm/s, ~ ~ 2.5 cm 

and L ~ 5 cm, To and Tf become 25 µsand 0.6 µs, respectively. Then the condi
tion given in Eq. 2-122 is easily satisfied. 

On the other hand, the hot neutrals which return· to the plasma will either be 
ionized or will collide with the wall. The ionization efficiency is similarly 
given by 

~i,h = 1 - e 

-in s 

<crv >. e l 

vno 
(2-124) 
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Here vno is the velocity of the hot neutrals and~ is the flight length in the 
plasma. The ionized neutrals are reflected to the jet by the friction force due 
to the on-coming plasma flux. In steady state, the total flux of plasma particles 
to the hydrogen beam becomes 

where rp,o ~ nPVP/Tp' 

r ~~ex· pr· ~i,h' 

and Pr is the probability to return to the plasma (~ 1/2). 

The hot neutrals, which escape ionization will collide with the wall, causing 
possible damage. To avoid this damage, additional beams may be necessary. 

The required hydrogen injection rate may be determined as follows. First, the 
number of plasma particles rp must be exchanged into hot neutrals. This requires 

(2-126) 

where rns = n0v0Ss and Ss is the cross section of the beam in the interaction zone. 
In addition, the beam which slows down the hot neutrals is necessary. When 

14 -3 3 Tp ~ 12 ms, np ~ 10 cm , ~i,h ~ 0.40, ~ex~ 0.55 and VP~ 0.63 m rns becomes 
1.2 x 1022/s, which is realized when n

0 
~ 1016 cm-3, Ss ~ 0.30 cm2 and 

v
0 
~ 4 x 106 cm/s. The total injection rate rn becomes~ 5.1 x 1023/s. 

In the interaction zone, the number of plasma particles increases due to the charge 
exchange and the ionization processes. However, these low energy ions may be 
swept out by the friction force due to the beam atoms, if the average perpendicu
lar diffusion velocity is higher than the parallel thermal velocity. The perpen
dicular velocity is roughly given by 

(2-127) 

where vio is collision frequency of ions and Qi is ion gyration frequency. The 
velocity of the beam can be higher than the parallel thermal velocity of ions. 
Then, most ions are swept out when v. 1 ~ v . 

1, 0 
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A certain fraction of the injected particles may not get pumped out. This quan
tity must be less than the fuel injection rate to avoid the density buildup. For 

example, the pumping efficiency must be more than~ 99% when VP~ 0.63 m3, 
Tp ~ 12 ms, np ~ 1014 cm- 3 and rn ~ 5 x 1023/s. In practice, this is difficult 
to achieve, but may be possible. 

In summary, radiation cooling of the plasma boundary and divertor region can 
improve the bundle divertor concept by reducing the heat load on the neutralizer 
plate. Further advantages can be accrued if the neutralizer plate is replaced 
by hydrogen jets; however, proper collimation and pumping of the jets is difficult 
to achieve. 

2.4.3 Impurity Flow Reversal (_g) 

As previously mentioned, RST is similar in size to ISX (47) and if flow reversal 
were implemented there would be an opportunity to continue the impurity study 
experiments begun on ISX. By scaling the gas input requirements for ISX to the 
RST parameters it is found that dN/dt ~ 5 x 1021 particles/sec. Gas input valves 
are not a problem, but for the long pulse or even steady state of RST the gas flow 
would need to be removed. One means is to getter the flow. This introduces the 
problem of regenerating the getter material and also may introduce high-Zions• 
into the plasma such as titanium. Vacuum pumping is a more reasonable means, but 
the pumping requirements are severe. Taking the vacuum pumping rate equal to the 
gas injection rate and dividing by the maximum gas density which could be toler
ated by the RST plasma based on energetics considerations yields a vacuum pumping 
speed the order of 100 m3/sec, far in excess of that which would be practical for 
RST. Such pumping speeds would require ports as large or larger than the plasma 
diameter. It is possible that the limiter recycling alone could supply the 
required particle source strength for flow reversal. In this case little or no 
pumping would be required. However, preliminary calculations indicate that this 
process is far more practical in a larger denser device than RST. 

In the ISX experiment, the impurity flow reversal was brought about by injection 
of gas at an appropriate rate, the sources of gas being placed asymmetrically in 
the poloidal direction. It may also be possible to reverse the flow of impurities 
by using a localized source of momentum. Such a source of momentum could be from 
a neutral beam (54,~) or from a suitably chosen rf field (56). In Ref. (~) a 
detailed study of the effect of an arbitrary momentum source has been carried out. 
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However, questions regarding ambipolarity and the damping of parallel and toroidal 
momentum have not been discussed. In Ref. (55) these problems have been studied 
in a self-consistent manner and it has been demonstrated that a properly chosen 
momentum source, e.g., rf fields, can cause outward impurity transport. The 
underlying mechanism for such a flow reversal phenomenon makes it necessary that 
the momentum push be applied opposite to the direction of the toroidal current. 
Following the results given in Ref. (~), one can obtain an estimate for the 
amount of momentum that would be necessary as a source in order to reverse the 
flow of the impurities. 

According to the classical theory of inward motion of impurities in a toroidal 
device, the flow velocity of impurities is proportional to the pressure gradients 
of the plasma ions and impurities. The necessary momentum source is then shown to 
be given by 

(2-128) 

where mH is the proton mass and all the quantities are in MKS units except for 
the ion temperature which is in eV. The bars over the various symbols indicate 
an average over the plasma edge region. The quantities n1, z1 indicate the 
impurity density and charge number, respectively. Here n

0 
is the central density 

of the plasma, B
0 

is the toroidal field and a is the minor radius of the plasma. 
Taking as nominal parameters for the RST device n

0 
~ 2 x 1019 m- 3, B

0 
~ 1.5 T, 

0 2 18 -3 d . - d ( a~ . m, n1 ~ 2 x 10 m , mi= mH an assuming Ti~ 50 eV an z1 ~ 6 carbon 
impurity), one obtains g

11 
:::: 0.15 N/m3. 

Considering the case where g arises from the absorption of rf waves, one has 

g II z. P/V ph = P/VthI' where P is the flux-surface-averaged power absorbed per unit 
volume assuming that the waves are absorbed by the impurities, and Vthr is the 
thermal speed of the impurity population, here assumed to have the same tempera
ture as the ions. Thus, the threshold rf power density required in the plasma 
edge region is obtained as P ~ 7 x 103 W/m3 and the total estimated power is 

Ptot ~ P(2TTR)(2TTa) 1/10 = 4.5 kW. Compared to the total rf power necessary to 
drive the toroidal current in the RST device, the threshold rf power requirements 
for impurity flow reversal is quite small. 

2-103 



L 

A likely rf wave for this use is the ion cyclotron wave tuned to the gyrofrequency 
of the impurity. The launching structure for this mode can be similar to that 
described in Section 2.3.2.4. 

2.4.4 Turbulent Boundary Concept for Edge Cooling 

There are indications from recent tokamak experiments that if the plasma boundary 
can be kept cooler than usual by some active means then the central plasma will 
be much cleaner and in particular free of high-Z impurities. On the other hand, 
if the temperature of the plasma is high at the boundary, then the plasma tends to 
fill with higher-Z impurities from the wall and limiter. An example of this is a 
recent study of experimental data from ATC and PLT that indicates a cooling of the 
plasma boundary during rf heating experiments (58). The study indicates an 
increase in impurity radiation from the boundary along with the cooling and a 
decrease in impurity radiation from the central plasma. Also there were evidently 
changes in the conductivity and diffusion in the plasma boundary though the nature 
of these was not determined. 

The turbulent boundary concept is proposed as a potential method of edge cooling 
for a tokamak plasma. This concept acts to separate the hot central core from 
the wall and limiter by a cold plasma layer acting as a blanket. Maintenance of 
such a blanket could reduce sputtering and thereby reduce the impurity flux into 
the plasma. The difficulty in maintaining the layer lies in the required thermal 
conductivity necessary for transferring the heat load across the layer. The 
thermal conductivity may possibly be increased at low temperature by inducing 
turbulance near the plasma boundary, and consequently altering the temperature 
profile. One method of doing this for a low temperature plasma is to drive an 
electric current along the magnetic field which may excite Kadomtsev's "current 
convective" instability (59). This instability is due to the coupling between a 
steady-state current (parallel to the main magnetic field) and the transverse 
variation in resistivity, which may arise, e.g., due to transverse temperature 
gradients. The introduction of a longitudinal electric field in the collisional 
plasma boundary generates a current which would excite this instability under 
suitable conditions. 
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Kadomtsev's perpendicular heat conductivity for this case is given by (60) 

where 

R
4 

(E 1 dT)
2 

x1 z 10 x s f ax , 

X = 

A T5/2 
0 

n 2eff ' 

(2-129) 

Eis the driving electric field, Bis the toroidal magnetic field, Tis tempera
ture, R is distance along the major radius, n is density, and A

0 
is a constant. 

MKS units are used except for temperature in eV. Note that we now have 

1 (dT )
2 

x1 a: T9/2 ax • 

and hence as the temperature falls, the conductivity goes up dramatically. As can 
be seen from this temperature dependence this conductivity is negligible in the hot 
current carrying central plasma. 

The turbulent boundary concept was first studied in conjunction with the Experi
mental Power Reactor study{_§.!_). Here the concept has been adapted to RST param
eters. The heat conduction equation 

(2-131) 

has been solved numerically for a one-dimensional slab model in the steady state 
with Ti= Te and ni = ne. The ohmic heating of the electric field is included; 
however, this has little effect on the temperature profile since the heat con
duction is the most important mechanism. It is assumed that the heat flux from 
the plasma interior is known and this is an input variable. The turbulence begins 
to act at some point (x=0) where T = T

0
. T

0 
is typically taken to be 100 eV, but 

the character of the temperature profile is the same for other values of T
0

• A 
distance of xis then defined arbitrarily as the layer thickness for the tempera
ture to drop from 100 eV to 2 eV. It is assumed that below 2 eV sputtering due to 
charge exchange neutrals would be negligible. Also significant recombination will 
occur below a few eV. 
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The presence of impurities and neutrals is excluded for now but will be included 
in later studies. Also for convenience the density is maintained constant. In 
the above calculations, we have made the tacit assumption that, in the presence 
of a strong longitudinal magnetic field, the introduction of a parallel electric 
field would excite only the current-convective instability which would then domi
nate the energy transport in the boundary. The existence of such instabilities 
and the related convection of the plasma of a positive column have been shown 
experimentally by various authors (62). It may be pointed out here that all such 
experiments were carried out in a linear device rather than in a torus. 

A typical temperature profile with the turbulent heat conductivity and parameters 
expected of RST is given in Fig. 2-46. Also plotted, for the sake of comparison, 
is the temperature profile assuming Bohm heat diffusion. The most important 
aspect of the profile with the turbulence coefficient is the very rapid drop of 
temperature with distance. This leaves a substantial amount of plasma closer to 
the wall with temperature below 10 eV. At this temperature any charge exchange 
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20 

Figure 2-46 
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X(mm) 

The temperature profile versus distance for the turbulent 
conductivity (xT) and Bohm conductivity (xB). Reference 
parameters are T0 = 100 eV, B = 1.5 T, R = 1 m, Zeff= 1, 
n = 1019 m-3, E = 1 V/m, and Q0 = 105 W/m2. 
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that occurs will be unlikely to cause sputtering from the wall or limiter. This 

should be compared with the Bohm curve. If that were the conductivity then there 

could be much more charge exchanger with ions at temperatures of 50 to 100 eV 

which could lead to significant sputtering. 

There are two lengths which are of importance. The first is the distance of the 

turbulence layer from the wall (or limiter). This distance needs to be at least 

a charge exchange mean free path in order to prevent any neutrals from penetrating 

to hither temperature parts of the plasma. The second length is the thickness of 

the turbulence layer. From Fig. 2-46 with RST parameters it can be seen that this 

layer is quite thin. The plasma may not be able to support such a steep tempera

ture gradient over such a short distance since the ion Larmor adius is about 1 mm. 

It therefore is important to know how x varies with respect to different param

eters. Figure 2-47 indicates the variation of x with magnetic field, effective 

charge, initial temperature, and distance along the major radius. As can be seen 

these parameters have relatively little effect on x and hence the form of the 

temperature profile. Much more significant changes in x occur when density, 

electric field, and heat flux into the boundary are varied. These variations 
are indicated in Fig. 2-48. Layer thickness should not be a problem for reactors, ,, 
but in RST steep temperature gradients could be a problem. It will therefore be 

necessary to choose these parameters in an optimal way. If the boundary density 

is too low, or the electric field is too small, then x may be too small. 

E 
E 

IX 

10 

5 

0 
1.0 
50 

0.5 

1.5 
100 

R 2eff 

To 

B 

2.0 B (T) 

150 T
O 

(eV) 

1.5 R (M) 

2 

Figure 2-47. The variation of x with magnetic field, initial temperature, 
distance along the major radius, and effective change. The 
reference parameters are the same as those of Fig. 2-46. 
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Figure 2-48 The variation of x with density, electric 
field, and heat flux into the boundary. The 
reference parameters are the same as those of 
Fig. 2-47. 

A general condition for the optimum density necessary for such a turbulent layer 
to be operationally successful can be obtained by combining the expression for the 
width of such a blanket (.§1) with the impermeability condition (63), n~ > 1015 cm-2 

(~ being the width of the boundary region). We then obtain the following condition 
for the existence of a blanket sufficient to prevent sputtering and to transfer the 
required heat load 

( 

5 4 2 )
1
/

3 
n R Eo Zeff 1 

2 1/2 
Qo8o Tb(e.v.) 

> 1031 , (2-132) 

where Tb is the temperature at the edge of the plasma and is taken to be 10 eV. For 
the RST-type parameter, if we take a heat load of Q0 = 10 W/cm2 and 8

0 
= 1.5 tesla, 

the above condition implies that we need n > 1.2 x 1014 cm- 3. 
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A potential problem is the size of electric field required. The ohmic power input 
to the boundary must be kept small, otherwise there would be significant heating 
in the boundary. Therefore the electric field cannot be too large, but on the 
other hand the electric field must be large enough for a reasonable layer thick
ness. However, the absorption mechanism may be quite different and it may be 
possible to have larger electric fields with less power absorption. 

A suggested method for experimentally generating the turbulence layer of current
carrying low temperature plasma is to utilize a low frequency low power alternating 
electric field with amplitude in the layer in the neighborhood of 1 V/m. An approxi
mate estimate for the frequency of such an alternating electric field is given by 
the expression: 

1 
f = 2 , 

no µ
0 

cr 
(2-133) 

where o is the thickness of the layer, cr is the Spitzer conductivity, and 
µ

0 
= 4n x 10-7. For the RST parameters, an average estimate is f ~ 2 x 105 Hz. 

Assuming only a low power rf source is required then relatively little additional 
hardware would be required. 

It is not certain that RST will require such a mechanism of edge cooling. The tem
perature may already be low enough at the boundary to prevent sputtering. In this 
case the turbulent boundary may be more relevant to fusion reactors. However, it 
could still be beneficial to study experimentally in RST the ability to modify the 
temperature profiles and thereby indicate the feasibility for larger, hotter tokamaks. 

2.5 FUELING OF RST 

2.5.1 Introduction 

For steady state operation of a tokamak, fueling must be performed to compensate 
for diffusive loss and to replenish the burned fuel. The two major techniques are 
gas puffing from the boundary of a plasma and fuel pellet injection (64). The gas 
puffing technique has been currently employed in many tokamaks. The injection of 
pellets may be appropriate for a tokamak with larger plasma radius or with a mag
netic divertor, such as a bundle divertor, because of plasma shielding by the 
scrape-off layer. We now consider the possibility of using gas puffing during the 
steady state operation of RST. 
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In the high density discharge of Alcator, it is suggested that the ion drift mode 
(65), which mixes the hot and cold ion population, is excited when n = d(inT)/d(inn) 
is greater than unity. The fluctuation of the temperature and the density of elec
trons due to the ion drift mode can produce a net inward transport of ions and elec
trons. The diffusion coefficient for the inward flow can be written in the form (66) 

(2-134) 

where ky is the wave number in the radial direction, Bis the toroidal magnetic 
field, and¢ is the perturbed electric potential. The coefficient A and the elec
tron drift frequency w; are expressed as 

and 

where ve = (kTefme) 112 is the electron thermal velocity, kli = £/Rq (i = 1, 2, ... ) 
is the wave number in the toroidal direction, ve is the electron collision fre
quency, and Xe 11 = 3.16 is the coefficient for the parallel thermal conductivity 

' "' of electrons (i.e., xll,e = 3.16 kT/meve). This inward diffusion is a result of 
the phase difference that exists between n and¢ for the ion drift mode. If the 
cold ions in the edge plasma are then delivered to the interior by the diffusion 
due to the ion mixing mode, then refueling of the plasma takes place. 

2.5.2 Fueling by the Ion Mixing Mode 

Using the mechanism of such inward diffusion, we consider the density balance both 
in the edge plasma and the core plasma. If the transport of the edge plasma and 
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the core plasma occurs due to the ion mixing mode and the Alcator diffusion, 

respectively, the density balance equations become 

a - n ns 
VP "t np - - V .:.:£ + V -

o p Tp S Tg 

(2-135) 

(2-136) 

where S = n0 ns<crv>t, TP = a2/4DAL' Tg = ~2/4DIM' Ts is the outward diffusion time 
of the edge layer of thickness~, Vs and VP are the volumes of edge and core 
plasmas, n

0 
is the neutral density, <crv>t is the summation of the ionization and 

the charge exchange rates, ns and np are the densities of edge and core plasmas, 

DAL is the diffusion coefficient of core plasma and a is the plasma radius. In 

order that the densities ns and np increase with time, the following conditions, 

must be satisfied. Here Os is the diffusion coefficient of the edge plasma. The 

condition ans/at~ 0 and anp/at ~ O, can be satisfied only when 

4 Os 
n > --- (2-139) 

0 
- i<crv>t 

As an example, Eqs. 2-137, 2-138, and 2-139 become 

DIM> 3.09 x 10-18 n
0 

+ 1.88 x 1018/ns - 0.208 , 

DIM< 1.88 x 1018/ns , 

n > 6.72 x 1016 m- 3 , 
0 -
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where the temperature of edge plasma Ts= 50 eV, ~ = 1.5 cm, a= 20 cm, Ds = DBOHM/10 
( ) 2; -21 2 -14 3 = Ts/1608 , DAL= a 4TAL' TAL = 5 x 10 npa and <crv>t ~ 5.5 x 10 m /s are 
assumed. The inward diffusion coefficient DIM' on the other hand, is determined by 
the plasma parameters. When n ~ 2.3, k11 ~ R-1, R = 0.8 m and np = 5 x 1019 m- 3, 
Eq. 2-108 is written as 

~ 6.84 X 10-20 n s 

Figure 2-49 shows the diffusion coefficient of the edge plasma and the region which 
satisfies anp/at > 0 and ans/at> 0. When the neutral density is greater than 
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figure 2-49 The diffusion coefficient DJM versus the density of 
edge plasma ns 
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~ 0.7 x 1017 m- 3, the diffusion process can exist in the region anp/at > O and 
ans/at> O. This situation can be applied to the buildup of the density. If 
the neutral density is decreased to~ 0.7 x 1017 m-3, the steady state operation 
both for ns and np becomes possible. In the case where 6 ~ 1.5 cm and the tem
perature of the edge plasma Ts~ 50 eV, the steady state densities ns and np are 
5.2 x 1018 m- 3 and 5 x 1019 m- 3, respectively. The diffusion coefficient DIM is 
~ 0.36 m2/s which is three times smaller than the Alcator diffusion coefficient. 
When the temperature Ts increases, a steady state can be obtained for higher den
sity of the edge plasma because DIM~ ns/T!12 

2.5.3 Thermalization of Cold Ions 

The cold ions moving toward the core plasma are thermalized by Coulomb collisions 
mainly with the ions of the core plasma. When the energy relaxation time between 
ions, which is given by 

12 
= 7.39 x 10 (T + T )3/2 

Tth nptn s P ' (2-140) 

is shorter than the diffusion time across the edge layer Tg• the cold ions are 
rapidly thermalized. On the other hand, the cold ions may still exist in the 
core plasma when Tth > Tg. The fraction of the cold ions in the core plasma can 
be determined by the equations for the core plasma 

(2-141) 

(2-142) 

there np,h and np,c are the densities of the hot ions and the cold ions, respectively, 

and np = np,c + np,h' In the steady state, we have 

(2-143) 

(2-144) 



L 

Here TP = Tp,c = Tp,h is assumed. Thus, the density np,c dominates when Tth > Tg. 
The ratio of np,c to np,h is greater than unity under the condition 

(Ts + Tp)3/2 
-----'------..- > 10 -3 2 ' 

Here the Alcator scaling (Tp ~ 5 x 10-21 npa2) has been used. The cold component 
may not be ignored for plasmas with higher temperatures and lower densities. For 

the RST parameters, this condition becomes (rs+ TP) > 6.3 keV. Therefore, the 
fraction of cold ions is small for expected temperatures less than ~1 keV. 

2.5.4 Ware Pinch Effect 

As an alternate mechanism for inward diffusion, the ware pinch effect, which occurs 
in banana regime, is also a candidate. The banana orbit for a particle can exist 

when its effective collision frequency veff = veils is less than the bounce fre
quency vb~ s112 v1e/Rq, wheres= r/R and vei is the electron collision frequency. 
For the nominal RST parameters, the electron temperature of the edge plasma Ts 
must be larger than about 120 eV in order to satisfy the condition veff < vb. 

The ratio of the Ware pinch diffusion to the ion mixing diffusion is given by 

(2-145) 

where ~n = n~. E11 is the electric field parallel to the magnetic field, and BP is 
the poloidal magnetic field. When Ts~ 120 eV, Zeff~ 1, IP~ 90 kA, and the cur
rent density J

11 
= 2Ip/TTa 2 • (1 - r2;a2), the diffusion coefficient due to the Ware 

pinch becomes~ 10-2 m2/s, which is much smaller than DIM' 

Thus, the Ware pinch effect can be neglected in RST, even if the temperature of 
the edge plasma is taken to be quite high (viz., 120 eV). 

2.5.5 Discussion 

In summary, the gas puffing technique appears to be suitable to compensate the 
diffusion loss if the process of inward diffusion due to the ion mixing mode is 
considered. The density control, both for the core plasma and the edge plasma, 
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may be performed by changing the neutral gas density. The required injection rate 

for RST is roughly 3.2 x 1021;s if the diffused particles are perfectly pumped by 

the wall. 

These cold ions, which are not sufficiently thermalized in the core plasma, may 

survive if the temperature is higher and the density is lower. For the RST, how

ever, the density of cold ions in the core plasma can be neglected. The effect 

of the Ware pinch is much smaller in RST, compared with the inward diffusion due 

to the ion mixing mode. 

2.6 RF CURRENT DRIVE OF TOKAMAK REACTORS 

As discussed in the introduction to this report, it is highly desirable to 

achieve a tokamak power reactor which is capable of steady state operation. In 

order that rf current drive be economically feasible, it is necessary that the 

required rf power be a small fraction of the total fusion output power of the 

reactor. In this section, estimates of required rf power, Prf' are obtained 

utilizing the j/P-results derived from the 20 Fokker-Planck study in Section 

2.3.1.3, for both the low and high phase velocity approaches to optimization of 

rf current drive. The power, Prf' is compared to 0-T fusion power. 

The amount of toroidal current required to sustain tokamak plasma equilibrium 

may be estimated from the requirement that the poloidal beta, Sp, of the plasma be 

limited by the plasma aspect ratio, R/a (.§l) 

(2-146) 

in this expression, ne and Tare volume averaged density and temperature, and BP 

is the poloidal magnetic field excited by the total toroidal current I, 

(2-147) 

Assuming equality in Eq. 2-146, then the toroidal current is 

- (16n2 a3 --)1/2 I - - ynT . 
µo 

(2-148) 

2-115 



I_ 

The total rf power, Prf' required to excite I is 

Prf = 2rrR (j/P)-l I , 

where j/P is given by Eq. 2-28. 

The fusion power, PFUS' is 

PFUS = 1. 8 

-

(2-149) 

(2-150) 

where Ti is the volume averaged ion temperature and fp is a depletion factor of 
fusion ions relative to electrons for Zeff f 1, 

for a dominant impurity with charge number z1• In Eq. 2-150, a quadratic approxi
mation to the temperature dependence of D-T thermal fusion reactivity, which is 
valid for Ti from ~7 keV to ~30 keV, is employed. Equal concentrations of deuterium 
and tritium, and parabolic spatial profiles of density and temperature are assumed. 
PFUS includes the power from fusion products and from tritium breeding in a lithium 
blanket, assuming a breeding ratio of 1. 

Combining Eqs. 2-146 to 2-150, gives the ratio of required rf power to fusion power, 

(2-151) 

10 (2 + Zeff) -2 (1 + T /Ti )1/2 
2.5 X 10 3 f 2 
I p 

al/2 Rl/2 nl/2 T~/2 (v /c)2 
e 1 ph 
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Evaluating these expressions for the Starfire commercial reactor design (68), 
which has nominal parameters aeff = 3.0 m, ne = 1.6 x 1020 m- 3, T = 8 keV--;nd 
Zeff= 1.44, then the toroidal current is 10 MA, and 

0.05 (vph = 0.1 vTe) 
Prf 
PFUS -

0.05 (vph = 0.5 c) 

(2-152) 

These are marginally acceptable values. Doubling the temperature and halving the 
density, thus maintaining constant SP and PFUS' then the ratio Prf/PFUS is reduced, 

0.01 

(2-153) 

0.025 

-
T = 16 keV 
- 20 -3 n = 0.8 x 10 m 

Thus both the low and high phase velocity approaches to current drive appear 
economically feasible for reactors, particularly if a high temperature mode of 
operation is used. 
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Section 3 

RST MACHINE DESIGN 

3.1 INTRODUCTION 

The RST device is designed to test key physics and engineering aspects of a 
steady-state tokamak including steady-state plasma current drive using electro
magnetic waves and a high access superconducting toroidal field coil of novel 
design. RST is conceptualized as a small, near-term device which, if timely 
construction funds are available, should provide data early enough to affect 
the design of the Engineering Test Facility. 

In accordance with its near-term objectives, RST is a relatively small, low-cost 
device. Figures 3-1 and 3-2 give the general arrangement of RST. Its major 
radius is 0.8 m, its minor radius is 0.2 m, and its on-axis field is 1.5 T. The 
toroidal field is generated by a superconducting coil of novel design. Instead 
of many return legs of a conventional design, only three return legs are used. 
The uncorrected magnetic field ripple of such a design is large, about 11%, so 
three superconducting baseball-seam shaped pullback correction coils are added 
to bring the ripple down to about 1%. The pullback coils, as their name suggests, 
do not link the torus and may be easily pulled back away from the machine. This 
concept greatly facilitates access to the plasma chamber, both for an experimental 
device like RST and for a reactor, since very large segments of the torus become 
directly accessible. 

Detailed analysis of the pullback coils and toroidal field coils has been per
formed, including such aspects as magnetic field, coil stress and deformation, 
coil support, and liquid helium boiloff. All design criteria can be satisfied 
by use of standard manufacturing techniques and materials, and proper machine 
operation can be predicted with high confidence despite the introduction of a 
superconducting technology relatively new to fusion applications. 

It is estimated that RST can be constructed on a two year schedule for a total 
capital cost of approximately $5 million if the presently available facilities 
of Doublet Ila are utilized. 
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3.2 TOROIDAL FIELD SYSTEM 

The toroidal field system is designed to produce a toroidal field of 1.5 Tat 
0.8 m major radius of RST. The design and arrangement of the coils can produce 
an azimuthally uniform field with a maximum ripple of less than 1.5%, but allow 
ready access to the plasma chamber so that a 120° segment of the torus can be 
removed in one piece. All of the coils in the toroidal field system are designed 
to be superconducting. These coils reduce power requirements greatly and will 
provide needed experience in the use of superconducting magnets in a tokamak. 

The coil arrangement was developed through a configuration study as described in 
Ref. (1), Three large toroidal field (TF) coils provide a toroidal field of ade
quate strength but excessive ripple. The ripple is corrected by three saddle
shaped pullback coils located as shown in Fig. 3-2. One leg of each pullback 
coil is in the plane of a TF-coil. The current in this leg passes in the opposite 
direction to the current in the outer leg of the TF-coil to reduce the magnetic 
field at the plasma. The other leg of each pullback coil is located midway 
between two TF-coils. This is the most effective location for returning the 
current since it increases the toroidal field where it is a minimum. The upper 
and lower horizontal portions of the pullback coils produce a non-zero radial 
component of poloidal field in the plasma region. This is effectively canceled 
by the two shim coils located adjacent to the upper and lower horizontal portions 
of the pullback coils. 

The pullback coils are individually mounted to allow them to be easily removed. 
This allows access to the central core region for repair, experiment modification 
and plasma chamber replacement. This is a particularly important feature for 
future fusion reactors where all of the maintenance must be done remotely once 
the shield is penetrated. It is estimated that the time required to remove and 
relocate all three pullback coils away from the machine will be less than a few 
days. 

The main TF-coils that generate the bulk of the toroidal field have a maximum 
ripple of 10.8%. Each TF-coil is 2.03 m wide and 2.35 m high (inside dimensions), 
and is wound into a nearly constant-tension D shape. Each coil has a total of 
2 x 106 ampere-turns. 

The pullback coils reduce the ripple component to the design value of less than 
1.5%. They are smaller than the main TF-coils and are placed closer to the plasma. 
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As a result, each coil requires only 12% of the ampere-turns of a TF-coil, or 
2.4 x 105 ampere-turns. 

The shim coils are used to cancel the radial component of poloidal field produced 

by the pullback coils by adding a current of 7.2 x 104 ampere-turns in the oppo

site direction. One shim coil is just below the upper segments of the pullback 

coils, and the other is just above the lower segments of the pullback coils (see 
Fig. 3-1). 

A nicety that comes along with the pullback coil configuration is that the magni

tude of the field ripple can be varied simply by controlling the current in the 

pullback and shim coils. The range of field ripple is continuously variable from 

a minimum of 1.4% to a maximum of 17%, when the maximum current in the pullback 

and shim coils is reversed. RST offers unprecedented ability to perform field 
ripple experiments. 

Section 3.2.1 presents the three-dimensional magnetic field analysis that was used 

to determine the currents in all toroidal field coils for optimum field and to 
evaluate the intensity of the magnetic field in order to compute the forces acting 
on the coils. 

All of the coils in the toroidal field system are superconducting. The general 

design requirements and design features peculiar to superconducting coils are 

discussed in Section 3.2.2. The design and structural evaluation of each of the 

three types of toroidal field coils are described in Sections 3.2.3, 3.2.4, and 

3.2.5. Thermal analyses to determine the effectiveness of the refrigeration of 

the superconducting coils are given in Section 3.2.6. Section 3.2.7 describes 

the power supplies and instrumentation for the toroidal field system. 

3.2.1 Magnetic Field Analysis 

A three-dimensional magnetic field analysis of the toroidal field was performed 

in order to assess the performance of the pullback coils in reducing the magnetic 

field ripple, defined as the average-to-peak variation in magnetic field in the 

toroidal direction, and to determine the magnetic loads acting on the coils for 
structural design purposes. The EFFI code (_g_) was used. Figure 3-3 shows con

tours of toroidal field in a horizontal plane at the midplane of RST for 2 MA of 
current in eacn TF-coil and zero current in the pullback coils. The maximum, 
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Figure 3-3 Contours of toroidal field at the midplane for zero current 
in the pullback coils 

uncorrected, field ripple in the plasma region due to the three TF-coils is 10.8%. 
This occurs at the midplane at R = 1.0 m. Figure 3-4 shows similar contours 
except that the current in the pullback coils is optimized to give minimum field 
ripple. For 236.8 kA in the pullback coil a maximum ripple of only 1.4% is 
achieved. Contours of field ripple in the plasma region are given in Fig. 3-5. 
It can be seen that the on-axis ripple is only 0.5%, and is even less in regions 
constituting approximately 50% of the plasma volume. Figure 3-6 gives contours 
of the corrected toroidal field in the vertical plane of a TF-coil (e = o0

). It 
is seen that in the plasma region the field is uniform in the vertical direction. 
Also, the maximum field present at the superconductor, in a TF-coil is 2.5 T. 

Because of the increased distance between the outer legs of the TF-coils there 
will exist greater magnetic fringe fields at large distances from the tokamak. 
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Figure 3-4 Contours of toroidal field at the midplane for pullback 
current of 236.8 kA 

This is a concern from the point of view of operating diagnostic, data acqu1s1-

tion and control equipment. Figure 3-7 gives contours of the fringe field. It 

is seen that at a distance of 8 m the magnetic field is on the order of only 

10-3 T (10 gauss). Also, minimum fringe field exists in the planes of the 

TF-coils. 

The given TF-coil current and the optimum pullback coil current produce a sub

stantial radial component of magnetic field in the plasma region. Interaction 

with the plasma current would produce a net vertical force on the plasma. To 

cancel the radial field component, two shim coils are added at the top and 

bottom regions of the pullback coils with currents in the opposite direction 

to the currents in the adjacent portions of the pullback coils. The shim coil 

currents were chosen so that nearly zero net radial field is present in the 

3-7 



Z(m) 

0.2 

0 

-0.2 

0.3% 0.7% 
• 1.4% 

L...-...1--_________ _,_ _________ ___._ __ R (ml 

0.6 0.8 1.0 

Figure 3-5 Contours of toroidal field ripple in plasma region 

plasma region. Figure 3-8 gives the variation of radial field at the plasma mid
plane as a function of theta, toroidal angle, for an optimized shim coil current 
of 72 kA. Positive theta is in the counterclockwise direction as viewed from 
above. It is seen that a maximum variation of 0.04 T (400 gauss) exists due to 
the magnetic field of the pullback coils. This variation is considered acceptable 
and affects the length of time a charged particle remains confined in the plasma 
cross section before hitting the limiter or first wall. 

3.2.2 Superconducting Coil Design 

The toroidal field, pullback, and shim coils are designed to be superconducting. 
They are bath-cooled by liquid helium at atmospheric pressure to a temperature of 
4.2 Kand maintained at this temperature indefinitely. Since the refrigeration 
equipment to liquefy helium is expensive, heat transfer to the coils from the 
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3.0 

surroundings is kept as low as possible. The design features and properties of 

the electrical conductors and the electrical and thermal insulation and general 

heat transfer and heat generation considerations are given in the following 

sections. 

3.2.2.1 Electrical Conductor. The current in the superconducting cables is 

carried by thousands of thin (6.5 µm diameter) NbTi filaments imbedded in an 

OFHC copper matrix. Each of the cylindrical composite conductors has a Cu to 

NbTi ratio of 2:1. Each composite conductor is surrounded by either a copper 

cylinder or six spirally wrapped OFHC copper conductors of the same diameter, 

which are soldered to the composite. The copper in the cable is provided to 

3-9 



3,-------,------,----.....-----,------.--~-....-------..-----. 

4 

2 

0 
Y<m 

-2 

-4 ··. 

-6 

,,•• 
···••' 

·• .. 

..... ·· 

·· ... 

. ...... . 

·-.. ..•· .. ~- .: 

........ · 

.... ·· 
······ ..... 

, ... 
.... 

··• ... '· .•. 

········ 

.. ·· 

·, ·, · .. ·., 
· .... · ... 

•, 
•, 

·- .. 

··-. 

'•• . 

·-.. 
·-.. 

0.1 T 
.-·· 

.. -· 

·• .. 

I 
''}. 

·•. 
'• 

0.01 t 

· ... 
··., 

···- ... 
··-. 

~- . 

..·· 

' 

·• .. 

··-... _\ ..... 
•. ', 

'··-.. 

:.. 

-a ___ ...,_ ____ -'--_'·~:----'-' ____ ...,___·_ ... _··~ .. -0-.0-01_T___.,_
1
·-_··_···_·· _ _,j 

-8 -6 -4 -2 0 2 4 6 8 
X<m> 

Figure 3-7 Magnetic fringe field i~ midplane surrounding RST 

carry the current in the event that the superconducting transition temperature is 
exceeded locally. The conductor is designed to be cryogenically stable; i.e., 
the equivalent surface heat flux when the cable is fully normal is less than 
0.5 W/cm2. This heat flux can be removed by the liquid helium which will cool 
the coil back to a superconducting state after a transient. 

The composite conductor is twisted to produce a spiral in the superconducting 
filaments. This spiral is important to reduce eddy current heating of the con
ductor when currents in the E-coil, EF-coil and plasma are changing rapidly, such 
as during the plasma breakdown and shutdown stages. 
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LIQUID HELIUM CHANNEL Superconducting cables of 2000 and 
500 amperes for the TF and pullback/ 
shim coils are designed to be made 
by twisting 12 or 10 subconductors 
together to form a flat wide cable 
as shown in Fig. 3-9. The spiral 
winding of the cable serves to 
further reduce eddy current losses. 

SPIRAL MYLAR TURN-TO-TURN-. 

3.2.2.2 Electrical Insulation. 
The superconducting cables are 
insulated and spaced from each other by 

INSULATION 

CONDUCTOR 

STRUCTURAL MEMBER 

Figure 3-9 Superconducting cable 

a helically wound mylar band 0.4 mm thick. The mylar band is wound on the cable 
with large gaps between turns to create spaces between the cables for convective 
flow of liquid helium and helium bubbles. 

The subconductors within each cable are also insulated from one another. This 
insulation, which has to withstand very little voltage, is provided by either 
Kapton or a layer of copper oxide on the surface of the subconductor. The sub
conductor insulation reduces eddy current losses. 

3.2.2.3 Thermal Insulation. To minimize the liquid helium boiloff in the helium 
vessels, vacuum jackets will be constructed to encompass the superconducting coils. 
The pressure within the vacuum jackets is reduced to a level on the order of 10-4 

to 10-5 torr to virtually eliminate heat transfer to the helium vessel surfaces 
by convection and conduction. To reduce the radiative heat transfer from the 
ambient temperature vacuum jackets to the 4.2 K vessel surfaces thermal radiation 
shields are placed between the vacuum jackets and the helium vessels. The radia
tion shields, which are thin aluminum sheets, are cooled by liquid nitrogen. This 
restricts the heat transfer to the helium vessel to that of a 77 K surface radia
ting to a 4.2 K surface. Multi-layer superinsulation is placed between the radia
tion shield and the helium vessel to further restrict heat transfer to the helium 
vessel. 

Multi-layer superinsulation is also placed between the vacuum jacket and the 
radiation heat shield to reduce radiative heat transfer to the shield and thereby 
reduce the rate of liquid nitrogen boiloff. A vacuum jacket, a liquid-nitrogen
cooled radiation shield, and superinsulation are also used to reduce radiation 
and convection to the structural members that support the helium vessels. 
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The superinsulation used for this application consists of approximately 40 layers 

of aluminized mylar, each 6 µm (0.25 mil) thick. The mylar is intentionally 

wrinkled before application and is loosely wrapped to prevent significant heat 

conduction between the layers. A thin (barely opaque) layer of metallizing is 

applied only to one side of the mylar to reduce the potential for thermal short

ing between layers. The metallized mylar surfaces provide multiple barriers of 

low emissivity and absorptivity for thermal radiation. 

The distance allowed between the vacuum jackets and the helium vessels is 3 cm. 

The thickness of superinsulation on the inside and outside of the radiation heat 

shields is approximately 1.25 cm. 

3.2.2.4 Heat Transfer Paths. In addition to the small amount of thermal radia

tion and conduction into the superconducting magnets through the superinsulation, 

there are a few paths for much higher heat fluxes to pass through solid conductors. 

For the RST magnets these fall into two categories: electrical leads and support 

structures. 

At the electrical leads of the superconducting coils a transition is made from 

the superconducting cable to heavy copper leads at room temperature. Since the 

leads must be heavy enough to carry the current without excessive voltage drop 

and ohmic heating, they provide a path for significant heat conduction into the 

coils. To reduce heat conduction through the leads, coils are connected in 

series by superconducting connectors whenever feasible. On RST, the three 

TF-coils are connected in series, as are the two shim coils. Only the pullback 

coils, which are designed to be readily removable, have a pair of room tempera

ture leads to each coil. To reduce requirements for liquid helium makeup, all 
leads to room temperature are cooled primarily by gaseous helium boiled off from 

the superconducting coils. The leads are designed to pass helium gas originating 

at a temperature near 4.2 K along the lead from the superconducting end to the 
normal conducting end. An example of the lead design that would be used for all 

of the superconducting coils is shown in Section 3.2.3.2 for the TF-coil. 

Support structures that hold the coils in place have the potential to conduct 

large amounts of heat to the superconducting coils. Heat leakage through the 

supports is limited by careful selection of the support arrangement and the 

materials and shape of the supports. 
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Wherever feasible, superconducting coils are supported against one another by 
structures operating at liquid helium temperatures that are insulated from the 
environment by superinsulation. An example of this is the central support cylin
der which supports the TF-coils against the large magnetic centering forces as 
described in Section 3.2.3.3. If these large loads were reacted instead by 
structures at room temperature, the structures would create paths for major heat 
leakage into the TF-coils. 

Where structural supports of the superconducting coils must be connected to a 
structure at room temperature, the materials from which the supports are made 
are carefully selected to limit heat conduction. The critical material parameter 
is the ratio of strength to thermal conductivity. Epoxy-fiberglass, a material 
with an exceptionally high ratio of strength to conductivity, was selected for 
use in RST. As discussed in Appendix A, other materials, such as titanium alloys, 
can also be used for this type of application. 

The shape of structural supports to room temperature is also critical. The sup
ports are made as long and with a small cross-sectional area as permitted by space 
limitations and requirements for structural strength and stiffness. The supports 
are also vacuum jacketed and wrapped with superinsulation to limit heat leakage 
into them from the sides. The superinsulation is generally tapered from full 
thickness at the cold end to a few layers at the room temperature end. Tapering 
the insulation not only eliminates unnecessary insulation but can reduce heat 
conduction into the superconducting coil along the mylar sheets that are wrapped 
around the support. 

3.2.2.5 Heat Generation. The flow of electrical current through the super
conductor generates no heat since the superconductor has no electrical resistance. 
Whenever current flows through the cryogenic copper conductor surrounding the 
superconducting filaments, however, ohmic heat is generated. Although the rate 
of heat generation in cryogenic copper is low, it is important in that it adds 
to the requirement for the refrigeration system to provide liquid helium. Cur
rent flows through the copper at steady state in areas where the superconducting 
filaments are discontinuous and under transient conditions when changing magnetic 
fields induce voltage differences between superconducting filaments. 

It is occasionally necessary to splice superconducting cables together. In the 
TF-coil, in particular, splices must be made between each layer of turns as 
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described in Section 3.2.3.1. In making splices, it is not feasible to connect 

the thousands of 6.5 µm filaments in each subconductor. The subconductors of 

cables to be joined are, instead, overlapped and soldered together. The current 

density and ohmic heat deposition in the cryogenic copper are inversely propor

tional to the length of the soldered lap joint since the superconductors within 

each subconductor are at constant voltage over the length of the joint. To mini

mize refrigeration requirements the lap joints are made relatively long, generally 

a few tenths of a meter. 

Eddy current heating of coils results from transient magnetic fields induced by 

the pulsing of current in the E-coil, the plasma, and the EF-coil. The eddy cur

rents in the cryogenic copper are caused by differences in voltage induced between 

superconductor filaments and between subconductors in the cable. To make the 

voltage differences within each subconductor as small as possible, the composite 

NbTi-copper wire is twisted to produce a spiral in the superconducting filaments. 

The spiral largely eliminates voltage gradients from one side of the subconductor 

to the other. Voltage differences between subconductors are largely eliminated 

by winding them in a spiral pattern in making the cable as shown in Fig. 3-9. The 

effect of such voltage differences as are developed between subconductors is 

reduced by electrically insulating the subconductors from one another by either 

wrapping with Kapton or employing a copper oxide film. The copper oxide film 

limits current flow between subconductors to very low levels. 

3.2.3 Toroidal Field Coils 

The major parameters of the TF-coil are given in Table 3-1. 

The three TF-coils rest directly against a central support cylinder which supports 

most of the magnetic loads and part of the TF-coil deadweight. The outer leg of 

each TF-coil rests on two column supports which support the remaining TF-coil 

deadweight and help to react out-of-plane magnetic loads. The TF-coil and its 

support structure are surrounded by superinsulation and a liquid-nitrogen-cooled 
radiation shield which are enclosed in a vacuum jacket, as described in Section 

3.2.2. 

3.2.3.1 TF-Coil Design. The windings of the superconducting TF-coils are con

tained in a stainless steel vessel which has a cross section of 120° arc (see 

Fig. 3-10). This stainless steel vessel serves as the liquid helium container. 

In order to simplify the winding process the same cross-sectional shape is main

tained throughout the TF-coil. 
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Type 

Number 

Outer leg radius (max) 
Outside width of coil 

Table 3-1 

TF-COIL PARAMETERS 

Outside depth of winding 
Vacuum jacket dimensions 
Number of winding compartments 
Dimensions of compartments 
Total winding area (8 compartments) 
Conductor area 
Total ampere-turns 
Current per turn 
Number of turns 
Average current density in winding area 
Average current density in conductor 
Liquid He volume (each coil) 
Centering force (each coil) 
Maximum field 
Mean perimeter (each coil) 
Mass (each coil, without vacuum jacket) 
Support cylinder material 
Support cylinder thickness 
Stored energy (total) 
Inductance (total) 

NbTi superconducting 
constant-tension shape 
3 

2.9 m 

88 cm 
30 cm 
36 cm x95 cm 
8 

5.8 cm x 10.2 cm 
473 cm2 

165 cm2 

1. 92 X 106 

2 kA 
960 
4.1 kA/cm2 

11. 6 kA/cm2 

160 liters 
6.1 x 106 N 

2.5 T 

8.1 m 

4.3 x 103 kg (9500 lb) 
Epoxy-fiberglass 
2.5 cm 
17 MJ 
8.5 H 

The cross section of the TF-coil is divided into eight rectangular compartments 
102 mm wide by 58 mm deep. The compartments serve to keep the windings orderly 
and to limit their motion, while the ribs between compartments stiffen the coil 
structurally. Each compartment contains twelve layers of winding and each layer 
consists of ten turns, for a total of 960 turns. 

The rectangular conductor, which has the cross section of 9.7 mm x 4.3 mm, is 
composed of 12 subcables spirally wound around a stainless steel band as shown 
in Fig. 3-9. The stainless steel band provides tensile strength to react mag
netic loads and serves as a winding form for the cable. 
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The subcable, shown in Fig. 3-11, consists of six copper wires spirally wound 
about a composite conductor of the same diameter. The composite conductor con
sists of 2060 NbTi filaments of 6.5 µm diameter imbedded in copper in a twisted 
pattern. The copper wires, which stabilize the conductor, are soldered to the 
composite wire to provide good thermal and electrical contact. Each subcable is 
wrapped with Kapton or coated with copper oxide to insulate it from the other 
subcables and the steel band, and thereby reduce eddy current losses. 

STAINLESS STEEL CO RE 

.,._--+--0.511mm 

\ 
KAPTON TAPE WRAP 
0.025 mm THICK OR 
COPPER OXIDE 
COATING 

STAB RITE 
SOLDER 

COMPOSITE CORE 
Nb Ti/Cu ( 1 :2) 

---1.58 mm--~ 

Figure 3-11 TF-coil cable 
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The 12-strand cable, which is designed to carry 2000 amperes, is insulated and 

spaced from adjacent conductors by a helically wound mylar band of 0.25 mm thick

ness. The mylar band is wound on the conductor with large gaps between turns to 

create spaces between the conductors for flow of liquid helium and helium vapor. 

The compartment walls contain a slot at the top of each coil which provides a pas

sage for the conductors to cross from one compartment to the next (see Fig. 3-10). 

Each layer of winding is started at the top of each TF-coil at the center of the 

cross section and wound along the inside surface of the compartments as shown in 

Fig. 3-10. After a layer of winding is completed the cable is brought outside 

the coil through a slot in the side wall and spliced to the beginning of the next 

layer. To prevent leakage of helium at the cable connections, a cover is placed 

over the splices and welded to the stainless steel helium vessel. 

3.2.3.2 Electrical and Helium Supply Connections. The three TF-coils are con

nected in series electrically as shown in Fig. 3-12. Connectors between coils are 

superconductors bath cooled with liquid helium. With this arrangement, only one 

pair of room temperature leads is required for the three coils. The coils are 

connected without creating a toroidal loop that would couple the TF-coils with 

the E-coil. Connectors are kept close together to minimize stray magnetic fields. 

All of the inter-coil connectors are located between the helium vessels and the 

superinsulation within the common vacuum jacket. 

COOLDOWN OUTLET 

YI YI 

LIQUID He FILL 

He IOILOFP IIITUIIN FIIOII COIL 1 ... IOILOFF RITUJIN FIJIOII COIL I 

Figure 3-12 Schematic diagram of electrical and liquid helium 
connection of TF-coils 
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The helium vessels are designed so that helium bubbles formed in the coils and 
along the leads between coils will accumulate in pipes extending from the top of 
coils 1 and 3 and in the helium reservoir atop coil 2. During normal operation 
of the coils valves Vl through V4 are closed and all of the cold helium gas boiled 
off in coils 1 and 3 passes to the reservoir stop coil 2. Here it is available to 
cool the room temperature electrical leads before being returned to the refrigera
tion system. Liquid helium is periodically charged to the helium reservoir to 
maintain the liquid level. Liquid helium flows to coils 1 and 3 through the 
helium line housing the electrical connectors. 

The helium reservoir for the TF-coil is shown in Fig. 3-13. It consists of a 
stainless steel tube filled with liquid helium topped by an epoxy-fiberglass 
cover. Stagnant helium gas at the top of the reservoir insulates against heat 
conduction into the liquid helium. Radiation shields consisting of epoxy
fiberglass sheets to which a sheet of aluminum foil is glued are attached to 
the tubes in this region to reduce heat radiation into the liquid helium. The 
helium reservoir is enclosed in a vacuum jacket and surrounded by superinsulation 
except at the top where the electrical leads and lines for liquid and gaseous 
helium pass through a single epoxy-fiberglass plate. Foam insulation is applied 
over the outside of this region after assembly to reduce heat transfer from the 
surroundings. 

The vacuum jacket contains a bellows section to accommodate differential thermal 
contraction between the TF-coil and the vacuum jacket during cooldown. The 
helium vessel and vacuum jacket are sealed during final assembly by 0-rings at 
bolted flanges. 

The electrical leads are insulated from the metallic helium vessel by epoxy
fiberglass tubes as shown in detail C of Fig. 3-13. Only the inlet and outlet 
leads through the top of the helium reservoir are allowed to be shorted to the 
tubes around them. These leads and the tubes around them are insulated from 
each other by spacing and by the epoxy-fiberglass cover of the helium reservoir. 

All of the boil-off helium from the three coils passes through one of the two 
tubes around the leads to remove heat generated in the non-superconducting por
tions of these leads and heat conducted in from outside. After cooling the leads 
the helium is manifolded into a single line that returns it to the refrigeration 
unit to be reliquefied. The manifold is made of epoxy-fiberglass to maintain 
electrical insulation between the leads. 
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Liquid helium is accumulated in a reservoir at the refrigeration unit until the 
liquid level in the TF-coil reservoir reaches its minimum level. It is then 
pumped quickly into the TF-coil reservoir to raise the liquid level to the maxi
mum. The TF-coil reservoir is sized to hold a two hour supply of helium. This 
procedure avoids continuous boiloff of helium in the fill line. 

When the TF-coil reservoir is filled, a small fraction of the liquid helium is 
flashed to vapor in cooling the fill line. As a result, there is a brief period 
of high velocity gas flow from the helium fill line at the start of a refill. To 
prevent this gas stream from being blown into the liquid helium and forming gas 
bubbles, an elbow that directs the flow horizontally is placed on the end of the 
liquid helium fill line. 

The TF-coils are cooled from room temperature to 4.2 K with the valves Vl through 
V4 (Fig. 3-12) open. Helium gas is circulated through the heat exchanger, where 
it is cooled by liquid nitrogen, and enters the bottom of each TF-coil after pass
ing through V4. The gas cools only the bottom of the TF-coil at first, since it 
is warmed to room temperature very quickly. The gas exits the top of the coils 
through Vl, V2, or V3, which are adjusted to balance the flow and cooling rate of 
the three coils. 

During the initial cooldown, from room temperature to 80 K, the helium is cir
culated at the maximum flow capacity of the helium compressor, which is used only 
to circulate the helium. This gives the most rapid cooldown possible. 

The temperature profiles within the coils may have to be controlled during cool
down to avoid excessive thermal stress in the coils and helium vessels. The 
passages within the coils present such a large surface area for heat transfer 
that the helium gas comes into thermal equilibrium with the coil in a distance 
of a few centimeters. As a result, there is a cold zone at the bottom of the 
coil and a warm zone at the top, separated by a narrow front that moves slowly 
upward from the bottom of the coil to the top. The coolant inlet temperature 
is generally held constant until the front reaches the top of the coil and is 
then reduced by a step that is small enough to keep thermal stresses within 
allowable limits and to make efficient use of the refrigeration unit, whose 
capacity decreases rapidly with decreasing outlet temperature. If the tempera
ture of the helium gas coming out of the liquid-nitrogen heat exchanger should 
be shown to produce excessive thermal stresses in the TF-coils, the temperature 
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of h~lium entering the coil can be raised as needed by allowing a fraction of the 

helium flow to bypass the heat exchanger and be combined with flow through the 

heat exchanger before entering the TF-coil. 

Once the coils have been cooled to 80 to 100 K by liquid-nitrogen-cooled helium, 

the mode of operation of the refrigeration system is changed to allow the tem

perature to be reduced below the 77 K boiling point of liquid nitrogen. The 

temperature of helium into the coils is reduced in stages by increments of about 

20 K. The inlet temperature to the coils is first held at 60 to 80 K until the 

outlet temperature reaches the inlet temperature and is then reduced by another 

increment of about 20 K. Liquid helium is only used for cooling after the tem

perature of the entire coil is below 30 K. Once the coils and the reservoir have 

been completely filled with liquid helium, the four valves Vl through V4 are 

closed and bath cooling is maintained in the normal operating mode. 

The refrigeration system produces liquid helium by compressing helium gas at room 

temperature and atmospheric pressure to 10 atmospheres, removing the heat of com

pression in a water-cooled heat exchanger, cooling with liquid nitrogen to 80 K 

and eventually expanding the compressed gas through either a small turbine or a 

Joule-Thomson valve. Counterflow heat exchangers are used to cool the compressed 

gas with the expanded helium gas and warm the expanded gas to room temperature 

before recompression. 

An estimate was made of the length of time it will take to cool down the TF-coil 

with the refrigeration unit expected to be available at General Atomic for the 

RST program. The unit is a 25 liter/hour helium liquefier/refrigerator manu

factured by Cryoproducts, Inc., of Guilderland, New York. The refrigeration 

capacity of this unit at various temperatures is given in Table 3-2. The cool

down time for the TF-coil was estimated by integrating the ratio of the heat 

capacity of the coil to the refrigeration capacity over the temperature range 

from 4.5 to 300 K. The results, which were based on coarse, linear-piecewise 

integration, indicate a cooldown time for a single TF-coil of about nine days. 

This includes the time to liquefy the approximately 500 liters of helium needed 

to fill the three TF-coils. 

In practice, all of the superconducting coils would be cooled down at the same 

time, keeping their temperatures in phase by adjusting helium flow valves. Based 

on the calculation for the TF-coil, the cooldown and filling of all of the super

conducting coils is expected to take less than two weeks. 
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Table 3 .. 2 

REFRIGERATION CAPACITY OF 25 t/HOUR 
HELIUM LIQUEFIER/REFRIGERATOR 

Temperature 
( K) 

300 
120 
80 
25 
4.5 

Refrigeration 
(W) 

5500 
3000 
800 
400 
80 

3.2.3.3 TF-Coil Support. Each TF-coil is subjected to the following external 
loads: 

1. Deadweight which results in a vertical force of 50 kN (11,200 lb). 

2. Magnetic centering force of 6.1 MN (1.37 x 106 lb). 

3. Out-of-plane magnetic loads which total 62 kN (13,900 lb). The 
distribution of the out-of-plane load from the interaction with 
the pullback and shim coils is shown in Fig. 3-14. 

Z DISTRIBUTED DUT-DF-PLANE LOAD 

/ TF-COIL CENTERLINE 

FORCE A= -31 kN (7000 lb) 

CENTERING FORCE= 
6.1 MN (1.37 X 1061b) 

' WEIGHT = 50 kN (11,200 lb) 

FORCE B = -31 kN (7000 lb) 

R =0.44 m 

Figure 3-14 TF-coil loads 
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All of the magnetic centering load, most of 

the out-of-plane magnetic loads, and about 

half of the TF-coil deadweight are trans

mitted to the central support cylinder shown 

in Fig. 3-15. 

3.2.3.3.1 Design Description. The cen

tral support cylinder is a thin-walled epoxy

fiberglass cylinder with two flanges. The 

TF-coil is bolted to the flanges with the 

straight vertical section of the coil in 

direct contact with the cylinder. This 

arrangement allows the magnetic centering 

load to be directly transmitted to the 

cylinder without wedging of the TF-coils 

against each other. The surfaces of the 

coil and cylinder are carefully matched to 

distribute the centering load uniformly. 

The out-of-plane magnetic loads are trans

mitted to the support cylinder through the 

flanges to which the TF-coils are bolted. 

The out-of-plane magnetic loads impose 
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Fig. 3-15 Central support 
cylinder 

torsion on the central support cylinder which is transmitted to a pedestal through 

bolted connections. The pedestal consists of upper and lower epoxy-fiberglass 

rings which are tied together by six hollow stainless steel vertical columns (see 

Fig. 3-16). Diagonal truss members between the columns provide the necessary 

torsional stability. Access to the interior of the centerpost is provided by 

allowing more space between some columns than others. These larger spaces are 

void of trusses to allow maximum access. 

Each outer leg of a TF-coil is supported by two epoxy-fiberglass cylinders to 

resist the remaining deadweight and out-of-plane loads. The design for this 

support is given in Fig. 3-17. The cylinders are 5 cm O.D., 4.3 cm I.D. and 

approximately 80 cm long. Structural stability of the cylinders has been inves

tigated and is satisfactory. Each support is enclosed in a vacuum jacket since 

the temperature along the length varies from 4.2 K to room temperature. A 

threaded stud at room temperature is provided at the base of each support to 
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adjust its length during assembly of the three TF-coils. This also allows the 
length of the support to be adjusted if necessary to compensate for differential 
thennal contraction during cooldown of the coil. In addition, Belleville washers 
are provided for flexibility. The support is pinned at each end so that movement 
of the coil leg due to thennal contraction and magnetic loads will not apply a 
bending moment to the supports. The precise angle which the plane of the support 
columns makes with the vertical can be detennined at final design using a detailed 
analysis of assembly deadweight forces and thennal contractions. 

3.2.3.3.2 Stress Analysis. A stress analysis was perfonned to detennine 
the stresses in the central support cylinder due to the magnetic loads. The por
tions of the cylinder which were analyzed are the upper and lower support flanges, 
the cylindrical section between the flanges, and the lower cylindrical section 
below the bottom flange. The calculations were performed for G-llCR epoxy
fiberglass and the operating temperature was assumed to be 4 K. Deflections of 
the support cylinder and the maximum out-of-plane deflection of the outer leg of 
the TF-coil were also calculated. 

The loads which are imposed on the central support cylinder by each of the three 
coils as well as the locations of the upper and lower flanges are shown in 
Fig. 3-14. All the centering forces are assumed to be reacted by hoop stress 
in the 1.12 m (44.1 in.) long cylindrical portion between the two flanges. The 
mating surfaces of the centerpost and the TF-coil helium vessel are designed with 
a common radius of curvature to provide the good fit necessary for effective load 
transfer. There will be some difference between the two radii after cooldown due 
to differential thennal contraction. This difference has been calculated to be 
0.3 mm (0.012 in.). The epoxy-fiberglass is expected to elastically defonn as 
necessary to maintain a good fit between the two surfaces. 

The tangential forces are transferred to the support cylinder through the upper 
and lower support flanges. In the analysis of a flange it was assumed that the 
flange ring was loaded by a concentrated force and moment at three locations 
(Fig. 3-18). This is conservative since the TF-coil brackets will spread the 
load over each of the 120° segments. The applied loads are reacted by a unifonnly 
distributed shear stress around the I.D. of the flange ring. The bolt holes were 
ignored in the ring calculations. 
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Figure 3-18 Flange ring geometry 

The radial deflection of the support cylinder due to the centering forces was 

calculated. The angles of twist between the upper and lower flanges and between 
the lower flange and the base were also calculated. All of these calculated 

deformations (especially the twist) are fairly uncertain since the elastic prop
erties of the material are not known to any great degree of accuracy. 

The out-of-plane deflection of the outer portion of a TF-coil was calculated by 

modeling the coil as a beam fixed at the upper flange location and simply sup

ported at the location of the outer leg support. A uniform load was estimated 
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from the out-of-plane magnetic load distribution for the portion of the coil 
between these two points. The maximum deflection occurring at any point in the 
beam was calculated. 

The calculated stresses and deformations are given in Table 3-3. The stresses 
are low when compared to the allowables for G-llCR epoxy-fiberglass which are 
given in Table 3-4. No attempt was made to calculate combined stresses using 
the shear and normal stresses since the shear stresses are very low, and it is 
probably of more benefit to have the components listed separately for such a 
highly anisotropic material as epoxy-fiberglass. 

3.2.3.4 TF-Coil Vacuum Vessel. The TF-coil is enclosed in a vacuum jacket in 
order to limit conductive heat transfer from the surrounding environment. The 
vacuum jacket consists of concentric cylinders and conical sections joined by 
circular end plates in the central region connected to three C-shaped sections 
with a rectangular cross section that enclose the outer portions of the coil. 
There are also vacuum jackets around the lines that return cold helium gas boiled 
off from coils 1 and 3 (Fig. 3-12) to the helium reservoir atop coil 2. Details 
and relevant dimensions for the central region of the vacuum jacket are given in 
Fig. 3-19. Figure 3-20 provides details of the vacuum jacket for the outer sec
tions. The heavy line designates the inside surface of the jacket which, as 
mentioned previously, has a rectangular cross section. A transition section is 
provided at the points where the outer sections of the jacket join with the cen
tral jacket. An isometric view of this transition section is given in Fig. 3-21. 
The conical sections above and below the vacuum jacket outer cylinder are also 
shown in Fig. 3-21. They provide space for the TF-coils in the region where they 
curve away from the central support cylinder. 

Two different materials were considered for the vacuum jacket: 304 stainless 
steel and G-llCR epoxy-fiberglass. The 304 stainless steel was selected because 
its mechanical properties and fabrication characteristics are better known. The 
G-llCR fiberglass was taken as being typical of the type of epoxy-fiberglass that 
would be used for this application. Fiberglass was considered because it would 
have eliminated eddy current heating and it was expected to be less costly than 
stainless steel. Fiberglass thicknesses were estimated for costing purposes 
based on the limited material data available. 
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Table 3.,.3 

STRUCTURAL ANALYSIS OF CENTRAL SUPPORT CYLINDER 

Support flanges 
Total normal stress in ring 
Shear stress at ring cylinder junction 
(cylindrical shear surface in Fig. 3-18) 

Cylinder section between flanges 

Hoop membrane stress due to centering forces 

Radial deflection due to centering forces 
Torsional shear stress 
Rotation between upper and lower flanges 

Cylinder section below lower flange 
Torsional shear stress 
Rotation between lower flange and base 

18.8 MPa (2730 psi) 
0.48 MPa (70 psi) 

126 MPa (18,300 psi) 
1.23 mm (0.048 in.) 
1.61 MPa (234 psi) 
5 x 10-4 rad (0.03°) 

8.27 MPa (1200 psi) 
1.1 x 10-3 rad (0.06°) 

Maximum out-of-plane deflection of outer 
portion of TF-coil 

9.8 µm (3.9 x 10-4 in.) 

Table 3-4 

ALLOWABLE STRESSES - G-llCR EPOXY-FIBERGLASS 

4 K 76 K 295 K 

Ultimate tensile 872 MPa 827 MPa 469 MPa 
strength (126,000 psi) (120,000 psi) (68,100 psi) 

Ultimate compres- 729 MPa 799 MPa 396 MPa 
sive strength (106,000 psi) (116,000 psi) (57,500 psi) 

Shear strength 56.2 MPa 56.5 MPa 40.6 MPa 
(8160 psi) (8200 psi) (5890 psi) 

Modulus of 39.4 GPa 37.3 GPa 32.0 GPa 
elasticity (5.72 X 106 psi) (5.41 X 106 psi) (4,64 X 106 psi) 

NOTE: The above data are taken from Los Alamos Scientific Laboratory 
Letter Q-10-SMES-64 dated April 13, 1978 from R. I. Schermer 
to M. B. Kasen. 
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Figure 3-19 TF-coil vacuum jacket in the central region at 
midplane height 

The design conditions used for all sizing calculations was 103 kPa (15 psi) pres
sure at room temperature. The allowable stresses for 304 stainless steel were 
taken from Section III of the ASME Code. Allowables and material properties for 
G-llCR fiberglass were typical values taken from test data and are shown in 
Table 3-4. 

The procedure which was followed in sizing the 304 stainless steel jacket is 
described below. The calculated thicknesses are given in Table 3-5. 
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Figure 3-20 Outer TF-coil cross section with vacuum jacket 
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Figure 3-21 Central region of TF-coils and vacuum jacket 
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Table 3-5 

TF-COIL VACUUM JACKET THICKNESSES 

Required Thickness 
304 Stainless G-llCR 

Region Steel Fiberglass 

Centerpost region - outer cylinder 4.5 mm (0.18 in.) 10.2 mm (0.40 in.) 
Centerpost region - inner cylinder 0.64 mm (0.025 in.) 2.6 mm (0.10 in.) 
Outer 11 011 section - all surfaces 7.2 mm (0.28 in.) 17 .6 mm (0.69 in.) 

3.2.3.4.1 Central Region (Ref. Fig. 3-19). The outer cylinder was analyzed 
as a cylinder under external pressure. The external pressure buckling chart from 
Section III of the ASME Code for 304 stainless steel was used to arrive at a 
thickness. This chart includes a safety factor of 3.0. 

The inner cylinder was loaded by an internal radial pressure and a compressive 
axial pressure load. The critical condition for sizing is buckling due to the 
axial load. The method of Section III of the ASME Code was used to arrive at a 
thickness for this condition. For the thickness selected the longitudinal stress 
is 19.1 MPa (2770 psi) versus an allowable of 20.7 MPa (3000 psi). The total 
combined stress in the wall of the jacket due to pressure is 77.7 MPa (11,300 psi) 
which is well below the allowable stress of 138 MPa (20,000 psi) from Section III 
for 304 stainless steel. 

3.2.3.4.2 Outer "D" Sections (Ref. Fig. 3-20). Surface A of the jacket was 
sized as a cylinder under external pressure. The cylindrical radius of the jacket 
varies from point to point. The maximum and minimum radii for surface A are 
shown in Fig. 3-20. The required thickness was determined by using the buckling 
chart for 304 stainless steel from Section III of the ASME Code. 

Surface B was analyzed as a cylinder loaded in hoop tension and axial compression 
by the applied pressure of 103 kPa (15 psi). The thickness was taken to be the 
same as the thickness of surface A. The cylindrical radius of this surface also 
varies from point to point and the maximum and minimum radii are shown in Fig. 3-20. 
The combined stress is 28.3 MPa (4100 psi) which is much less than the allowable of 
138 MPa (20,000 psi). 
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Surfaces C and D were sized by assuming that they were annular plates with a span 

of 36 cm (14.2 in.) and simply supported at their inner and outer radii. The 

bending stress due to the applied pressure was limited to 207 MPa (30,000 psi) 

which is 1.5 times the room temperature allowable tensile strength for 304 stain

less steel. The inner and outer radii for these surfaces vary from point to 

point. It was found that using the maximum radii resulted in the critical 

condition. 

Each of the sections sized above for stainless steel was also sized for epoxy

fiberglass. The results are summarized in Table 3-5. 

Parts under external pressure were sized initially by scaling up the thickness 

calculated for 304 stainless steel using a factor derived from the following 

equation: 

k 1r

2 
E (t)2 

Buckling stress= Y ( 2) T 
12 1-µ 

(3-1) 

where ky = buckling coefficient, E = modulus of elasticity,µ= Poisson's ratio, 

t = thickness, and L = length. 

The resulting thickness was used as a starting point for further iterations, if 

required, to remove excess margin. The two areas of the vacuum jacket which were 

sized for external pressure are surface A of the outer portion of the jacket and 

the outer cylinder of the centerpost section. The thickness for these items 

given in Table 3-5 provide a factor of safety of about 5.0. The remaining sur

faces, surfaces B, C, and Din Fig. 3-20 of the outer portion of the jacket were 

arbitrarily given the same thickness as surface A. 

The inner cylinder of the centerpost region was found to be critical for buckling 

due to the axial pressure load. It was sized as an unpressurized, unstiffened 

circular cylinder in axial compression. The applied axial load is 27.6 kN 

(6200 lb) and the allowable load for the required thickness given in Table 3-5 

is 162 kN (36,400 lb). This provides a factor of safety close to six which is 

felt to be reasonable. The total combined stress in this cylinder due to the 

applied pressure is 19.4 MPa (2820 psi) which is well below the tensile strength 

of 470 MPa (68,100 psi) for G-llCR fiberglass at room temperature. 
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Following the sizing of the vacuum jacket, a meeting was held with Mr. Roger R. 
Reynolds of Reynolds & Taylor, Inc., a fiberglass manufacturer. The proposed 
design was presented and his opinion was solicited regarding the use of fiber
glass for the vacuum jackets. His response was generally negative. He did not 
feel that the vacuum jacket was a good application for fiberglass. The jacket 
would have to be fabricated from preformed sections which would be bonded together 
and he pointed out that it is very difficult to obtain vacuum-tight bonded joints. 
The shaping and fitting of the various sections would be done at General Atomic 
where the facilities are not equipped to handle the large amounts of dust and 
debris associated with this work. He also felt that there would be very little 
cost savings in using fiberglass due to the large amount of labor required. For 
these and other reasons which were brought out during this meeting, it was decided 
to select 304 stainless steel for the reference design. The present intention is 
to fabricate the vacuum jacket from 304 stainless steel using an electrical break 
in the vacuum jacket outer cylinder to prevent circumferential current flow 
induced by the E-coil. The wall of the vacuum jacket inner cylinder can be suf
ficiently thin, and hence resistive, so a break is not required. 

3.2.4 Pullback Coils 

The pullback coils are designed to reduce ripple in the toroidal field by increas
ing the toroidal field midway between TF-coils and reducing it in the plane of 
the TF-coils. Table 3-6 gives the pullback coil parameters. The three pullback 
coils are identical and are arranged syrrnnetrically as shown in Fig. 3-22. Both 
sides of each pullback coil are anchored to a ring support structure composed of 
two rings, one above and one below the midplane. Each ring is divided into three 
identical 120° segments, and each segment is bolted to the support structure post 
incorporating a joint containing an electrical break to prevent current flow 
induced by the E-coil. Each pullback coil and its support structure is assembled 
as an integral unit. The pullback coil assemblies can be removed simply by sep
arating the room temperature bolted connections of the ring support. 

The superconducting pullback coils are surrounded by superinsulation and enclosed 
in a vacuum vessel as discussed in Section 3.2.2. The vacuum vessel contains both 
the pullback coil and the structural supports that connect it to the ring seg
ments. The cross section of the vacuum vessel is, over most of its length, a 
square large enough to accommodate the twisted portion of the helium vessel. This 
cross section is reduced to a rectangular shape in the vicinity of the shim coils 
in order to minimize the distance between the pullback and shim coils. 
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Table 3-6 

PULLBACK COIL PARAMETERS 

Type 

Number 
Height 
Width 
Vacuum jacket dimensions 
He vessel outside dimensions 
He vessel inside dimensions 
Conductor area 
Total ampere-turns 
Current per turn 
Number of turns 
Average current density in winding area 
Average current density in conductor 
Liquid He volume (each coil) 
Mass (each coil, without vacuum jacket) 
Mean perimeter 

NbTi superconducting 
baseball configuration 
3 

1.7m 
2.0 m 

15 x 26 cm, 26 x 26 cm 
9 x 20 cm 
4 x 16 cm 
31 cm2 

240 X 103 

500 A 

483 
3.9 kA/cm2 

7.8 kA/cm2 

14 liters 
650 kg (1430 lb) 
6.0 m 

------ .-~---"'- PULLBACK COIL 

Fi~ure 3-22 Pullback coil arrangement 

\ 
PULLBACK COIL 
REMOVAL 
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3.2.4.1 Pullback Coil Design. Each of the three pullback coils has a shape 
similar to the seam on a baseball. A detailed layout of the pullback coil is 
shown in Fig. 3-23. The winding of each pullback coil is contained in a rec
tangular type 304 stainless steel vessel which serves as the liquid helium 
container. The internal dimensions are 4 cm x 16 cm. This shape is maintained 
throughout the pullback coil although the orientation of the cross section varies 
as shown in Fig. 3-23. The design of the helium vessel consists of two hori
zontal and two vertical segments in the form of circular arcs and four segments 
of complex spatial form connecting the vertical and horizontal segments. The 
helium vessel is fabricated by welding sections of formed plate with one side 
left open as a channel into which the winding can be laid. Figure 3-24 is an 
isometric view of the uncompleted helium vessel to be used as the coil winding 
form. The winding fixture will have to accommodate motions about two axes in 
order to follow the shape of the pullback coil, similar to that used to wind 
the MFTF magnet. After the coil winding is completed the helium vessel is closed 
by carefully welding on the fourth side without overheating the insulation inside. 
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The superconducting cable for the pullback coil is 

designed to carry 500 A. As shown in Fig. 3-25, it 

is a rectangular cable made up of ten 50 A sub

conductors twisted together in a spiral pattern. 

The subconductors consist of a composite core sur

rounded by a copper stabilizer. There are 724 NbTi 

filaments of 6.5 µm diameter in the composite core 

that are twisted to reduce eddy current losses. The 

cable is wrapped with 0.25 mm thick mylar tape to 

insulate and space turns from one another and provide 

passages for helium flow between adjacent turns. 

At the highest point of each pullback coil there 

is a liquid helium reservoir and a port for the 

collection of boiloff helium. The room tempera-

ture electrical leads to each coil are located at 

these ports so that they can be cooled by the boiloff 

Figure 3-24 Isometric view 
of pullback 
coil winding 
form 

helium. The design of the 

helium reservoir and leads is similar to that for the TF-coil described in Sec

tion 3.2.3.2. As in the case of the TF-coils, each pullback coil will be cooled 

down by helium gas entering at the lowest point and exiting at the highest point 

of the coil through the helium reservoir. The cooldown lines will be valved off 

after the coil has been cooled to 4.2 Kand flooded with liquid helium. 

0.91 mm I. 
T0.303mm 

COMPOSITE CORE 
Nb Ti/Cu (1 :2) 

Figure 3-25 Pullback and shim coil cable 
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3.2.4.2 Pullback Coil Support. 

3.2.4.2.1 Design Description. The support structure of each pullback coil 
assembly may be divided into three separate units as shown in Fig. 3-26. 

The ring support is at room temperature and consists of two identical type 304 
stainless steel ring segments. The ring segments have a rectangular cross section 
formed by welding plate sections together and are integrated into one structure 
by welded-on spacers and flanges. The flanges contain holes for the bolted 
connections. 

The beam support is cooled to 77 K by liquid nitrogen. This component is a welded 
type 304 stainless steel structure which is bolted to the ring support by high 
strength Inconel bolts. The bolted connection, shown in detail in Fig. 3-27, is 
designed to reduce heat flow from the ring support to the stainless steel beam in 
order to limit liquid nitrogen cooling requirements. This is accomplished by 
placing epoxy-fiberglass spacer cylinders between the two stainless steel 
components. 

n---7 \1 \ 
•• 1, 

@~PEE 
,; :1 
~ 

SECTION A-A 

PULLBACK COIL (4 ° K) SUPPORT RING (ROOM TEMPERATURE) 

SECTION B-B 

figure 3-26 Pullback coil support 
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RADIATION SHIELD 

EPOXY-FIBERGLASS 
SUPPORT COLUMN 

INCONEL FLANGE 

SUPPORT BEAM 

Figure 3-27 Pullback coil support detail 

The support columns are thick-walled epoxy-fiberglass tubes. These components are 

loaded primarily in either tension or compression by magnetic loads. They also 

have to withstand some shear and bending loads which are generated by the dead

weight and, during seismic events, by acceleration of the mass of the pullback 

coil. For transmitting these loads into the support columns a flange design was 

developed whose cross section is shown in Fig. 3-27. Both ends of the epoxy

fiberglass tube are flared and clamped externally by a split sleeve which serves 

as a flange. 

split sleeve. 
fiberglass. 

Another sleeve inside the tube holds the flared section against the 

Both sleeves are bonded on the inside and outside to the epoxy

The shear strength of the bond itself is capable of supporting the 

loads, with the flared section providing an added safety margin. All components 

of the flange design are of Inconel because it has about the same thermal con

traction as epoxy-fiberglass. 
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3.2.4.2.2 Pullback Coil Loads. The primary loads acting on the pullback 
coil are those due to the interaction of its current with its own magnetic field 
and that produced by the TF and shim coils. Figure 3-28 gives the distribution 
of forces acting on the top half of a pullback coil for the design current of 
236.8 kA. The Cartesian coordinates and node numbers agree with the finite ele
ment model described in the following section. The bottom half of the pullback 
coil experiences identical forces except that the direction of the vertical forces 
is reversed. Therefore, theoretically there is no net vertical force acting on 
the pullback coil. There is, however, a substantial net horizontal force and a 
small twisting moment acting about a vertical axis, as shown in Fig. 3-29. The 
pullback coil must be analyzed for internal force and the support structure ana
lyzed for the net external forces, which, in addition to the magnetic loads, 
include deadweight and seismic loads. The net external magnetic load imposes 
primarily tensile and compressive loads on the support columns since the twisting 
moment is negligible. 
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Figure 3-28 Distributed magnetic load on top half of pullback coil for 236.8 kA 
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MACHINE £ 

F1 = 169 kN(37,900 LB) 

F2 = 130 kN(29,400 LB) 

M
2 

= 5.6 kN-m(4,200 FT-LB) 

Figure 3-29 Net magnetic loads on pullback coil 

Since the pullback coils are arranged 120° from each other and the magnetic loads 

acting on them are transmitted to the same ring structure, the forces cancel each 

other and only a relatively small external twisting moment is transmitted to the 

support structure. As a result, the ring structure has to be quite rigid to 

resist the large magnetic loads, while the three posts of the support structure, 

to which the ring is attached, support only the weight of the pullback coil assem

blies and the small twisting moment of magnetic origin. 

3.2.4.2.3 Static Stress Analysis. A stress analysis was performed to eval

uate the stresses produced in the pullback coil helium vessel by the magnetic 
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loads. The analysis was performed using the MODSAP computer code (_J), a modified 
version of the SAP IV program. The pullback coil helium vessel and its supports 
were modeled using 28 three-dimensional beam elements. Due to symmetry, only 
one-half of the coil was modeled. The model is shown in Fig. 3-30. Beam ele
ments 1 and 2 represent the fiberglass support columns described in Section 
3.2.4.2.1. It was assumed that nodes 1 and 29 were completely fixed and that 
nodes 2 and 28 were fixed against displacement in the Z direction and against 
rotation about the X and Y axes. All other nodes were assumed to be free. 

A plot of the stress distribution around the perimeter of the model is given 
in Fig. 3-31. The maximum stress occurs at node 2 and is equal to the sum of 
the two bending stresses and the axial stress, or 227 MPa (33,000 psi). This 
is considerably less than the yield strength of stainless steel at the operating 
temperature of 4 K, which is of the order of 400 MPa (58,000 psi). 

Each pullback coil is supported by four hollow cylindrical epoxy-fiberglass sup
port columns located one above and one below the midplane of each of the two 
vertical legs as shown in Fig. 3-26. The support columns are attached to vertical 

z 

1 - NOOE 

0- BEAM ELEMENT 
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0 

Figure 3-30. Finite element model of top half of pullback coil 
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beams which transfer the loads to the two support rings. The support rings 
ultimately transfer these loads to the foundation. 

The magnetic loads are the predominant loads to be reacted by the support struc
ture. The loading condition used for design purposes was conservatively estimated 
as 245 kN (55,000 lb) for each support column, either tension or compression. 

The mass of each coil was estimated to be 1252 kg (2760 lb). A factor of two was 
applied to the mass in the analysis of loads on the support structure to provide 
some margin for seismic loadings. The weight loading produces axial loads, 
transverse shear, and bending moments in the support columns. It was assumed 
that each support column acts as a guided cantilever beam with an additional 
axial load. Beam column effects were ignored in the analysis based on a quick 
check that showed them to be insignificant. The total stress in the epoxy
fiberglass support column is 113 MPa (16,400 psi) which is well below the allow
able stress for G-llCR fiberglass of 799 MPa (116,000 psi) at 76 K. 

The analysis of the joint at the ends of the support columns was limited to 
checking the adequacy of the connection between the epoxy-fiberglass and the 
metal flange and the stresses in the bolted connection between a flange and the 
support beam. The fiberglass-to-flange connection was analyzed assuming that 
the fiberglass support column is bonded on the inside and outside surfaces to 
the metal flange. The contribution of the flare to the strength of the joint 
was ignored. The shear strength of the epoxy bond was assumed to be 6.89 MPa 
(1000 psi). The bonded joint was found to be capable of transferring 365 kN 
(82,100 lb) which exceeds the applied force of 348 kN (78,200 lb). The maximum 
bolt stress was 401 MPa (58,100 psi) based on a configuration of twelve 12 mm 
(0.47 in.) bolts. This indicates a safety factor of over 2.5 for high strength 
bolts manufactured from Inconel or some other high strength material 
(FTL ~ 1030 MPa/150,000 psi at 76 K). 

The support beam undergoes combined bending and torsion as it transmits the loads 
from the support columns to the support ring. The maximum combined stress in the 
beam is 144 MPa (20,800 psi). The beam is fabricated from 304 stainless steel 
which has a yield stress of 207 MPa (30,000 psi) at room temperature. The allow
able stress from Section III of the ASME code is 138 MPa (20,000 psi) at room 
temperature, and the beam will be stronger at its operating temperature of 76 K. 
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The bolted joint connecting the beam to the support ring consists of four 18 mm 

(0.71 in.) bolts. The calculated stress in these bolts is 410 MPa (59,400 psi) 

which allows a safety factor of greater than two for high strength bolts. 

The maximum bending stress in the ring support is 138 MPa (20,000 psi) which is 

satisfactory for the 304 stainless steel at room temperature. The maximum radial 

deformation is 2.0 mm (0.08 in.) which occurs at the points where the loads are 

transferred into the ring structure. 

3.2.4.2.4 Dynamic Analysis. The natural frequency of the coil/support com

bination was calculated using the same code (M0DSAP) and analytical model described 

in the previous sections. A density of 12 x 103 kg/m3 was used for the helium 

vessel assuming the total mass of the coil is distributed over the area of the 

stainless steel. A density of 1.94 x 103 kg/m3 was used for the fiberglass 

supports. 

Two fundamental natural frequencies were calculated for the coil supported by the 

fiberglass support columns. The first, 34 Hz, is associated with a mode consist

ing primarily of horizontal vibration of the coil on its supports, The boundary 

conditions for this mode are the same as for the stress analysis discussed in 

Section 3.2.4.2.3. The second natural frequency which was calculated for this 

configuration is 26 Hz which is associated with vertical motion of the coil on 

its supports. The boundary conditions for this mode are that nodes 1 and 29 are 

completely fixed and that nodes 4 and 26 are fixed for rotation about the X and Y 

axes. 

Since the lowest natural frequency, 26 Hz, is sufficiently high to avoid signi

ficant response amplification, the pullback coil support is satisfactory for 

seismic excitation. 

3.2.4.3 Pullback Coil Vacuum Jacket. As with the TF-coils, the pullback coils 

are enclosed in a vacuum jacket to minimize heat transfer to the coils from the 

environment. These vacuum jackets are free standing in that there are no stand

offs or internal supports between the jackets and the coils. The jackets are 

designed for 103 kPa (15 psi) external pressure at room temperature. Two mate

rials, 304 stainless steel and G-llCR epoxy-fiberglass, were considered as alter

nates for the vacuum jackets. For the reasons discussed in Section 3.2.3.4.2, 

type 304 stainless steel was selected for the reference design. 
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The centerline of a typical pullback coil traces out a rather complicated shape. 
As a result, the vacuum jacket surrounding each coil also has a complex geometry. 
In addition, the vacuum jacket cross section varies from a square to a rectangle 
along its length. Because of the complicated shape, the effects of curvature 
were ignored in the sizing calculation. This is conservative since the curvature 
will tend to stiffen the structure and reduce deflections and stresses. The 
jacket was sized by using a model consisting of a flat plate of unit width with 
two opposite sides simply supported and the remaining two edges free. The plate 
was loaded with a uniform pressure of 103 kPa (15 psi). The bending stresses 
were limited to 1.5 times the allowable tensile stress for 304 stainless steel, 
or 207 MPa (30,000 psi). The resulting thickness is 6.1 mm (0.24 in.). The same 
thickness is given for the fiberglass. This results in a factor of safety of 
approximately 3.0 for the fiberglass relative to its minimum ultimate compressive 
strength of 396 MPa (57,500 psi). 

3.2.5 Shim Coils 

The shim coils are used to cancel the radial component of poloidal field in the 
plasma region produced by the pullback coils. There are two shim coils. They 
are circular with the same mean radius (0.8 m) as the plasma chamber. The coils 
are located next to the horizontal upper and lower legs of the pullback coil 
between the pullback coil and the plasma chamber at a distance of 58 cm from the 
midplane. The shim coils are superconducting and are contained in a vacuum jacket 
from which they are insulated by superinsulation. The upper shim coil is sup
ported from the support structure, while the lower shim coil is supported from 
the floor. The major parameters of the shim coils are summarized in Table 3-7. 

3.2.5.1 Shim Coil Design. The design of the shim coil is shown in Fig. 3-32. 
The shim coil is designed to use the same 500 A cable that is used for the pull
back coil. This cable is described in Section 3.2.4.1 and illustrated in Fig. 3-25. 
The winding of the shim coil is contained in an epoxy-fiberglass helium vessel. 
Epoxy-fiberglass is used for the helium vessel of the coil to prevent electrical 
currents that would be induced in a metallic vessel by the E-coil field. The use 
of electrically insulating helium vessels also avoids potential problems with 
shorting and arcing between the superconducting cable and the helium vessel. 

As shown in Fig. 3-32, a steel stiffening member is welded over the epoxy-fiberglass 
helium vessel to prevent excessive deformation and stress caused by the magnetic 
forces acting on the shim coil. The steel reinforcing member is fabricated in 
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Table 3-7 

SHIM COIL PARAMETERS 

Type 

Number 
Mean radius 
Vacuum jacket dimensions 
He vessel outside dimensions 
He vessel inside dimensions 

Winding area 
Conductor area 
Total ampere-turns 
Current per turn 

Number of turns 
Average current density in winding area 

Average current density in conductor 

Mass (each coil, without vacuum jacket) 

~bTi superconducting 
poloidal coil 
2 

0.80 m 

12.8 x 16.7 cm 
5.8 x 9.8 cm 
3.2 x 6.8 cm 
21.8 cm2 

9.8 cm2 

75 X 103 

500 A 
150 
3.4 kA/cm2 

7.7 kA/cm2 

110 kg (240 lb) 

sections with electrical breaks between them to prevent the flow of induced elec

trical current. The steel reinforcing member is attached to support struts at six 

locations around the shim coil as shown in Fig. 3-32. 

The two shim coils are connected in series electrically with current flow in the 

upper coil in the opposite direction to that in the lower coil. The electrical 

connectors are superconducting cables bath-cooled by liquid helium. With their 

symmetrical placement and opposite direction of current flow, the two coils 

together have no net voltage induced across them by the E-field. Across each 

coil there is, however, an induced voltage of about 200 V per turn, or 30 kV 

total. This requires that the cables be well insulated from one another. 

The design of the electrical connectors between coils and their helium vessel was 

not developed as part of this study. It should be noted that care must be taken 

in designing these to provide enough flexibility to allow for vertical motion 

during the cooldown of the coils. The connector and helium vessel will contract 

during cooldown at the same time that the two coils are moving apart because of 

the contraction of their support struts. 
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During normal operation of the coils the lower coil is filled with liquid helium 

from the upper coil through passages in the helium vessel surrounding the elec

trical leads between the two coils. Helium vapor produced in the lower coil is 

also returned to the upper coil through this helium vessel. A helium reservoir 

similar to that described in Section 3.2.3.2 for the TF-coil is located atop the 

upper shim coil directly above the point at which the lead from the lower shim 

coil enters the upper shim coil. The electric leads to room temperature are 

cooled by helium vapor boiled-off from both shim coils. 

During cooldown of the shim coils, helium gas enters each coil through an auxil

iary line located opposite to the point where the electrical leads between coils 

are connected. An auxiliary line is also provided in the helium reservoir for the 

return of helium gas to the refrigeration system. The lines are valved off once 

the coils have been cooled down and flooded with liquid helium. 

3.2.5.2 Shim Coil Support. Each shim coil is supported by three A-frame support 

members shown in Fig. 3-33. Each of the three supports consists of two cylindri

cal epoxy-fiberglass struts. The 84 cm long struts have an outside diameter of 
4 cm and a wall thickness of 0.5 cm. The relatively long thin struts provide a 

large thermal resistance between the shim coil and structures at room temperature 

and allow flexibility to accommodate radial contraction of the shim coil during 

cooldown. Each support strut is wrapped with superinsulation to limit heat trans

fer by radiation. 

3.2.5.3 Stress Analysis. Each shim coil experiences both radial and vertical 

forces due to the interaction of its current with its own magnetic field and.that 

produced by the other shim coil, and the TF, and pullback coils. Figure 3-34 

gives the load per unit length acting on one-third of a shim coil for a shim coil 

current of 73.6 kA. A theta value of o0 represents a point directly under a 

TF-coil. Positive radial force acts outward and positive vertical force acts 
away from the machine midplane. It is observed that at 30° there is a strong 

vertical force directed towards the midplane which is due to the interaction with 

the pullback coil nearby. A net vertical force of 40 kN (9050 lb) acts on each 

shim coil tending to push it towards the midplane. Due to symmetry there is no 

net horizontal force. 

A 360° 72 beam element M0DSAP model of the shim coil and its supports was used to 

calculate the resulting stresses in the stainless steel helium vessel. The super

conducting winding was assumed to contribute no structural strength. Figure 3-35 
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Figure 3-34 Distributed magnetic load on shim coil for 73.6 kA 

gives the bending stress for the corresponding loads of Fig. 3-34. Discrete sup
port points are located at 60° and 85° which account for the discontinuous behavior 
of the bending stress. The other stress components, such as shear, torsional and 
axial stress, are negligible by comparison. A maximum bending stress of 124 MPa 
(18,000 psi) occurs at the 85° support and is due to the vertical loads. Bending 
stress due to the radial loads is substantially less, only 33 MPa (4800 psi). 
These two bending stresses combine to give a peak bending stress of 157 MPa 
(22,800 psi) at a corner. Maximum vertical deflection is only 3.4 mm of which 
2 mm is due to the elongation of the A-frame supports. These stresses and deflec
tions are within acceptable limits. 

3.2.5.4 Shim Coil Vacuum Jacket. The vacuum jacket for the shim coil, which is 
shown in Fig. 3-32, is circular with a rectangular cross section. The vacuum 
vessel is made of type 304 stainless steel and includes an electrical break to 
prevent the flow of electrical current induced by the E-field. 

The vacuum vessel is 16.7 cm wide by 12.8 cm high. The wall thickness of 0.5 cm 
was chosen by scaling the results of the stress analysis performed for the vacuum 
vessel of the pullback coil (see Section 3.2.4.3). The vacuum jacket is supported 
through the vacuum vessel extensions surrounding each A-frame support. (See 
Fig. 3-33). The vacuum jackets for the two coils are connected by the vacuum 
jacket surrounding the electrical leads connecting the two coils. 
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3.2.6 Superconducting Coil Refrigeration and Insulation 

There are several primary sources of heat input to the liquid helium: eddy cur

rents generated by pulsed magnetic fields, ohmic heat at normally-conducting 

splices between superconducting cable segments within the coil, conduction through 

electrical leads and the coil supports, and thermal radiation from the room tem

perature environment. To reduce heat transfer from the surroundings each super

conducting coil is enclosed in an evacuated chamber (vacuum jacket) which virtually 

eliminates heat transfer by convection and conduction through the gas surrounding 

the helium vessels. 

Thermal radiation from the vacuum jacket to the coil is limited by liquid-nitrogen

cooled shields and superinsulation, as described in Section 3.2.6.1. Conductive 

heat transfer into the superconducting coils through the coil supports is limited 

by careful design of these structures, as described in Sections 3.2.6.2, 3.2.6.3, 

and 3.2.6.4. Heating due to pulsed field losses is discussed in Section 3.2.6.5. 

A summary of liquid helium requirements including requirements for cooling the 

electrical leads to room temperature is given in Section 3.2.6.6. 

Liquid nitrogen is used to cool the radiation shields between the coils and vacuum 

vessels and to cool coil supports at points intermediate between the two ends. In 

this way liquid nitrogen intercepts most of the heat leaking into the coils from 

the surroundings. In addition, liquid nitrogen is used to cool compressed gaseous 

helium in the helium refrigerator-liquefier. Liquid nitrogen is also used for 

initial cooling of the superconducting coils. The requirements for liquid nitro

gen to operate RST are given in Section 3.2.6.7. 

3.2.6.1 Thermal Insulation. The liquid helium vessels are enclosed in vacuum 

jackets to reduce heat input to the liquid helium by virtually eliminating heat 

transfer by convection and conduction through the gas surrounding the vessels. 

Heat transfer by radiation is reduced by the use of aluminum radiation shields 

cooled to 77 K by liquid nitrogen and by multiple layers of superinsulation 

(aluminized mylar sheets) placed between the radiation shields and helium vessels. 

The superinsulation can reduce heat transfer by radiation by a factor of approxi
mately the number of layers, but at the expense of a small amount of heat conduc

tion between layers at points where they touch. In order for the superinsulation 
to be completely effective, the vacuum jacket must be maintained at a pressure of 

10-4 torr or less so that heat transfer by gas conduction will not be significant. 
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To maintain a pressure of 10-4 torr in the vacuum jacket requires that the walls 
of the helium vessel and vacuum jacket be leak tight, but requires only modest 
pumping capability. The walls of the helium vessel, at 4.2 K, will condense any 
residual air or outgassing products to maintain a very high vacuum during opera
tion of the coils. It is only necessary to pump the vacuum jackets down to about 
10-3 torr prior to cooldown of the coils in order to prevent excessive condensa
tion of gases on the helium vessel and the coldest layers of superinsulation. 

The superinsulation between the liquid-nitrogen-cooled radiation shields and the 
liquid helium vessels consists of 40 layers of aluminized mylar film. This was 
calculated to limit heat transfer between the radiation shields and helium vessels 
to 5.4 x 10-2 W/m2. At this rate of heat transfer, the total heat leakage through 
the superinsulation of all of the superconducting coils is calculated to be 3.6 W. 
To remove this heat, 5 t/hour of liquid helium will have to be supplied to the 
coils. 

There are also 40 layers of superinsulation placed between the radiation shields 
and the walls of the vacuum jackets to reduce the boiloff of liquid nitrogen in 
the radiation shields. This insulation is estimated to limit heat transfer from 
the vacuum jacket to the radiation shield to 0.3 W/m2. The total heat transfer 
into the radiation shields for all the coils is calculated to be 22 W, which will 
require 0.5 t/hr of liquid nitrogen supply. 

3.2.6.2 TF-Coil. The three superconducting TF-coils are connected electrically 
in series by superconducting connectors so that there are only two room-temperature 
electrical leads to transfer heat into the coils. These leads are located at the 
top of one of the coils to allow them to be cooled by boiloff helium. The three 
coils, the central support cylinder, and the outer leg supports of each TF-coil 
are all enclosed in a single vacuum jacket and insulated with radiation shields 
and superinsulation as described in Section 3.2.2. Heat conduction into the coils 
through the support structures was calculated as described in the following 
sections. 

3.2.6.2.1 Central Support Cylinder. The central support cylinder is con
structed of epoxy-fiberglass for two reasons. First, a metal structure would pro
vide an undesirable electrical path for current induced by the changing magnetic 
flux of the E-coil. Second, a metal structure would conduct excessive heat from 
the floor into the liquid helium system. The lower portion of the central support 
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cylinder (between the lower TF-coil support flange and the pedestal) is designed 

to have the maximum length and minimum thickness consistent with acceptable struc

tural practices. This provides maximum resistance to heat conduction to the liquid 

helium system. In addition, evacuated superinsulation with liquid-nitrogen-cooled 

radiation shields is used to reduce other modes of heat input to a tolerable level. 

The vertical distance between the lower TF-coil flange and the pedestal is 83 cm 

and the thickness of the wall is 1 cm. The heat load into the liquid helium sys

tem from the central support cylinder is approximately 1.2 W which amounts to 

1.7 t/hour of liquid helium boiloff. The heat load is primarily conductive with 

convection and radiation being negligible. 

3.2.6.2.2 TF-Coil Outer Leg Support. To minimize heat transfer to the 

superconducting TF-coil at the outer leg support, the struts are constructed from 

hollow GlO epoxy-fiberglass cylinders. The struts are within the vacuum jacket 

and are wrapped on the outside with 1 cm of superinsulation. The insulation is 

made from strips approximately 15 cm wide which are overlapped to reduce heat 

transfer axially up the strut. The thickness of superinsulation is tapered to 

zero at the base of the strut, which is at room temperature. Surrounding the 

superinsulation is a liquid-nitrogen-cooled radiation shield which is also wrapped 

with superinsulation. The complete strut assembly (Fig. 3-17) is housed in a 

stainless steel vacuum jacket. To reduce radiant heat transfer up the inside of 

the strut, this region is loosely filled with crumpled superinsulation and a port 

is provided so that the volume can be evacuated. 

Calculations have shown that conduction up the epoxy-fiberglass strut will be the 

primary heat leak - approximately 0.12 W. Heat leaks from other sources will bring 

the total heat transfer to approximately 0.17 W per strut. The total heat transfer 

from all six struts will be 1 W. 

An analysis was also performed to determine if the liquid-nitrogen-cooled radiation 

shield surrounding the strut could be omitted, but the results showed unacceptably 

high heat transfer to the superconducting coils. The use of metal struts instead 

of epoxy-fiberglass was also investigated. This study is summarized in Appendix B. 

Although, at very low temperatures, Inconel 718 has a strength-to-thermal

conductivity ratio similar to that of GlO epoxy-fiberglass, an Inconel cylinder 

would have to have an unacceptably thin wall to match the thermal conductance of 

the epoxy-fiberglass support. 
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3.2.6.3 Pullback Coil. Each pullback coil has its own helium vessel and vacuum 
jacket and is insulated with liquid-nitrogen-cooled radiation shields and super
insulation as described in Section 3.2.4. The pullback coil supports are a poten
tial source of high heat input into the liquid helium system by conduction through 
the supports. Since there are three pullback coils each having four support con
nections there are twelve conductive paths to be considered. Although several 
metals and other materials were given consideration, epoxy-fiberglass was chosen 
for the supports due to its high strength-to-thermal-conductivity ratio. 

The pullback coil supports are hollow cylinders clamped at both ends between metal
lic rings (Fig. 3-27). The epoxy-fiberglass supports were designed to be relatively 
long and thin to reduce heat transfer while meeting structural requirements. The 
length of each tube between the metal clamps is 34.5 cm. The outside diameter of 
each tube is 11 cm and the wall thickness is 1 cm. One end of each tube is attached 
to the pullback coil and is therefore at liquid helium temperature (4.2 K). The 
other end, the support structure end, is maintained at liquid nitrogen temperature 
(77 K) to limit the temperature difference through the supports and thereby limit 
the conductive heat flow into the liquid helium. The support structure is cooled 
by circulating liquid nitrogen through tubing brazed to the stainless steel support 
structure. Each support tube is loosely filled with crumpled superinsulation to 
reduce radiant heat transfer through the hollow center of the tube between the two 
ends. 

The steady-state conductive heat load through the supports into the coils was cal
culated by use of an integrated average value for the thermal conductivity between 
4.2 Kand 77 K. This heat input was found to be approximately 2 W total for all 
three pullback coils. The heat input to the support from radiation is negligible, 
about 3 mW for all three coils. The liquid helium boiloff due to all the pullback 
coil supports is about 2.7 £/hour. 

3.2.6.4 Shim Coil. The shim coils are contained in a helium vessel and vacuum 
jacket and are insulated with liquid-nitrogen-cooled radiation shields and super
insulation as described in Section 3.2.2. Each shim coil is supported by three 
A-frame supports, each of which consists of two hollow tubes. These supports are 
a potential path for heat leakage into coils. 

The shim coil supports are constructed of epoxy-fiberglass to reduce heat input to 
the liquid helium system by conduction. Each strut of the supports has a thermal 
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resistance path length of 85 cm. The 0.D. of the tubes is 4 cm and the I.D. is 

3 cm. All struts are vacuum jacketed to reduce heat input by convection and con

duction through the gas surrounding the struts. Radiative heat transfer is kept 

low by the use of superinsulation and liquid-nitrogen-cooled radiation shields. 

The heat input to the liquid helium system by conduction through the supports is 

approximately 0.57 W total for all supports for both shim coils. This constitutes 

a liquid helium boiloff rate of 0.8 t/hr. The heat conduction and helium boiloff 

rate can be reduced further, if necessary, by cooling each support strut with 

liquid nitrogen at a point near the room temperature end of the strut. 

3.2.6.5 Internal Heat Generation. Heat is generated in the coils due to current 

flow in the cryogenic copper surrounding the superconducting filaments. Current 

flow is induced in the copper by pulsed magnetic fields during startup and shut

down. Current also flows through copper and a thin layer of solder at splices 

between lengths of superconducting cables. 

3.2.6.5.1 Pulsed Field Losses in Superconducting Coils. The superconducting 

coils in RST are subjected to pulsed poloidal magnetic fields. These pulsed fields 

are produced by changes in the plasma, E and EF coil current, which will occur 

during startup or shutdown, or during a plasma disruption. These pulsed fields 

will produce heating in the cryogenic copper and thus introduce a heat load to the 

cryogenic system. 

The centerpost midplane portion of the TF-coils will experience the highest poloi

dal field, with a flux density of about 0.04 T. The poloidal field falls off to 

about 0.01 T near the top of the centerpost, and gradually falls off to about 

10-3 T near the outer midplane portion. The pullback coils and the shim coils 

experience an average poloidal field of about 8 x 10-3 T. 

The rate at which these poloidal fields vary depends on the origin of the event. 

For plasma startup and shutdown the poloidal field in the plasma and EF-coils 

rises from zero to maximum value or drops from maximum value to zero in about 5 ms. 

For plasma disruptions the poloidal fields fall from the maximum value to zero in 

about 1 ms, although the total energy deposition in the toroidal field coils is 

comparable. 

To reduce the pulsed field losses all the superconducting coils are constructed 

with low-loss cabled conductors. The pulsed field will have components both 
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parallel and perpendicular to the conductor. The heating will be developed mostly 
in the TF-coils because of their larger conductor volume and higher field strength. 

The heating in one TF-coil due to one plasma startup sequence is estimated in the 
following manner. For the TF-coil conductor described in Section 3.2.3.1, the 
power generated per unit volume of the superconductor during a 5 ms startup (_1_) is: 

82 l 21 I 
Qv = 16 1rRl0 fp ' (3-2) 

where Bis the magnetic flux density (0.04 T), R is the radius of the composite 
superconducting wire (2.5 x 10-4 m), f is the frequency (50 Hz) and pis the 
resistivity of the cryogenic copper in the composite superconductor (2 x 10-lO 
ohm-m). Substituting in the previous equation we obtain 4.0 x 105 W/m3. For the 
40 cm long section of the centerpost the volume of superconductor is 1.0 x 10-3 m3 
per coil, thus for a 5 ms duration of pulsing, the total energy deposited in each 
coil is 2. 0 J. 

Another mechanism of energy deposition is through the eddy current heating in the 
pure Cu wires soldered to each superconducting wire. The effective diameter of 
the 7-wire cable is 1.58 mm, thus the eddy current power per unit volume of copper 
around the composite conductor is 

( 3-3) 

. 
where Bis the rate of change of the magnetic field in the midplane TF-coil center-. post region and Dis the effective diameter of the 7-wire cable. For B of 8 T/s, 
D of 1.58 mm and p of 2 x 10-lO ohm-m, the heating rate is 6.6 x 104 W/m3. Since 
the total volume of wires per coil in the 0.4 m length midplane section of the 
centerpost is 6 x 10-3 m3, the total energy deposition per 5 ms startup is 2.0 J. 
Thus, the energy deposition due to plasma startup is about 4.0 J for the 0.4 m 
long midplane portion of each TF-coil. For three TF-coils it is estimated that 
no more than about 100 J will be deposited in the entire volume of the coils. The 
energy deposition in the pullback coils and shim coils may amount to 20 J per 
startup. For the toroidal field system, this amounts to 120 J per startup or 
240 J per shot including losses on shutdown. The period of operation is planned 
to be 6 minutes per shot, indicating a refrigeration load of about 0.7 W. This 
will require 0.9 t/hr of liquid helium based on 1.38 t/hr per W of heat flow. 

3-60 



3.2.6.5.2 Ohmic Heating at Splices. The winding arrangement shown in Sec
tion 3.2.3.1 requires 25 splices to be made in each TF-coil to join layers. Each 
splice would be made by separating the cable (Fig. 3-11) into its 12 subconductors, 
removing the insulation from the subconductors and soldering subconductors of one 
cable to those of the other. To minimize the resistance of the splice, the cables 
would be joined over most of the length available (e.g., the distance between 
turn 40 and turn 41 in Fig. 3-10). The resistance of the splice was estimated as 

t Pcu (2d) 20 Pcu 
R - P - 10 --- -- A - dL - ---=L-- ' ( 3-4) 

where p, i, and A are the effective resistivity, length, and area of the conduct
ing path between superconductors, Pcu is the resistivity of cryogenic copper, dis 
the diameter of the composite core (see Fig. 3-11), and Lis the length of the 
splice. A factor of 10 was included as a conservative estimate of the added 
resistance due to solder between the copper wires. For a splice length of 0.4 m 
and a resistivity of copper of 2 x 10-10 ohm-m, a resistance of 10-8 ohm was cal
culated. The power loss in the 75 splices in the three TF-coils is given by 

q = 75 (12 I2 R) ( 3-5) 

where I is the current per subconductor (167 A). The total loss in all splices in 
all three TF-coils was calculated to be 0.25 Wand rounded to 0.3 W to allow for 
losses in any splices that may be needed in the pullback and shim coils. The 
liquid helium needed to remove this heat is 0.4 t/hr. 

3.2.6.6 Liquid Helium Requirement. The liquid helium supply for all the super
conducting magnets will be obtained by upgrading the refrigerator/liquefier 
presently being used for the High Field Magnet Test Facility. The supply capacity 
will be 25 t/hour, regardless of the gaseous helium temperature. 

The estimated liquid helium requirement to remove heat leaking into the coils are 
summarized in Table 3-8. The requirements for liquid helium to remove heat leak
ing in through the supports and from the radiation shields are taken from calculated 
results given in previous sections. The requirement for liquid helium to cool the 
leads is based on the use of an optimized lead that transmits one watt of heat per 
kiloampere of current capacity. 
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T~ble 3-8 

ESTIMATE OF RST LIQUID HELIUM REQUIREMENTS 

Heat Liquid He Requirement Number Shield Number Through 
Coil of kA/ Area of Supports (t/hour) 

System Leads Lead (m2) Supports (W) Supports Shield Leads 

TF 2 2.0 53 4 2.2 3.1 2.9 5.5a 
Pullback 6 0.5 11 6 2.0 2.7 0.61 4.la 
Shim 2 0.5 3.6 6 0.6 0.8 0.20 1.4a 

aLiquid helium cooling is assumed. Actually, the leads are designed 
to be cooled by helium vapor boiled off from each coil and require little 
additional liquid helium. A total of 2 t/hour has been allowed for all 
coil leads. 

As shown in Table 3-8, the heat leakage into the electrical leads would require 
about as much liquid helium as is required to remove all other heat leakage were 
the leads not cooled primarily by helium vapor. Fortunately, helium vapor has a 
high heat capacity. More heat is absorbed in heating the vapor to 8 K than is 
absorbed in vaporizing the liquid at 4.2 K. If the vapor is heated to 12 K, the 
heat removal capacity is more than treble that of vaporization alone. Although 
the leads can probably be cooled by vapor alone a conservative allowance of 2 £/hr 
was included for lead cooling. 

The liquid helium requirements for removing both heat leakage and internal heat 
generation from the superconducting coils are summarized in Table 3-9. The total 
requirement of 14 t/hr is substantially less than the 25 t/hr capacity of the 
liquefier, indicating that the liquefier will be adequate for the RST. 

Table 3-9 

SUMMARY OF LIQUID HELIUM REQUIREMENTS 

Heat transfer from radiation shields 
Heat conduction along supports 
Lead cooling 
Ohmic heating at splices 
Pulsed field losses 
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3.2.6.7 Liquid Nitrogen Cooling Requirements. Liquid nitrogen cooling is employed 

to reduce the liquid helium boiloff as described previously. Cooling tubes are 

attached to the radiation shields, the central support cylinder, the TF-coil outer 

leg supports and the pullback coil support structures. The liquid nitrogen boil

off rates in liters/hour are approximately 0.5 for the thermal radiation shields, 

0.5 for the central support cylinder, 0.5 for the TF-coil outer leg supports and 

6.2 for the pullback coil support structures. 

Liquid nitrogen is also used in the helium liquefier to cool compressed helium 

gas to about 80 K. When operating at its rated capacity of 25 £/hour of liquid 

helium, the liquefier will consume about 25 £/hour of liquid nitrogen. 

During cooldown of the coils from room temperature to 80 K, the rate of liquid 

nitrogen boiloff in the heat exchanger of the refrigeration unit is a few times 

greater than the case under normal operation of the coils. The duration of the 

cooldown to 80 K, however, is only about three days, so that this will not have 

a significant effect on the annual requirement for liquid nitrogen supply. 

The total liquid nitrogen requirement under normal operation is 33 £/hour, which 

amounts to about 300,000 £/year or 13 semitrailer loads. Most of this is used to 

cool the helium liquefier. 

3.2.7 Power Supplies and Protection Circuitry 

Since the entire toroidal field system is superconducting, power supply require

ments are modest. In typical operation, the current in the coils would be built 

up in the morning preceding a day's operation, and dumped into external resistors 

following operation, for safety. (The coils would of course be maintained at 

cryogenic temperatures at all times.) The charging sequence requires only 30 

minutes with the specified power supplies. 

The three main toroidal field coils are connected in series electrically to ensure 

that the current in each coil is the same. A single low voltage current regulated 

power supply (10 V, 2000 A) is required during the charging sequence; after the 

sequence is complete the power supply can be removed from the circuit. 

The three pullback coils, connected in series, are energized by a separate low 

voltage 500 A current-regulated power supply, and the two shim coils have a similar 

power supply. Due to the mutual inductances among the three coil systems, an 

3-63 



iterative charging sequence is required, and the current regulation of each system 
facilitates this. 

For experiments on the effect of toroidal magnetic field ripple on plasma confine
ment, the current in the pullback and shim coils can be reduced. This will pro
vide a magnetic field ripple which can be varied between 1% and 11%, with toroidal 
mode number of 3. 

In the event of a malfunction of the toroidal coil system, such as a quench, the 
energy must be extracted from the coil on a short time scale. Figure 3-36 shows 
a representative coil charging and protection circuit. In the event of a quench, 
the dump switch is opened and the current decays with a time constant of several 
tens of seconds, with most or all of the energy going to the external dump resis
tors. The power to the resistors is large, several megawatts, but the resistors 
may be made of large bars of steel for good power handling. The entire toroidal 
field system is dumped simultaneously to avoid excessive unbalanced mechanical 
loading of the coils. 
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Figure 3-36 Representative power supply circuit for superconducting magnets 
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3.3 OHMIC HEATING SYSTEM 

The ohmic heating system is used to initiate the plasma by electrical breakdown 

of the low density gas and to heat the plasma ohmically. 

The ohmic heating system consists of a 72-turn solenoid, 14 outer turns, a 100 kA 

motor-generator, and control circuitry. The system is designed to provide a flux 

swing of 0.85 V-s without reverse current flow. The outer turns are designed to 

direct the magnetic field around the superconducting TF-coils and limit error 

fields in the plasma region to less than 5 x 10-4 T. 

3.3.1 Magnetic Field Analysis 

The RST E-coil is designed to provide 0.85 V-s (zero to peak) flux swing for a 

maximum current of 100 kA. The breakdown of the flux swing is as follows. For 

startup, which lasts for about 10 ms, the inductive flux swing is given by 1.5 µ
0 

RIP which for R = 0.8 m and Ip= 90 kA yields 0.14 V-s. The resistive flux swing 

is estimated to be about 0.11 V-s. This leaves 0.60 V-s available for the burn 

portion which gives a 0.4 s long pulse for a one-turn plasma voltage of 1.5 V. 
If a greater burn time is desired, almost 1.0 scan be achieved by fully back

biasing the E-coil and using a switch to reverse the current in the coil. This 

switch is likely to be expensive and require a long lead time for ordering. 

The length of the E-coil solenoid and the position of the outer turns have been 

determined using a GA-developed axisymmetric computer code which optimizes the 

size and location of the outer turns to minimize the magnetic field in the plasma 

region. For the E-coil turns shown in Fig. 3-1 the analysis indicates a maximum 

field of only 3.5 x 10-4 Tin the plasma region. The on-axis E-coil field is only 

1.5 x 10-4 T. It is important to divert the E-coil field away from the super

conducting coils in order to reduce heating due to induced eddy currents which 

boils off liquid helium and might precipitate quenching of the coil. Figure 3-37 

gives contours of magnetic field intensity ranging from 5 x 10-3 T to 0.15 T. It 

is seen that the maximum pulsed field on the TF-coil is about 0.015 T. 

3.3.2 E-Coil 

Although RST is designed to operate without an E-coil, one is provided for the 

purpose of initiating the plasma and for plasma current drive during the early 

phases of experimentation. 
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Figure 3-37 Contours of E-coil poloidal field 
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3.3.2.1 E-Coil Design. A layout of the E-coil solenoid is shown in Fig. 3-38. 
The coil is designed to be driven by an existing 100 kA motor-generator set. The 
flux produced at the maximum current is 0.85 V-s. At maximum current the field 
in the solenoid is 3.1 T. Maximum tensile hoop stress in the E-coil solenoid is 
only 12 MPa (1700 psi). Table 3-10 gives a list of the E-coil parameters. The 
total weight of copper is 6.9 tonnes (15,300 lb) which is split between the sole
noid (66%) and the outer turns (34%). In addition, approximately 15 m of con
ductor (0.5 tonne) is required for turn-to-turn connection and for connection to 
the power supply. The outside diameter of the E-coil was set by the space avail
able inside the TF-coil vacuum jacket inner cylinder (Fig. 3-19). A radial 
clearance of 1 cm is provided. The E-coil turns are formed by an array of four 

3-66 



w 
I 

°' -..J 

140•• 
L__ 

r-

2880•• 
38 TURNS 

(PER LAYER) 

710.• DIA 

--240• 11 DIA 

L180•• DIA 

157•• A- --J 
I 

/ 

227-• R- -i 
I 

'/ 
/ 

-10•• -

Figure 3-38 E-coil solenoid 

355HR· 

111 •• DIA 

- T 

37.2•• 

i-29.3.., .....__2.8•• 

i--- 64.2•• 

80•• 



I~ 

Table 3-10 

E-COIL PARAMETERS 

Type 

Central solenoid 
Outer radius 
Thickness 
Height 
Maximum field 
Maximum hoop stress 

Stored energy 
Total ampere-turns 
Current per turn 
Number of turns 
Inductance 
Resistance 
Mass (including outer turns) 
Peak power 
Total energy requirement/cycle 
Peak voltage required 
Peak current required 
Peak 12R power 
Available flux swing 

Copper 

35.5 cm 
12.8 cm 

2.96 m 
3.1 T 
12 MPa (1700 psi) 
3.2 MJ 

8.6 X 106 

100 kA 
86 
0.64 mH 
1.0 n'2 

6900 kg (15,300 lb) 
21 MW 
5.1 MJ 

220 V 

100 kA 
10 MW 
0.85 V-s 

annealed OFHC copper extrusions in electrical contact with each other wrapped with 
multiple layers of epoxy-fiberglass insulation. Each turn carries 100 kA at maxi
mum current which represents a current density of 2560 A/cm2. The conductors are 
cooled internally with water. Each of the copper extrusions is the same as that 
used in the Doublet III E-coil. This size was chosen since the extrusion die is 
already available. 

To fabricate the coil, a G-11 epoxy-fiberglass winding bobbin is first assembled 
from a cylinder with 7 cm thick walls and two circular end plates which are held 
together by threaded tie rods. The solenoid is wound in two helical layers which 
have opposite pitch to cancel out the vertical components of current. To reduce 
congestion at the bottom of the tokamak both electrical terminals of the coil were 
chosen to be at the top. Figure 3-39 gives a schematic wiring diagram of the 
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HALF TURNS 

Figure 3-39 Schematic wiring diagram of E-coil 

E-coil. All turns of the E-coil are connected in series noting that the four 
outermost turns are half turns. In order to equalize inductance and cooling each 
half turn is connected to a large and small radius turn, as shown in Fig. 3-39. 
Connectors between E-coil turns and to the power supply are kept as close together 
as reasonably possible in order to reduce stray pulsed magnetic fields. 

The first windi.ng of the E-coil solenoid begins at the top where the conductor 
enters the spool. The helical first turn is made using epoxy-fiberglass blocking 
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in the space between the conductors and the end plate. Relative motion between the 
inner and outer conductors comprising one turn should allow bending the turn about 
the mean radius of 25.9 cm. The turn-to-turn insulation is approximately 3 mm 
thick and is applied immediately before winding. At the bottom of the coil the 
space between the wall and the turn is filled as at the top and the outer layer is 
begun. When the last turn at the top is completed the conductors are brought out 
through the hole adjacent to the incoming terminal, as shown in Fig. 3-38, in order 
to minimize stray magnetic fields. All the E-coil turns are connected in series at 
one toroidal location by brazing together the leads to complete the electrical cir
cuit and form continuous channels for coolant flow. 

Deadweight support of the E-coil solenoid is provided from below by an epoxy
fiberglass cylinder as shown in Fig. 3-1. This cylinder is in turn supported 
by a stainless steel pedestal structure. Filaments in the cylinder are in the 
vertical direction to resist the axial load. The E-coil solenoid is lowered into 
the central bore by an outside crane after the inner vacuum jacket cylinder is 
completed. Pins will be used to align the solenoid with the base support. They 
also serve to transmit lateral load in the event of a seismic disturbance. Lat
eral support is provided at the top of the solenoid by the main support structure 
for the same reason. The lower outer E-coil turns are continuously supported by 
stainless steel rings mounted from the floor. The upper outer turns are similarly 
supported from above using auxiliary structure mounted on the main support struc
ture. All support structures will include electrical breaks to prevent the E-coil 
from generating toroidal currents. 

3.3.2.2 E-Coil Cooling Requirements. The energy lost to ohmic heating in the 
E-coil is approximately 25 kJ per shot per meter of coil (8.2 BTU per shot per 
foot). This was conservatively estimated by assuming both the ohmic and inductive 
energy (5.1 MJ) is deposited in the E-coil each shot. In practice, a dump resistor 
can be used to absorb a large portion of the inductive energy (3.2 MJ) to reduce 
the E-coil heating. This heat will be removed by deionized water flowing through 
a 1,11 cm hole in each of the four rectangular copper conductors. Calculations 
indicate the coil can be cooled as one continuous length as long as the inlet 
coolant is connected first to the E-coil solenoid. This will considerably reduce 
the need for interconnecting piping and reduce servicing problems. 

Figure 3-40 is a plot of cooling water temperature rise (6T) and pressure drop 
(6p) as a function of mass flow rate. On Doublet III (~). the cooling water 6p 
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on the E-coil is designed to be as high as 690 kPa (100 psi). If this is taken 

as a limit for the RST E-coil, and 280 kPa (40 psi) is allowed for losses external 

to the coil, the pressure loss through the coil is 410 kPa (60 psi). From Fig. 3-40 

the mass flow rate should be limited to 385 kg/hr (850 lbm/hr). The total flow rate 

to the four coolant channels will be 1540 kg/hr (3400 lbm/hr). The cooling water is 

in the fully turbulent regime at this flow rate. 

With an inlet temperature of 38°c (loo°F), the outlet temperature will be 6o0c 

(140°F), and the mean coil temperature will be approximately 52°c (125°F) at a 

cycle rate of 20 shots/hr. This is slightly lower than the maximum E-coil tem

perature on Doublet III. 

If water cooling is lost, the coil would experience a temperature rise of 1.5°c 
(2.7°F) per shot. Although this is a moderate temperature rise, coolant flow 

will be monitored so that experiments can be suspended to prevent damage to the 

coil if flow is lost. 
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3,3.3 Power Supply and Control 

The power supply for operating the E-coil for plasma startup is shown in Fig. 3-41. 
After the capacitor banks are fully charged, ignition switch S1 is closed. This 
discharges a 0.3 mF capacitor bank directly through the E-coil. The 10 kV from 
the bank is reduced to a one-turn voltage of 120 V by the 82 to 1 turn ratio of 
the E-coil. The 120 V lasts for about 1 ms, which is sufficient to break down 
the gas in the plasma chamber; only 15 kJ of stored energy is required for this 
first fast capacitor bank. 

In order to rapidly build up the plasma current in the ionized gas, a second 
slower capacitor bank is discharged through the E-coil via a transformer. The 
effect of the 5 to 1 transformer is to step the 10 kV bank voltage down to 2 kV, 
which appears to the plasma as 24 V/turn. This voltage lasts about 10 ms, which 
is sufficient to build the plasma current to the design value of 90 kA. About 
0.8 MJ of energy is required in the slow bank to make up for resistive losses in 
the plasma and the E-coil and to store the inductive energy associated with the 
E-coil system. 

MOTOR 
GENERATOR 

12¢STAR 
THYR ISTO R-RECTI FIER 

3¢DELTA-WYE 
TRANSFORMER 

+ 

0.3 mF 

figure 3-41 E-coil power supply 
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When the 16 mF slow bank is nearly discharged, the motor-generator source is 

switched on through activation of the thyristor rectifier. This system utilizes 

a plasma current programmer and a plasma current transducer to generate feedback 

for controlling the thyristor rectifier. Error signals are amplified and processed 

to determine the firing phase angle for each thyristor. In this way the plasma 

current can be maintained in a constant-current mode, which is important for plasma 

thermal stability. 

The motor-generator supplies voltage at 280 V for a maximum voltage on the plasma 

during the constant current phase of 3.4 V, which should be sufficient if the 

effective ion charge number, Zeff• can be maintained below about 2. The motor 

generator can deliver 100 kA maximum, which is sufficient to provide the 0.85 V-s 

required by the experiment. 

3.4 EQUILIBRIUM FIELD COIL SYSTEM 

3.4.1 EF-Coil 

Two EF-coils provide the poloidal field required for plasma equilibrium and sta

bility (see Section 2}. They are located ±35 cm from the midplane allowing suf

ficient space to remove sections of the plasma chamber (see Fig. 3-1). 

3.4.1.1 EF-Coil Design. The design of the EF-coil is shown in Fig. 3-42. The 

EF-coil parameters are given in Table 3-11. Each coil has a mean radius of 1.08 m 

and is constructed of four turns of the same copper conductor used for the E-coil. 

There is only one conductor per turn, with each conductor insulated from the others 

by continuous glass-epoxy sheets. The terminals of the coil are brought out to the 

power supply in a pair in order to minimize stray magnetic fields. 

Since the TF-coils are superconducting and do not have any joints, the EF-coils 

need to be assembled inside the bore of the TF-coil. Two bolted connections are 

required; one at the location of the coil terminals, shown in Fig. 3-43, and the 

other diametrically opposite it, shown in Fig. 3-44. The joints provide both 

current flow and coolant flow. The current is transferred across bolted serrated 

surfaces and the coolant is transferred using flexible lines or tubing. Standard 

tube fittings and plugs can be threaded directly into the copper conductor. 

The EF-coils are supported by three identical ring sections which are practically 

continuous around the coil, but have a small space between sections to break the 

continuous toroidal electrical path. 
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EQUILIBRIUM FIELD COIL PARAMETERS 

Type 
Number 
Mean radius 
Outside cross section (hxw) 
Conductor area 
Total ampere-turns (max) 
Current per turn (max) 
Number of turns 
Average current density (max) 
Peak voltage required 
Peak current required 
Ohmic power (both coils) 
Inductance (both coils) 
Resistance (both coils) 
Mass (each) 
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Copper 
2 

1.08 m 

9.4 x 7.8 cm 
39.8 cm2 

36 X 103 

9 kA 
4 

905 A/cm2 

32 V 

9 kA 
90 kW 
70 µH 

1.1 mS"l 

240 kg ( 530 lb) 
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Each ring section is supported by a bracket welded to one of the three posts of 

the main support structure (see Fig. 3-1). 

3.4.1.2 EF-Coil Cooling. Like the E-coils, the equilibrium field coils will be 

cooled by deionized water. Resistance losses were found to be 21 kJ per shot per 

meter of coil (6.0 BTU per shot per foot). This is based on a conservative one

turn current of 10.5 kA for 10 seconds per shot. In the thermal analysis of the 

EF-coil it was assumed the coil would be initially operated at a cycle rate of up 

to 20 shots/hr, and at a later stage it would be operated at steady state. 

At the cyclic rate of 20 shots/hr it was found that the two coils could be cooled 

in series. Figure 3-45 is a plot of cooling water temperature rise (6T) and pres

sure drop (6p) as a function of cooling water mass flow rate. (The EF-coils on 

on Doublet III were designed to operate at up to 69°C.) If the two EF-coils are 

cooled in series, the cooling water flow rate is 272 kg/hr (600 lbm/hr) and the 

inlet temperature is 38°c (100°F), then the outlet temperature will be 58°c (136°F). 

The 6p at this flow rate is 41 kPa (6.0 psi). 

Figure 3-46 is a plot of cooling water 6T and 6p versus mass flow rate for steady

state operation. In order to limit the Ef-coil temperature to approximately 71°c 

(160°F), it will be necessary to cool each coil separately and to increase the 

coolant flow rate to 1630 kg/hr (3600 lbm/hr). This flow rate will result in a 

31°C (55°F) 6T and 6p of 520 kPa (75 psi). 

Without water cooling the temperature rise of the EF-coils is 5.9°C/shot (10.7°F/ 

shot) at the 20 shot/hr rate, and 36°C/min (65°F/min) when operating at steady 

state. This will require coolant flow to be monitored, and operation of the 

device suspended if coolant flow is lost. 

3.4.2 Power Supply and Control 

The power supply for each EF-coil is a 9000 A, 32 V supply. Such supplies, which 

are solid state, operate from the power line, and are current regulated, are com

mercially available. The average power required to maintain the required 29 

kA-turns in each coil is 100 kW total, but for good programming, large voltage 

swings may be required to accurately track the plasma. To change the vertical 

field by 10% in 3 ms, 32 V will be required to overcome the inductive inertia, 

and the power supply is specified accordingly. Peak power from the supply is 

300 kW. 
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3.5 PLASMA CHAMBER 

3.5.1 Plasma Vacuum Chamber Design 

The design of the plasma chamber for RST is shown in Fig. 3-47, and the major 

parameters of the chamber are given in Table 3-12. It is a toroidal vessel with 

walls of 2.6 nm thick Inconel 625. Solid walls are chosen to facilitate pene

trations for waveguides and diagnostics. As shown in Fig. 3-47, there is ample 

space for the many penetrations that have been identified, and large areas are 

available for additional penetrations. 

The chamber is assembled from three 120° segments. Soft copper (Conflat) seals 

are used at the flanges for vacuum reliability. The vessel is to be vacuum-baked 

after fabrication and installation at about 125°c to remove dissolved gases. The 

inside surface facing the plasma is polished to a near mirror finish to minimize 

total surface area. A low-Z coating may also be applied to reduce impurities in 

the plasma. 

The choice of 2.6 mm wall thickness was based on static structural stability to 

the one atmosphere external pressure. A safety factor of five was used, which 

is representative of standard engineering design. The maximum membrane stress in 

the chamber is over twenty times lower than the maximum acceptable stress. Dyna

mic pulse loading following a plasma disruption was estimated based on a maximum 

poloidal field of 0.1 T. The peak pressure is only 0.04 atmospheres, which is 

negligible compared to the static atmospheric pressure. 

The chamber is supported at the flange joints between segments as shown in 

Fig. 3-48. The chamber is supported by pins that slide in bearings to allow for 

radial expansion and contraction. Spherical bearings are used to prevent mis

alignment. To remove a chamber segment, one first supports the segment and then 

unbolts and removes the spherical bearing from each end. The brackets at each 

end are then unbolted from the posts of the support structure to provide clear

ance for moving the chamber segment radially outward. 

The toroidal electrical resistance of the plasma chamber is 1.7 mQ, matching the 
plasma resistance at a plasma temperature of about 10 eV. During an RST shot, 

the plasma resistance will drop below one-tenth this value in less than 0.2 milli

seconds. The flux penetration occurs on the order of the plasma chamber L/R time 
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Table 3~12 

PLASMA CHAMBER PARAMETERS 

Type Monolith wall, circular 
cross section 

Number of segments 3 
Material Inconel 625 
Major radius 0.80 m 
Minor radius 0.23 m 
Wall thickness 2.6 mm 
Surface area 7.3 m2 

Volume 0.84 m3 

Toroidal electrical resistance 1. 7 mQ 

Toroidal inductance 1.3 µH 
L/R time constant 0.8 ms 
Base pressure $3 x 10-8 torr 

Heat capacity 66 kJ/ 0c 
Mass 160 kg (350 lb) 

constant, about 0.8 milliseconds. If a peak one-turn voltage of 100 Vis applied 
to initiate the plasma about 0.1 V-s is lost in driving current in the walls of 
the plasma chamber. Should additional resistance be desired, a bellows section 
could be inserted. This could also be used to adjust for assembly misalignment. 

3.5.2 Cooling Requirements 

During each pulse of the RST, some 580 kW of power is transmitted to the plasma 
over a period of about 0.5 s. This power passes to the plasma chamber walls and 
limiter as heat. Thermal analyses were performed to determine the effect of this 
transient heating on the chamber and to assess the need for forced convection 
cooling of the plasma chamber. 

The chamber has a thermal capacity of 66 kJ/ 0c. At the projected rf input power 
of 580 kW, the temperature of the vessel increases at the rate of 9°C/s. Each 
0.5 s pulse will raise the mean temperature of the wall only 4.4°C. 
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A limiting estimate of the peak surface temperature at the end of a pulse was 

made by using the formula for uniform heating of the surface of a semi-infinite 

medium(_§_) 

2q ,;-T =T +___Q Kt 
s o k 1r ' 

(3-6) 

where Ts is the surface temperature at the end of the pulse, T
0 

is the uniform 

initial temperature, q
0 

is the uniform heat flux on the surface, k is the thermal 

conductivity of the wall, K is the thermal diffusivity of the wall, and tis the 

time of the pulse. Assuming the full RST power is uniformly distributed on the 

chamber wall, the peak surface temperature is only about s0c above the initial 

temperature, indicating a peak temperature difference across the wall of less 

than s0c. This temperature difference is too low to develop a significant thermal 

stress. 

In the course of continued operation of the RST at the rate of 10 pulses per hour, 

the temperature of the chamber walls will gradually rise at the rate of 4°c per 

pulse, cooling by natural convection between pulses. An equilibrium temperature 

will be reached when the rate of cooling becomes great enough to drop the tem

perature by 4°c during the 6 minutes between pulses. The rate of cooling of the 

torus is well approximated by the formula for cooling of a horizontal pipe in air, 

which is given by (.Z) 

q = 1.32 ~T5/ 4 D~l/ 4 , (3-7) 

where q is the surface heat flux in W/m2, ~Tis the temperature difference between 

the cylinder and the ambient air in °c and D
0 

is the diameter of the cylinder in m. 

At equilibrium with a pulse rate of ten 290 kJ pulses per hour, the temperature 

difference between the chamber wall and ambient is only 3o0c, indicating that 

natural convection should be adequate to cool the plasma chamber. 

3.5.3 Pumping Requirements 

A study was made of the ability of the vacuum pumps used in Doublet Ila to meet 

the pumping requirements of the RST plasma chamber. Two 1.5 m3/s (1500 t/s) tur

bomolecular pumps were used in Doublet Ila along with two small and one large 

(0.5 t/s) roughing pumps. The turbomolecular pumps are each equipped with valves 

and ports of 25 cm (10 in.) diameter. If the pipe connecting one of the pumps to 
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the vacuum chamber is 25 cm in diameter and 2 m long, the net pump speed at the 
torus will be reduced to about 500 t/s. 

To keep plasma impurity levels sufficiently low the chamber must be maintained at 
a base pressure of 4 x 10-6 Pa (3 x 10-8 torr) or less. To maintain this base 
pressure with a pump speed of 500 t/s requires that the outgassing rate from the 
7.3 m2 of wall surface area in the chamber be less than 3 x 10-7 Pa-m/s (2 x 10-lO 
torr-t/s-cm2). This appears to be readily achievable in a chamber that can be 
baked to 125°c. It also appears feasible to maintain a leak rate into the chamber 
of less than 10-7 Pa-m3/s (lo-6 torr-t/s}, as is required. 

It is concluded that the vacuum pumping system used for Doublet Ila can be used 
for RST without major modification. Only one of the two turbomolecular pumps 
used for Doublet Ila will be needed for RST. 

3.5.4 Limiter 

The function of the limiter in RST is to define the outermost flux surface of the 
plasma, and to accept the bulk of the plasma energy transported out of that flux 
surface. It acts to protect the plasma chamber from excessive or localized heat 
fluxes, and it can be made of materials that may be unsuitable for the plasma 
chamber but which have properties particularly suitable for interfacing with a 
hot plasma, for example, low atomic number. 

In limiter design, a number of criteria are important. First, the limiter must 
be able to accept the heat flux from the plasma without surface melting or exces
sive vaporization, and without eventual fatigue cracking due to cyclic thermal 
shock. The limiter must be designed to have sufficient heat capacity so that 
excessive temperature can be avoided. The limiter must be able to accept area
sonable flux of runaway electrons without local melting. Limiters made of high 
atomic number materials, like tungsten and molybdenum, are to be avoided since 
atoms of these species may not be fully ionized in research or fusion plasmas, 
and therefore may contribute strongly to plasma losses through atomic line radia
tion and enhanced bremsstrahlung. Finally, heat removal from the limiter must be 
facilitated. These criteria are discussed quantitatively for a large number of 
substances in Appendix C. 
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In RST, the heat flux is quite large for a small plasma. By way of comparison, 

Doublet III would have to be operated at 6.4 MW input power in order to achieve 

wall power fluxes of 8 W/cm2, which is what RST will attain with a total power 

(rf plus ohmic) of 580 kW. The heat flux to the limiter is therefore severe in 

RST. On the other hand, runaway electron generation should be a relatively minor 

problem in RST since most of the input power is in the form of rf. For RST we 

therefore pick copper as the most suitable limiter material, due to its large heat 

flux handling capability, second only to the refractory metals, which are unsuit

able due to their high atomic number. 

Copper is an intermediate-Z material, very similar to iron, chromium and nickel of 

the stainless steels. If introduction of copper impurities to the plasma becomes 

a major problem, the surface of the limiter can be coated with a thin layer of 

low-Z material. Beryllium is a promising candidate for this purpose, due to its 

very low atomic number and moderately high melting temperature and heat conduc

tivity. Silicon carbide is another good possibility. However, further progress 

in the technology of thin coatings will have to be made before the feasibility of 

the technique can be assessed with confidence. For RST, the initial limiter will 

be bare copper. 

The equation governing heat flow in an isotropic solid is 

ct2T dT 
K -2 = dt ' 

dx 
(3-8} 

where K is the heat diffusivity given by K = k/Cp, where k is the heat conductiv

ity, C is the heat capacity, and pis the mass density. If a solid of thickness t 

starts at time t = 0 with uniform temperature T
0

, and a constant uniform heat flux 

q
0 

is applied to x = t surface while the x = 0 surface is insulated, the tempera

ture obeys the equation 

T(x,t) = T + qot [Kt+ F(x,t)l 
o k £2 J (3-9) 

where 

F(x,t) 3x2 - i 2 
=---,,....-

6£2 

oo ,,,n 22 2 
2 ~ .ilL._ e-Kn 1r t/t cos n1rx 

- 7T2 L-, 2 t 
n=l n 

is given in Ref.(_§_). 
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In RST, we expect initial operation conditions to be about 0.5 s pulses of about 

580 kW total power at 6 minute intervals. The fraction of the input power that 
wi'll intercept the limiter is not known; typical results in tokamaks seem to be 
10 to 50%. Cleaner discharges have higher limiter fluxes, since less of the power 
is radiated as line emission or bremsstrahlung. If 30% of the power intercepts 
the limiter in RST, and the effective area of the limiter is 100 cm2, then the 
heat flux is 1.74 kW/cm2, and the temperature excursion of the heated copper sur
face of a 1 cm thick limiter is 4oo0c, which is quite acceptable. The correspond
ing temperature rise of the insulated surface of the limiter is about 200°c. 

The effective area of interaction between the plasma and the limiter may easily be 
made 100 cm2 or larger. Most difficult to estimate is the radial extent of the 
interaction, since the heat diffusion coefficients in this region are not under
stood. As a reasonable estimate, the coefficient is assumed to be one-tenth of 
the Bohm coefficient. Then the radial extent of the interaction, a, is given by 
a= /Di:, where D = (l/160)(kTe/B). The characteristic time, is the time over 
which the diffusion processes act on a particle; approximately,,= TTR/cs, where 

cs is the sound speed y'3kTe/Mi. If we assume that the average electron tempera
ture in this region is 50 eV, that B = 1.5 T, and R = 0.8 m, then a= 2.1 cm. 

The poloidal interaction region, c (see Fig. 3-49), of the limiter must be com
parable to the plasma minor radius; say, half the radius, 10 cm to be conservative. 
Then the width of the limiter, b, must be such that (2a + b)c is at least 100 cm2. 
For a= 2 cm and c = 10 cm, bis 6 cm. A limiter with these dimensions should be 
suitable for RST. 

Heat must actively be removed from the limiter for two reasons. First, the heat
ing due to the plasma interaction may be local, and the heat diffusion time for 
the limiter to come to a uniform temperature is 22/K, where i is a dimension char
acteristic of the length of the limiter, which is longer than the period between 
plasma discharges. Therefore, the local temperature may considerably exceed the 
average temperature, and local melting may occur. Second, even if the temperature 
becomes uniform, the average power of 240 W must be removed from the limiter. If 
the emissivity of the copper is 0.2, the radiation equilibrium temperature is 
500 K. A single discharge then brings the temperature to 929 K, which is too high. 
Active cooling can be done either by means of a coolant flow channel in the copper 
or by conduction to the outside of the vacuum chamber through thermal contact 
between the limiter and the walls. A gas coolant channel is probably simplest, 
and the requirements on the gas flow rate are not severe. 
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Using the geometry of Fig. 3-49, the heat conduction time to a coolant channel is 

about b2/4K, or about 8 s, so that during the 0.5 s discharge very little heat 

will be removed, but there is adequate time between shots, 360 s, for effective 

cooling. The heat capacity of the limiter is sufficient to maintain an average 

temperature increase in the plasma interaction region below 3oo0c if the thick

ness is 1 cm. 

A disruption might cause a significant fraction of the energy stored in the plasma 

to impinge on a small fraction of the limiter surface in a short time. The total 

stored energy in the plasma is about 1500 J; if 20% of that total hits the limiter 

over a period of 30 µs, then the energy flux is 167 kW/cm2, and the surface tem

perature rise is 680 K, for a final temperature possibly as high as 1360 K. Of 

course, this will cause local melting and evaporative cooling of the limiter sur

face. The copper atoms removed from the limiter by evaporation will enter the 
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discharge causing further edge cooling, which tends to drive the disruptive insta
bility. However, the copper atoms will condense on the vacuum chamber wall follow
ing the discharge, and they should not cause problems in subsequent discharges. 

The temperature difference of 200 K developed across the 1 cm thick limiter during 
a discharge can produce large thermal stresses in the copper. After many applica
tions these can lead to thermal fatigue cracking. One way to reduce thermal 
stresses is to allow free deformation wherever possible. By cutting the limiter 
in two as shown in Section A-A of Fig. 3-49, thermal stresses in the toroidal 
direction would be largely relieved. A number of cuts in the radial direction 
(see the upper view of Fig. 3-49) would largely relieve thermal stresses in the 
poloidal direction. Thermal stresses will have to be given careful attention in 
the preliminary and final design of the limiter for RST. 

3.6 RF SYSTEMS 

The rf systems provide the power that drives the plasma current. The systems 
include a high power high voltage direct current power supply with a current 
modulator, a high power microwave tube, power transmission line, antenna, and 
diagnostics and control. 

About 400 kW of rf at 1.7 GHz is required for lower hybrid wave current drive. 
This requires a power supply delivering 8,3 A at 80 kV, and two modulators and 
microwave klystrons. The purpose of the modulator is to pulse the tubes on, 
regulate the current, and quickly shut off the current in case of an arc in a 
tube. The power supply requires a 13.8 kV line delivering 50 A (690 kW). 

Power transmission from the source to the tokamak can be done either with coaxial 
lines or waveguide. Waveguide pressurized with SF6 is most reliable, but physical 
size is large. Coax is more practical but lossy at these high frequencies. In 
either case, care must be taken that the vacuum window lies inside the region 
where the transmission line passes through a local electron cyclotron resonance 
in the fringing magnetic field for the tokamak. 

Directional couplers must be installed in the transmission line to measure forward 
and backward power, and an isolator must follow the microwave tubes to protect 
them from power reflections caused by insulation breakdown in the transmission 
line. 
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The antenna which launches the wave into the plasma looks conceptually like 

Fig. 2-15. This is a set of 8 narrow waveguides set side-by-side in the toroidal 

direction. This set of waveguides, called a waveguide grill, can launch a direc

tional wave if the phase of the electric field of each waveguide is set correctly. 

The dimensions of the waveguides are 12 cm high by 0.5 cm wide, for a waveguide 

grill 12 cm by 4 cm. Four grills are capable of handling the power without 

approaching the multifactoring limit on electric field. 

3.7 MAIN SUPPORT STRUCTURE 

The main support structure, shown in Fig. 3-50, provides support for all compo

nents other than the TF-coils and the E-coil solenoid. All support structure is 

type 304 stainless steel. There are three main elements of the support structure. 

Three vertical support posts form the base of the support structure. Each post 

is a weldment of two hollow square tubes which. are tied together by diagonal mem

bers so that the tubes act as a single member. This design provides adequate 

stiffness to limit seismic response (see Appendix A). It also provides support 

for the twisting moments resulting from the pullback coils and for the loads 

resulting from the deadweight of the various components of the tokamak, such as 

the plasma chamber and EF-coils, which are supported from these posts. 

The pullback coil support consists of two circular rings and three beam supports 

which are described in greater detail in Section 3.2.4.2.1. 

The top support structure includes five rings at the top of the machine and their 

connecting spokes. The largest cross section ring has the same mean radius as 

the shim coil and provides support for the upper shim coil. This ring is sup

ported by three radial beams which are bolted to the top of the support posts. 

The beams also provide lateral support for the E-coil solenoid and the other sup

port rings. The purpose of the rings is to provide continuous support for the 

upper E-coil turns. 

The RST support structure is erected following the installation of the central 

support cylinder and the three TF-coils. 
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3.8 FACILITY AND EQUIPMENT REQUIREMENTS 

3.8.1 Buildings 

The maximum radius of the RST is 2.99 m, and the minimum width of a pullback coil 

assembly is 1.45 m. A floor area of 9 m x 9 m will be needed to house RST and 

allow the pullback coils to be moved around the RST on all sides. A narrower 

building, about 7 m, could accommodate RST if there were access to remove a pull

back coil from both ends of the building, 

The maximum height of the RST above floor level is 4.45 m. To allow space for a 

5 ton hoist above the RST, a building of nearly 6 m height is needed. The RST 

extends into a rectangular pit 0.85 m below floor level. The pit and the floor 

around it are reinforced concrete designed to support the 33,000 kg mass of RST. 

The pit will require about 11 m3 (15 cubic yards) of excavation. 

In addition to the RST building, space is required to house the power supplies, 

rf systems, refrigeration unit, instrumentation and control system, and data 

acquisition system. The total floor area required for these is about 400 m2. 

3.8.2 Electrical 

The electrical requirements for RST are shown in Table 3-13. The largest use by 

far is for the rf systems, 1200 kW. The total requirement is 1800 kW, which 

should be supplied by a three phase medium voltage (probably 13.8 kV) power line 

for local step-down and distribution. 

Table 3-13 

ELECTRICAL POWER REQUIREMENTS 

kW 

RF supply 1200 

EF-coil supply 300 

Motor-generator 100 

Capacitor charging 20 

Superconducting supplies 30 

Refrigeration 50 

Diagnostic and control 50 

General 50 

1800 
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3.8.3 Refrigeration 

The superconducting magnets require a refrigeration capacity of at least 14 t/hr 
of liquid helium. To provide a comfortable margin a unit with 25 t/hr of liquid 
helium capacity has been specified. 

Liquid nitrogen is used to cool thermal radiation shields and structural support 
members and to cool compressed helium gas in the refrigeration unit. The total 
requirement for liquid nitrogen is about 300,000 t/year. 

3.8.4 Vacuum Pumping 

A turbomolecular pump with 1500 t/s speed has been specified for high vacuum pump
ing of the RST plasma chamber. A small backing pump will be needed with this as 
well as a larger roughing pump of about 500 t/s (1060 cfm) capacity. 

To pump down the dewars for the superconducting coils, a small roughing pump and 
an oil diffusion pump are used. Once the dewars are evacuated, the pumps are 
valved off. 

3.8.5 Diagnostic and Control 

The diagnostics required for RST and their port requirements are shown in Table 3-14. 
These are the basic diagnostics; additional ports should be provided for new diag
nostics, such as diagnostic neutral beams and infrared laser-scattering. 

A machine as complex as RST should be fully integrated with a computerized control 
system, which should operate in real time and control all machine functions, The 
automatic system should monitor helium vessel temperatures at numerous locations 
for each superconducting coil, superconducting and normal coil currents, dewar 
vacuum, plasma chamber pressure and temperature, power supply status, and many 
other important systems. 

The computer-controller should also direct the firing sequence for plasma startup, 
current flat-top, shutdown, and trigger the operation of the diagnostics. It 
should also collect and store for processing all of the raw data. 

These computer control functions have been routinely built into recently construc
ted machines, such as Doublet III, and they are necessary for RST. 
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Table 3-14 

DIAGNOSTIC ACCESS REQUIREMENTS 

Diagnostic 

Magnetic loops 

Microwave interferometer 

Thomson scattering 

Charge exchange analyzer 

Soft X-ray analyzer 

X-ray instability diagnostic 

Evacuable visible spectroscopy 

Grazing incidence spectroscopy 

Microwave radiometer 

Hard X-ray monitor 

Surface physics station 

Bolometer 

3.9 CONSTRUCTION SCHEDULE AND COSTS 

Access Requirement 

External to plasma chamber 

Two 5 cm ports on vertical line 

Two 5 cm ports on a vertical line, 
and one 5 x 20 cm port 

One 10 cm port on midplane 

One 2.5 cm port 

One 10 cm port 

One 5 cm port on midplane 

One 5 cm port on midplane 

One 5 cm port 

External 

One 10 cm port 

Four 2.5 cm ports 

Figure 3-51 illustrates the schedule for RST major device fabrication (MDF). The 

MDF is assumed to begin in mid-year FY 80 following an intensive engineering 

design phase in the first half of the year. RST construction requires two years 

with completion of the MDF scheduled for mid-FY 82. As the engineering design 

advances and as firm commttments from vendors are obtained, the schedule can be 

refined as necessary. Project milestones and preliminary dates are given in 

Table 3-15. 

The superconducting magnet components represent the pacing item in the schedule. 

Orders for superconductors will be placed during the first month of the MDF, and 

fabrication of the TF-coil helium vessels will begin soon thereafter. The TF-coils 

are scheduled to be completed and ready for installation 12 months after initia

tion of the MDF. The installation and testing of the TF-coil and shim coil sys

tems are scheduled to be completed in an additional five months, during which time 

other project subsystems are being advanced in parallel. The next item on the 

critical path is installation of the E-coil solenoid, then installation of outer 

E-coils, EF-coils, plasma chamber, and support structure in a sequence to be 
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TASK/MONTHS 

1. TF-COILS 

2. SHIMCOILS 

3. PULLBACK COILS 

4. E-COIL SOLENOID 

5. OUTER E-COILS AND F-COILS 

6. PLASMA CHAMBER SYSTEM 

7. STRUCTURE 

8. CRYOGENIC SYSTEM 

9. POWER SYSTEMS 

10. FINAL ASSEMBLY 

TF-COILS 

SHIM COILS 

E-COIL SOLENOID 

PLASMA CHAMBER 

E-COI LS, EF-COI LS 

PULLBACK COi LS 

SUPPORT STRUCTURE 

11. FINALSYSTEMSCONNECT 
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Table 3-15 

RST-MDF MILESTONES 

Event 

Complete TF-coil fabrication 

Complete plasma chamber fabrication 

Complete cryogenic system installation 

Complete TF-coil and shim coil installation 

Complete E-coil solenoid fabrication 

Complete E-coil solenoid installation 

Complete installation of plasma chamber 

Complete installation of E-coils and EF-coils 

Complete pullback coil fabrication 

Complete subsystems tests 

MDF completion 

Interval from MDF initiation. 

* Date 
(months) 

12 

13 
13 

16 
17 
18 

19 
21 

22 
22 

24 

optimized during detailed engineering design. Since the pullback coils are modular, 

they can be incorporated into the machine configuration late in the MDF schedule, 

just prior to the final system connection. 

The MDF cost estimate includes only fabrication costs and does not cover work to 

engineer, design, test, or operate RST. Table 3-16 summarizes the total project 

direct and indirect costs. Table 3-17 lists estimated costs by fiscal year. The 

total MDF cost is $4.2 million. 
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Table 3-16 

RST COMPONENT COST (BASED ON CONSTRUCTION SCHEDULE) 
($ X 1Q3) 

Material Labor 
and Man- Sub-

Equipment hours $ contract 

Plasma chamber -- 577 13.0 52.2 
Magnetic coils 

TF-coil s (s/c) -- 12,800 278.6 1033. 3 
E-coil (n/c) -- 5,417 118.9 348.5 
EF-coils (n/c) -- 1,137 27.0 22.7 
Pullback coils (s/c) -- 7,412 165.3 266.0 
Shim coils (s/c) -- 3,508 79.4 59.6 

Mechanical components 
Support structure -- 672 14.4 331. 5 

Auxiliary systems 
Cryogenic system 47.2 474 10.1 --
Plasma chamber and limiter 78.6 317 6.8 --
Magnet cooling system 14.3 160 3.4 --

Foundation modification -- 474 9.6 22.1 
Power supply 17.4 2,377 49.3 167.3 
Electrical control system 7.4 1,232 25.9 --
Subassembly functional testing -- 1,360 41.8 ---- --

Subtotal 164.9 37,877 843.5 2303.2 
Travel -- -- -- --
Indirect costs 

Construction management -- 5,425 181.1 --
QA -- 925 36.1 ---- --

Subtotal 164.9 44,227 1060.7 2303.2 
G&A (35%) 

Subtotal 
Fee (8%) 

Total 
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Total 

65.2 

1311.9 

467.4 

49.7 

431.3 

139.0 

345.9 

57.3 

85.4 

17.7 
31. 7 

234.0 
33.3 

41.8 

3311.6 

14.9 

181.1 

36.1 

3543.7 

371.2 

3914.9 

313.2 

4228.1 
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Description 

Direct costs 
Fabrication material 
Labor 
Subcontract 

Subtotal 
Indirect costs 

Table 3-17 

RST PROJECT COST SUMMARY 
($ X 1Q3) 

FY 80 FY 81 

and equipment 164.9 --
9.6 564.3 

-- 1705.7 --
174.5 2270.0 

Construction management 44.3 91. 7 

QA 9.0 18.5 

Travel -- 14.9 --
Subtotal 227.8 2395.1 

G&A (35% labor) 22.0 236.1 --
Subtotal 

Fee (8%) 20.0 210.5 

Total project cost 269.8 2841.7 
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597.5 2303.2 --
867.1 3311. 6 

45.1 181.1 
8.6 36.1 

-- 14.9 --
920.8 3543.7 
113.1 371. 2 

3914.9 

82.7 313.2 

1116. 6 4228.1 
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Appendix A 

SEISMIC ANALYSIS OF RST 

The configuration of RST is such that it could be subject to seismic problems. It 

contains large masses which are supported relatively high. For example, the upper 

portion of the machine contains several large masses such as the E-coil, the E-coil 

support structure, etc., which are supported by the three main support columns. 

Depending upon its natural frequency, this portion of the structure could experience 

large displacements if the RST machine was subjected to horizontal seismic excitation. 

The pullback coils, with their large mass, represent another area of concern. 

An analysis was performed to ascertain whether or not RST would actually have seismic 

problems. Fundamental natural frequencies were calculated for suspect portions of 

the machine and compared to the upper limit for seismic excitation of 33 Hz. The 

basis for choosing 33 Hz as the lower limit for structure natural frequencies is the 

response spectra contained in Ref. (l), These show that a single-degree-of-freedom 

damped oscillator with a natural frequency equal to or greater than 33 Hz will 

experience only the ground acceleration during a seismic event. That is, the 

oscillator acts as a rigid body. This has been applied to a structure by assuming 

that the structure will also act as a rigid body if its fundamental natural frequency 

equals or exceeds 33 Hz. In such a case the structure would be subjected only to 

the ground acceleration which is small, on the order of 0.2 g, and should not 

present a problem. 

ANALYSIS 

The seismic analysis of the RST machine consists of an examination of the follow

ing four items: 

1. Horizontal vibration of a pullback coil and its vacuum jacket. 

2. Vertical vibration of a pullback coil and its vacuum jacket. 

3. Horizontal vibration of the masses at the top of the RST machine. 

4. Out-of-phase vibration of a TF-coil. 
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PULLBACK COIL - HORIZONTAL VIBRATION 

In this mode it is assumed that a pullback coil, its vacuum jacket and supports 
vibrate in a horizontal plane in response to horizontal excitation. The coil 
selected for analysis is assumed to have its direction of motion oriented in a 
radial direction parallel to the-direction of the ground motion. 

The total mass of the coil, its vacuum jacket and supports is hung from the support 
rings. The coil itself is supported by fiberglass columns and associated structures. 
See Fig. 3-27 for details. The following assumptions were made in order to reduce 
the structure to a simple two-degree-of-freedom-system: 

1. The coil and the vacuum jacket are modeled as concentrated masses. 

2. The portion of the vacuum jacket which encloses the support columns 
is rigid (i.e., k= 00 ) due to its large cross section and its relatively 
high modulus of elasticity when compared to the modulus of the fiber
glass columns. 

The following additional assumptions were also made: 

1. The coil and vacuum jacket are attached to the support rings at one 
location rather than at two, as is actually the case. 

2. The coil is supported by two fiberglass columns versus the four used 
in the actual design. 

The last two assumptions are felt to be conservative since the actual design is 
stiffer than the model. 

A two-degree-of-freedom model was generated where the mass of the pullback coil is 
connected to the combined mass of the vacuum jacket and support beams by the stiff
ness of the fiberglass support posts. This assembly is, in turn, connected to 
the excitation by the bending and axial stiffness of a 120° segment of the support 
rings. The fundamental natural frequency which was calculated is 46 Hz which 
is above the 33 Hz limit. Therefore, this mode of vibration does not appear to 
be a problem. 

PULLBACK COIL - VERTICAL VIBRATION 

In this mode it was assumed that a pullback coil and its vacuum jacket vibrate in 
a vertical direction in response to vertical ground motion. Moments due to the 
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coil and vacuum jacket weights are assumed reacted as couples at their respective 

supports. For the support rings this produces a load acting radially inward 

on one ring and outward on the other, producing a vertical deflection at the C.G. 

of the jacket and coil. The coil C.G. deflects additionally in a similar fashion 

due to the tension and compression developed in the respective fiberglass support 

columns. There is an additional component of coil deflection caused by bending 

of the support columns due to the weight of the pullback coil. The vertical deflec

tion of the support rings due to bending was ignored in the analysis as well as 

shear deflection of the fiberglass support columns. This is unconservative but 

does not affect the conclusions drawn from this analysis. As in the previous 

analysis, it is assumed that the coil and vacuum jacket could be modeled as concen

trated masses and that the vacuum jacket is rigid. A two-degree-of-freedom model· 

was generated, similar to that for horizontal vibrations. The natural frequency 

calculated is 24 Hz which is within the seismic range. 

HORIZONTAL VIBRATION OF MASSES AT THE TOP OF RST 

There are several large masses located in the upper portion of the RST machine. 

These masses are supported by three main support columns. The upper portion of 

the machine is thus susceptable to vibration in the horizontal plane. The analysis 

which was performed assumed that each of the three support columns could be treated 

as a vertical cantilever beam fixed at its bottom with a mass at its top end 

representing one-third of the mass of the major items at the top of the machine. 

The top masses includes that of the upper half of the E-coil solenoid, the outer 

E-coils, the top beams, the top ring, and a contingency of approximately 340 kg 

(750 lbs). An additional mass was applied near the mid-height to represent the 

structure which is attached to the support columns at that height. 

Each support column consists of two columns tied together with suitable structure 

to ensure that the two columns function as flanges of an I beam. The redesigned 

column is a rather deep beam. Nevertheless, shear deformation was ignored in 

calculating the new natural frequency. 

The natural frequency was evaluated using the Rayleigh method and it was found to 

be 35 Hz which is close to the desired limit of 33 Hz. 



OUT-OF-PLANE VIBRATION OF A TF-COIL 

This natural frequency was calculated using a very simple model consisting of a beam 

with a distributed mass, fixed at one end and simply supported at the other. The 

fixed end represents the point of attachment of the TF-coil to the upper support 

flange of the central support cylinder. The simple support boundary condition 

models the outer leg supports. The calculated natural frequency is 76 Hz. 

RESULTS 

The calculated natural frequencies are summarized below: 

Fundamental 
Component Type of Motion Frequency 

Pull back coil Horizontal 46 Hz 

Pull back coil Vertical 24 Hz 

E-coil solenoid, Horizontal 35 Hz 
upper outer E-coils, 
structure, etc., at 
top of machine 

l TF-coi l Out-of-plane 76 Hz 

The frequencies which are tabulated above are applicable to the shutdown condition. 

The large magnetic forces which are present during operation could exert a stiffening 

effect which might raise the natural frequencies. This is something which could 

be investigated during detail design. 

CONCLUSIONS 

There is one natural frequency below the lower limit of 33 Hz and it is associated 

with excitation of the pullback coils in the vertical direction. This means that 

some amplification of vertical ground acceleration can be expected depending on the 

amount of structural damping. The magnification is not expected to be significant 

and it is felt that this is an item which can be handled during detail design. A 

much more sophisticated seismic analysis can be performed at that time and the 

results of that analysis may suggest solutions which can be incorporated into the 

final design. It is felt that the seismic response associated with the pullback 

coils will be less severe when the TF-coil system is energized due to the stiffening 

effect of the magnetic forces. 

REFERENCE 

1. U.S. A.E.C. Regulatory Guide 1.60, "Design Response Spectra for Seismic Design 
of Nuclear Power Plants". 
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Appendix B 

EVALUATION OF METAL SUPPORTS FOR SUPERCONDUCTING COILS 

A brief materials search was performed to assist in the selection of metallic 

structural materials for low thermal-loss superconducting magnet supports. The 

objective was to identify candidate metals which, when formed, have potential 

tensile carrying capacities equal to glass monofilament composites with equal or 

less thermal conductivity than the glass filament composites. All metals discussed 

in this Appendix lend themselves to conventional fabrication processes such as 

machining, forging, welding, etc. 

Data are presented for two materials: Inconel 718 and Titanium 5Al-2.5 Sn. Type 

A-286 stainless steel was also considered a candidate material. The properties 

for A-286 were not included as they are similar to Inconel 718. A fourth material 

which is recommended for investigation is the Standard Pressed Steel Company 

multiphase corrosion resistant high strength alloy. 

The fundamental parameter used in comparing the various metals to glass filament 

composites was the ratio of thermal conductivity over the range of operating tem

peratures to allowable tensile working stress at the same temperatures. Table B-1 

gives the results of this comparison for 4.2 K (saturated helium at one atmos

phere), 39 K (mean vacuum jacket temperature) and 78 K (saturated nitrogen at one 

atmosphere). On the basis of this comparison 20% cold worked and aged Inconel 718 

appears attractive as a tensile structural support material over the range of 

operating temperatures. Modulus of elasticity and ductility also appear favorable 

for Inconel. Representative values at 39 Kare 220 GPa and 32% elongation, 

respectively. 

In the design of epoxy-fiberglass tubular support posts for the TF, shim, and pullback 

coils, wall thicknesses of 3.5, 10, and 5 mm were found to be needed based on an 

allowable stress of 140 MPa (20,000 psi). If these same support posts were made 

of one of the metal alloys considered here, the wall thickness would range between 

0.4 and 1.5 mm. Tubes with such thin walls are not expected to be sufficiently 

reliable against denting and buckling. As a result of this, and the broad 



experience with use of epoxy-fiberglass for cryogenic applications, epoxy-fiberglass 
was selected for use in support structures for the superconducting magnets. 
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Table B-l 

COMPARISON OF MATERIALS FOR SOPERCONDUCTING COIL SUPPORTS 

k (W/m-K) b ( -3 Sallowable (MPa) k/Sallowable 10 W/m-K-MPa) 
Candidate 
Material 4 K 39 K 78 K 4 K 39 K 78 K 4 K 39 K 78 K 

Glass filament 
composite 0.0769 0.2759 0.389 210 -70 210 -70 210 -70 0.37 -l.l l.3 -4.0 l.8 -5.5 

Inconel 718c 0.25d -0.34e 4.0e 6.2e 1120 l 070 1040 0.22 -0.3 3.7 6.0 

Inconel 718h 0.25d -0.34e 4.0e 6.2e 1250 1220 1190 0.20 -0.27 3.3 5.2 

Inconel 718 i 0.25d -0.34e 4.0e 6.2e 1450 l 380 1330 0.17 -0.23 2.9 4.7 

Titanium f 

Ti-5Al-2.5 Sn 0.43a 3.0a 4.-4a 1290 1080 940 0.33 2.8 4.6 

aSource - Cryogenic Materials Data Handbook, U.S. Department of Commerce. 

bSource - For metals used 2/3 tensile yield strength given in (a). For glass filament structure use 138 MPa 
(20,000 psi) and 69 MPa (10,000 psi). 

c20% CR= Aged [718°C{l325°F)/8 hr, FC to 621°C {1150°F), hold 18 hr, Ac], 0.79 mm (0.031 in.) sheet. 

dSource - For drawn (cold worked) Inconel as given in selected cryogenic data notebook Bubble Chamber Group, 
Brookhaven National Laboratory. 

eSource - Annealed Inconel 718 as given in (a). 

fFor normal interstitial content, annealed. 

9source - University of California, Los Alamos Scientific Laboratory, under Contract W-7405-ENG-36 from 
National Bureau of Standards, Thermophysical Properties Division, April 14, 1978. 

h30% CR+ Aged, 0.64 mm (0.025 in.) sheet. 

i50% CR+ Aged [677°c (1250°F)/8 hr, FC to 621°c (1150°F), hold 18 hr, Ac], 0.64 rrrn (0.025 in.) sheet. 





Appendix C 

RST LIMITER MATERIAL SELECTION 

INTRODUCTION 

The limiter in the RST will be in direct contact with the plasma and therefore must 

withstand considerable heat loads from plasma particles, radiation, and runaway 

electrons. At the same time, impurities released from the limiter must cause 

minimum contamination of the plasma. 

Sixteen candidate limiter materials are examined below from the standpoints of 

allowable impurities, runaway electron energy dose, surface heat flux, and thermal 

capacity. It is shown that several other materials may be preferable to tungsten. 

SELECTION CRITERIA 

Four figures of merit are now developed to aid in the selection process. The 

first is for runaway electrons: 

(C-1) 

where de is the nominal 10 MeV electron depth of penetration in the candidate 

material, ~Te is the allowable temperature rise, p and Cp are the density and 

specific heat, respectively, and M is the figure of merit for runaway electrons 
e 2 

and equals the allowable energy load in J/cm. 

For metals, ~Te is taken to be the lesser of the melting point and the temperature 

for a vapor pressure of 10-5 torr. For ceramics, it is taken to be one-half that 

required for thermal stress failure, thereby giving a safety factor of two against 

catastrophic failure. Thermal stress failure is ignored in metals because of their 

ability to flow plastically at high temperatures. 

Note that de is employed linearly in Eq. C-1. Variable de should perhaps be used 

to the third power for spot electron beams because electron scattering would spread 

the energy load over the two directions normal to the direction of impact. For 

C-1 



broad electron beams, however, de should probably be used linearly, as it is 
here. Equation C-1, therefore, may not give enough credit to the electron handling 
ability of low-Z materials in which runaway electrons penetrate deeply and are 
therefore more likely to distribute their energy into a volume comparable to d:. 

The second figure of merit is for allowable surface heat loading. The surface 
temperature rise of a semi-infinite slab subjected to a heat load q is given by 

( 
t )1/2 

ATq = 2 q. vkpCP ' (C-2) 

where tis the time duration of the heat pulse and k is the thermal conductivity. 
The figure of merit is then 

(C-3) 

and is the allowable surface heat flux in W/cm2 for a one second duration. ATq 
is based on the same criteria as Me above except that, instead of the melting 
point for metals, the melting point minus so0c is used to avoid any extensive 
flow of the limiter surface. 

The figure of merit for allowable impurities is 

l M =~-~ I Z(Z - 2) ' (C-4) 

where Z is the limiter mean atomic number, M1 is the same as ni/n, the impurity 

fraction for Zeff= 2. 

The figure of merit for thermal capacity is 

(C-5) 

where ATT is based on 10-5 torr vapor pressure for ceramics and the lesser of 
10-5 torr and the melting point minus 200°C for metals (to avoid sagging of the 
limiter). 
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RESULTS 

Table C-1 gives the pertinent properties of the candidate materials and Table C-2 

gives the resulting calculated figures of merit. Rather than attempt to combine 

the four figures of merit into a single number, it is probably better to let them 

stand and use some judgment in choosing the correct limiter material. Their order 

in Table C-2, with MI first and~ last, should match their order of importance. 

MT is placed last because a low value can be compensated for by proper design, such 

as using active cooling or using a thicker material. Similarly, Mq is placed second 

to last because a low value can be compensated for by a larger surface area. No 

such design freedom is possible with the other two figures of merit. 

Note that carbon is superior to all other ceramics in terms of runaways and is also 

very attractive in terms of impurities and thermal mass. Of course, because of the 

low allowed heat flux (low Mg), more must be used. Nevertheless, because of the 

potential chemical reactivity with hydrogen, it must probably be disqualified. 

Titanium is similarly attractive but should also be disqualified because of its 

gettering ability. 

All of the ceramics other than carbon are poor from the standpoint of runaways 

and heat loadings and are therefore eliminated. However, vapor deposited ceramic 

films are still possible, particularly if electron backscattering is considered 

with the resulting reduction in surface heat deposition from runaway electrons. 

Of the metals, tungsten is in fact the worst from the standpoint of impurities and 

runaways, primarily because of its high Z. All of the remaining metals, V, Al, 

stainless, Mo, Cu, Inconel, nickel, and Nb, deserve consideration. Note that the 

alloys cannot contain high-volatility elements such as Mn. 

Nickel is twice as good as Inconel for surface heat flux. It is ferromagnetic 

however, so it can probably only be used in magnetic field regions where it is 

saturated. Beryllium, with its low Zand high melting point, is very attractive. 

Beryllium is brittle, however, and poor in tension, with properties more like those 

of ceramics than those of a metal. Like ceramics, however, beryllium coatings on 

metals seem attractive. 
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Material 

V 

Al 

ss 
w 
Mo 

Ti 

Cu 

Inconel 

Nb 

C 

SiC 

B4C 

TiC 

Al 2o3 
Si 3N4 
WC/Co 

Silver 

Cobalt 

Sil icon 

Lithium 

Nickel 

Be 

p (g/cm3) Cp (J/g-°C) 

6. 1 0.50 

2.7 0.92 

7.8 0.46 

19.3 0. 14 

10.2 0.26 

4.5 0.53 

9.0 0.39 

8.9 0.46 

8.6 0.27 

1. 9 2.0 

3.0 1.3 

2.4 1. 4 

4.7 0.92 

2.9 1.4 

2.5 1. 6 

14.8 0.21 

10.5 0.23 

8.9 0.43 

2.34 0.73 

0.53 3.53 

8.9 0.45 

1.85 2.06 

Table C-1 

CANDIDATE LIMITER MATERIALS 

k(W/cm-°C) de(cm) 2ave 

0.29 0.90 23.0 

2.0 1. 5 13.0 

0.25 0.85 26.0 

1.0 0.26 74.0 

1.0 0.58 42.0 

0.17 0.9 22.0 

3.4 0.8 29.0 

0.25 0.82 28.0 

0.55 0.60 41.0 

0.4 2.9 6.0 

0.4 1.7 10.0 

o. 14 3.3 5.2 

0.42 1. 2 14.0 

0.12 1. 1 14.8 

0.55 1.4 13.6 

0.8 0.56 40.0 

4.2 0.52 47.0 

0.69 0.73 27.0 

0.84 1.4 14.0 

0.71 6.5 3.0 

0.88 0.82 28.0 

1. 68 4.9 4.0 

20°c Base 

l1Te(°C) LIT
0

(°C) !'.IT T(oC) 

1400 1400 1400 

660 610 460 

1100 1100 1100 

2600 2600 2600 

2000 2000 2000 

1400 1400 1400 

900 900 900 

1100 1100 1100 

2100 2100 2100 

550 550 1900 

137 137 1400 

42 42 1600 

28 28 1900 

12 12 1800 

91 91 900 

430 430 2000 

730 730 730 

1100 1100 1100 

1200 1200 1200 

.170 160 100 

1100 1100 1100 

900 900 900 



Table C-2 

Material MI Me (J/cm2) M (W-s 112 / cm2) 
q 

Mr (J/cm3) Notes 

Metals: 

V 0.0015 3840 1160 4270 

Al 0.0070 2460 1200 1140 

ss 0.0016 3350 920 3950 

w 0.00019 1830 3790 7030 

Mo 0.00060 3080 2880 5300 

Ti 0.0023 3000 790 3340 Getter 

Cu 0.0013 2530 2750 3160 

Inconel 0.0014 3690 980 4500 

Nb 0.00063 2930 2100 4880 

Silver 0.00047 920 2060 

Cobalt 0.0014 3070 1580 

Silicon 0.0060 2870 1270 2050 

Lithium 0.330 2070 160 Reactive 

Nickel 0.0014 3610 1830 4400 Magnetic 

Be 0.125 16800 
(1250)a 

2020 3430 Toxic 

Ceramics: 

C 0.0417 6060 600 7220 Chemistry 

SiC 0.0125 910 150 5460 

B4C 0.0600 470 20 5380 

TiC 0.0060 140 40 8220 

Al 2o3 0.0053 50 10 7310 

Si 3N4 0.0063 510 120 3600 

WC/Co 0.00066 750 600 6220 

aThermal stress limit. 
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In terms of overall acceptability, copper seems best. However, in the same Z 
range, V, stainless, nickel, and Inconel can take higher runaways but lower surface 
heat fluxes than copper. With the exception of the impurity problem, Mo and Nb are 
somewhat better overall than the four above. Aluminum is also a surprisingly 
viable candidate, particularly if one considers electron scattering. Compared to 
copper, aluminum can withstand comparable runaways but only half the surface heat 
loading. For the latter, however, it exceeds vanadium, stainless, and Inconel. 
An interesting possibility is to deposit a thin (say< 0.1 mm) layer of pure 
aluminum over copper. With such a thin layer, the copper conductivity should 
dominate and the allowed surface heat flux should increase. Even if the aluminum 
momentarily melts during faults, its vapor pressure is moderately low (10-5 torr 
at 900°C) so little harm should result, particularly if the limiter surface area 
is small compared to that of the wall. 

Rather than attempt to choose a single limiter material at this point, it seems 
best to try to rank the top five. This of course requires considerable judgement 
and the rankings could easily change. For the moment, however, the preferred 
ranking is (1) copper, (2) vanadium, (3) aluminum or aluminum coated copper, 
(4) Inconel or nickel, and (5) stainless steel. It may be necessary to actively 
cool these materials in order to take full advantage of the allowable temperature 
gradients. 
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