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ABSTRACT 

The goal of the supplemental radio-frequency (rf) heating of fusion plasmas 

is to deliver power at high efficiencies deep within the plasma interior. Because 

the different plasma particle species give rise to a range ofcharacteristic resonance 

frequencies, many options are available for heating a plasma through the absorp 

tion ofenergy from rf waves. Ion cyclotron resonant heating(ICRH)is one of the 

prime candidates for supplementary heating. The technology ofICRH haw reached 

the point of requiring "proof-of-performance" demonstrations of specific antenna 

designs. A functional understanding and utilization of aspects of plasma engi 

neering,electrical engineering,and mechanical engineering are necessary to design 

and evaluate ICRH antennas. The objective of this thesis is to identify these as 

pects and demonstrate their integration into the design process of a compact loop 

antenna. 

The feasibility of wave excitation and energy deposition to a plasma can be 

established from the theories of plasma physics. The coupling and propagation, 

specifically ofICRH waves,are described. Once the theoretical rationale ofICRH 

is established, a logical progression toward the technology of its implementation 

is presented. 

ICRH antennas can have different electricsd configurations, each with char 

acteristic advantages and limitations. A review of past and presently pursued 

concepts is presented, along with a comparison of the operating parameters for 

these concepts. Ultimately,the choice ofa specific configuration will depend on the 

technological feasibility of achieving adequate coupling,lifetime, and reliability. 

The technology of rf antennas is governed by a closely meshed interaction 

between electrical and mechanical requirements and constraints. The design of 

the Oak Ridge National Laboratory(ORNL)version of the antenna configuration 
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chosen for the Tokamak Fusion Test Reactor(TFTR)is used to characterize rf 

antenna technology. 

As with any design process,the requirements and target parameters are first 

defined. These design criteria are presented in terms of plasma,electrical,and me 

chanical considerations. Once the requirements are established, a comprehensive 

description of the antenna configuration and the functional purpose ofindividual 

components is presented. Individual components are evaluated for specific func-

tionsdity as dictated by electrical, thermal,structural,and material compatibility 

requirements. 

The rf technology developed for present fusion experiments must be extended 

for the design of antennas of future devices. These future machines will impose 

new requirements that must be addressed. The final subject is a survey offuture 

antenna design considerations as an extension of present technology, including 

reactor-relevant plasma heating and nuclear environments. 
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INTRODUCTION 

The fundamental requirement for the production of usable power from the 

fusion of ionized plasma atoms is to heat a sufficiently dense plasma to ignition 

temperatures while confining it long enough to produce more energy than was re 

quired for igmtion. The international fusion research community has successfully 

developed several magnetic field confinement geometries of which the tokamak is 

the leading candidate. Currently, pellet injectors are the method of choice for 

fueling a plasma to sufficient particle densities. Bulk plasma heating requirements 

have reached a point requiring the technological development of additional sup 

plemental heating devices. 

Raising the temperature of a potentially unstable plasma requires that energy 

inputs occur in a time scale consistent with the particle confinement time while en 

ergy dissipation is held to a minimum. Consequently,the heating rate and energy 

confinement time are the fundamental parameters to be considered in establishing 

bulk plasma heating requirements. The heating rate isintrinsically associated with 

technological limitations of the delivery mechanism,and the energy confinement 

time can be enhanced by energy deposition deep within the plasma. 

Resistive heating of the plasma by passing a current through it is an integral 

part of tokamak operation and provides the primary plasma heating mechanism. 

However,as the temperature is raised,the resistivity of the plasma decreases,and 

an increased current is required to effect the same rate of ohmic heating. As the 

current is raised, plsisma magnetohydrodynamic instabilities degrade confinement 

time, creating an upper bound on the plasma temperature achievable by resis 

tive heating. Consequently,the development of supplemental heating mechanisms 

becomes a requirement. 



Neutral-beam injectors axe the most successful means ofsupplemental heating 

to date. These devices inject energetic neutrad particles through the confining mag 

netic field, where the particles transfer their energies to the plasma by Coulomb 

scattering. NeutraJ beams, however, have several disadvantages. The device haw 

limited efficiency; the energy that does reach the plawma is deposited primarily at 

the plaisma edge,amd confinement time is thereby limited. Also,the use of neutral 

beauns does not extrapolate favorably to the power requirements offuture fusion 

reactors. 

Another claws of supplemental heating mechainisms haw been conceived which 

transfers energy to the plawma through the use ofexternally generated electromag 

netic waves. Theoretically,there are a number of particle resonances that exist in 

a plasma that is confined in a magnetic field. Some resonances axe embodied in the 

characteristic frequency with which a charged plasma particle orbits a magnetic 

field line. Some of these resonances occur deep within the plasma where the core 

heating is required and the net confinement is generzdly maximum. The particle 

gyrofrequency,w,is a function of the local field strength and is defined by 

qB 
U! — 

m 

where 

q = charge of the particle, 

B = local magnetic field strength, 

m = mass of the particle. 

The frequencies of interest for direct fuel heating encompass those of the 

plasma ions and are termed ion cyclotron resonance frequencies(ICRFs)or, more 

generally,ion cyclotron range offrequencies(ICRFs). For magnetic field strengths 

of severed teslas, the ion cyclotron frequencies, fli, fall in the radio-frequency (rf) 

category. 
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The generation of rf waves using an antenna at the plasma edge has been ex 

perimentally verified in contemporary machines,resulting inlimited but significant 

plasma heating.^'' Consequently,ion cyclotron resonant heating(ICRH)has re 

ceived increasing attention Jis a prime candidate for supplemental plasma heating. 

The technology ofICRH has reached the point ofrequiring "proof-of-performance" 

demonstrations of specific antenna designs. 

To evaluate qualitatively the technological nature of an ICRH antenna, an 

understanding of the interrelations of pleisma engineering, electrical engineering, 

and mechanicalengineering is required. To date,research and developmentin each 

discipline have provided the discrete tools prerequisite to the design of an ICRH 

launcher. The present emphasis of ICRH technology requires the synthesis of 

concepts with developmental hardware into the design of multimegawatt antenna 

structures. The Oak Ridge National Laboratory(ORNL)resonant double loop 

(RDL)antenna ha«> reached the point of being a self-consistent design capable of 

demonstrating the adequacy of the compact loop concept for present and future 

supplemental heating requirements. This thesis develops an understanding of the 

interrelations of the plasma,electrical, and mechanical criteria integrated into the 

design of the ORNL RDL antenna. 

M.P. Evrard et al., "Comparison of Theoretical and Experimental ICRF Antenna-Pluma 
Coupling Resistance in JET," p. 133 in Proceedings of 13th European Conference on Controlled 
Fusion and Plasma Heating, Schliersee, April1986, Contributed Papers,Part 2,European Physical 
Society, Schliersee, Germany,1986. 

R.R. Weynants et al., "Power Deposition Profiles in Textor Under ICRH Mode Conversion 
Conditions," ibid., p. 33. 



CHAPTER I 

RF PLASMA WAVE PHYSICS 

The function of the ICRH antenna is to physically excite an rf wave in the 

low-particle-density region at the plasma outer edge. The energy associated with 

the rf wave is stored in the wave electric and magnetic fields. This energy can,in 

principal, propagate within the plaisma wave fields until resonance conditions with 

a plasma particle are encountered. At resonance,the energy is readily transferred 

to the particle. 

Coupling,Propagation,and Particle Interaction 

In the classical sense, the magnetic field associated with a current-carrying 

circuit element can induce an electric field in other circuits linked by the magnetic 

field. Two circuits linked by the same magnetic field are coupled to each other. 

Coupling between two closed circuits permits the transfer of energy between the 

circuits through the medium of the mutual magnetic field. This phenomenon is 

the basis on which all transformers operate. 

The radiating element of the antenna and the plasma particles are analogous, 

respectively, to the primary and secondary windings of a transformer circuit. The 

mutual magnetic field coupling the two is the mechanism by which energy is trans 

ferred from the antenna to the plasma. 

Conceptually, the very nature of charged particles in motion represents a cir 

cuit in which, at least over a restricted space, an electric field can be induced by 

a magnetic flux. This magnetic flux can mutually couple the particles to another 

circuit, i.e., the antenna radiating element. The induced electric field would be 



superimposed on the electric field associated with the natural motion of the par 

ticles. Since a charge in motion creates its local magnetic field, the perturbation 

in the electric field produces a perturbation in the local magnetic field which,in 

turn,represents a flux that is mutually linking surrounding particles. The process 

thereby represents a medium for propagation of the induced rf wave through the 

plasma. 

Plasma-to-antenna coupling is a phenomenon not rigorously understood. 

There is currently an intensive theoretical investigation of this experimentally 

verifiable phenomenon. A variety of electromagnetic waves possessing individual 

characteristics can be coupled at the plasmaedge. The twoICRF waves ofinterest 

are the "fast" and the "slow" waves, differing primarily in their polarization and 

relative phase velocity. As shown through the cold-plasma model, the slow wave 

is the primary mechanism by which energy is transferred to the ions. The fast 

wave, however, is the most practical wave to launch and the most successful at 

propagating through the plasma. 

The fast wave is launched and it propagates around the torus to the center of 

the plasma, where it encounters a mode conversion surface. At this surface, the 

fast wave converts into a slow wave. The slow wave then deposits its energy into 

the "tail" of the energy distribution of a minority ion species, such as hydrogen. 

Through collisions with the remainder of the distribution, the energy in the tail 

is transferred to neighboring particles, including those of interest, i.e., deuterium 

and tritium. 

The theory of ICRH heating including the effects of a hot plasma is beyond 

the scope of this investigation. However,the theory of wave propagation within a 

cold-plasma model is developed. 



Cold-Plasma Dispersion Relation^ 

The cold-plasma model provides a method of mathematical anzdysis of a 

plasma which is rooted in the fluid description ofa homogeneoussystem ofions and 

electrons at zero absolute temperature in a uniform magnetic field. The frequen 

cies of wave phenomena covered by the cold-plasma model lie below the electron 

cyclotron frequency,and collisions are the only dissipative effects included. Within 

these physical restrictions,the model is an accurate description of the correspond 

ing waves in a hot plasma. 

Fundamental fusion plasma physics examines the interaction of charged par 

ticles with electric and magnetic fields. In a stochastic fashion, the motion of a 

charged particle induces fields which, in turn, initiate forces that influence the 

particle's motion. Dynamically,the self-consistent interactions of the mechanisms 

that shape particle motion represent a system in which small-amplitude oscilla 

tions, or waves, can be expected to exist and play their own role in shaping the 

collective motion. If the particle densities and velocities are known,the collective 

particle motions are ultimately described by the Maxwell equations. 

The description of plasma particle motion originates from the requirement 

that the electric, E{f,t), and magnetic, field vectors satisfy the Maxwell 

equations. The Maxwell-Faraday law, 

states that the electromotive force around any closed contour (i.e., the work that 

would be done by the electric field in moving a unit positive charge once around 

N. A. Uckan, class notes on fusion physics, engineering, and technology. The University of 
Tennessee, Knoxville. 



 

the contour) is equal to the time rate of change of the magnetic flux through an 

arbitrary surface linking the contour. The Maxwell-Ampere law, 

states that the magnetomotiveforce around any closed contour(i.e., the work that 

would be done by the magnetic field in moving a unit positive charge once around 

the contour) is equal to the totsd flow of current plus the time rate of change of 

electric flux density out of an arbitrary surface linking the contour. 

Stokes' integral theorem converts the line integrals of Eqs. (1) and (2)into 

surface integrad forms. Equation(1)becomes 

jE'de=j^(V X E)-dS=- -dS , 
and,since the surface is arbitrary, the result is the differential form 

VxB=-f. (3) 
Similarly, Eq.(2) becomes 

and the arbitrary nature of the surface results in the differential form 

- - - dD , , 
= J+ (4) 

The magnetic intensity,H,is related to the magnetic flux density, B,through the 

magnetic permeability of the region,fi, as defined by 

B=fiH. (5) 

The electric flux density, D,is related to the electric intensity, E, through the 

region dielectric permeability, e, as defined by 

D =eE . (6) 
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In a vacuum, and eo are constants and aje related by 

1 
= c 

2 
(7) 

/ioCo 

where c is the speed of light. 

Substituting Eqs.(5)through(7)into Eq.(4)results in 

VxB=^,j+^^. (8) 

Equations (3) and (8) represent the differential forms of the Maxwell equations 

relating the electric and magnetic field vectors. The methodology employed in the 

cold-plasma model is to derive the wave equation for a cold, magnetized plasma 

from these differential forms of the Maxwell equations. 

The wave equation is simply obtained by taking the curl of Eq.(3)and elimi 

nating B with Eq.(8) to yield 

Vx(Vx£)=-i(..J+if). (9) 
A relation between E and J is obtained from the solution of the fluid equations of 

motion of a plasma. This relation leads to a solution of the wave equation relating 

the wave propagation vector, A, to the wave frequency, a;, i.e., fc(a;) or a;(fc). 

Since the magnitude of an accurate stochastic description of a plasma be 

havior based on the trajectories of individual particles is prohibitive, solution of 

plasma kinetics is based on deterministic methods. Taking the total derivative of 

the distribution function, f{v,r,t), with respect to time results in the plasma ki 

netic equation. The expected values represented by this differential equation when 

solved as multiple powers of the velocity vector result in the distribution function 

moments(moments equations). The equation for the first moment represents the 

conservation of momentum. 
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The multifluid conservation-of-momentum equation with heat conduction and 

collisions omitted and assuming a scalar base pressure,P,takes on the form 

dvj 
TTHTli =-VPj+njqj{E+Vj X B). (10)

dt 

A linearized equation of motion can be developed, with equilibrium quantities 

denoted by subscript 0 and perturbed quantities by subscript 1. Further assump 

tions of a uniform neutral plasma at rest and the cold-plasma model restriction of 

zero temperature result in the following moment equation: 

= (11) 

Derivation of a relation between E and J is a multistep procedure beginning 

with Eq. (II)- Let the perturbed quantities in Eq. (11) take a sinusoidally 

oscillating form,e.g., 

Vi = Vo exp[i(fc • r-wt)] ; (12) 

then 

= -ILUVij. (13) 

If Bo is aligned along the z-axis, with x and y components vanishing,and with 

gj-^oQj= >0, 
rrij 

(Tj = -t-1 for ions(qj > 0), 

and 

(Tj = —1 for electrons(qj < 0), 



 

 
 

 

 

 

Eq. (11) can be split into orthogonal components. The resulting component 

equations can be simultaneously solved to yield the following components of vj as 

linear functions of E: 

iE* (TjUjU Ey 
(14a) 

Ex iEy (TjCljUj 
V
jy + . (14b)Bo a;2 -n? Bo ' 

and 

Vjz =— . (14c) 
u; 

At this point,a relation between Vj and J is derived from the definition ofthe 

current density, 

' (15) 
i } 

Substituting Eq. (14) into Eq. (15) and incorporating the definition of plasma 

oscillations, 

3 ■' 

results in the following equations for the components of J: 

ijutAu \ ( .J—, \^.j +». (1^-) 

•^.= + hoE bv + ». ("i=)a;2 - n? / ' I " ^ a;2 - n? 
3 ^ / \ 3 J 

I T—* 2 \Jz = 0 + 0 + ( cq — J Ez . (17c) 
With the conductivity tensor, u, Eq. (17) can be written in matrix form as 

Jx\ / ̂ xx ^xy \ / Ex
1 = I '^yx Cyy O'yz 1 I Ey

Jz ) V ^zx ^zy ^zz / \ Ez 
10 



 

or simply as 

J= (T'E (18) 

Equation (18) provides a relation between J and E. Now,inserting Eq.(18) 

back into Eq.(9) yields the wave equation in terms of the conductivity tensor; 

a, « 1 ddE 
V X(V X E)=- •«)+ a( (19) 

Expanding each term of Eq. (19), while remembering that perturbed quantities 

have the form of Eq.(12), and using the following identity in the first term, 

AxB={AyB,-A,By)i+{A,B^-A^B,)j+{A^By-AyB,)k , 

yields the following form of the wave equation: 

ik X [Ik X E)=-{ -iufioo- • E--ju; Ej . (20) 

With /io = (1/toc^) and identity = -1 substituted into Eq.(20), the wave 

equation becomes 

f i<T .■ic X {k X E) = —E + -y I 1 E . (21)
\ coo; 

Factoring Eq. (21) further and introducing the unit tensor, I, results in 

—k X (fc X E) = I I 'E, (22)
' cM WCo 

where the dielectric tensor is defined as 

€ = / + 
I(T (23) 
a;€o 

The wave equation, expressed in terms of the dielectric tensor, becomes 

k x{k X E) + a;— e •E = 0 (24) 
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The components of e can be obtained by inserting the components of <r, as 

defined in Eq.(17),into Eq.(23). With 

= =1-^ LJ
PJ (25a)

u;2-n?' 

-162= C»y =-1 \ ̂ )^2_Q2 (25b) 

3 J 

and 

^a;2. 
€3 = fzz = 1-^ , (25c) 

the components of e, written in matrix form,become 

€1 —ie2 0 

ie2 61 0 (26) 

0 0 63, 

If each term of Eq. (24) is expanded with Eqs. (25) and (26), while k is defined 

as lying in the x-z plane so that ky = 0, kx = ksinO, and kg = kcosd, where 9 

is the angle between Bq = BqBx and k, the wave equation in component form is 

given by 

Ij3 . 
-k cos9 H rCi Ex- Ey+ cos^sin^jE'z =0, 

3' -Tie2 Ex + 
U3 

—k H—rCi Ey +OEz — 0 , (27) 
c 

.2 

k: cos9sin9\Ex +OEy+ —k^ sin^9 -i 
U}

5-63 Ez=0. 

If each term of Eq. (27) is multiplied by (c^/o;^) and the refractive index, 7/^ = 

(Jfc^c^/a;^), is introduced,the wave equation in matrix form becomes 

/61 — 7;^ cos^9 —i62 77^ sin9cos9\ fEx\ 

ie2 ei - 0 Ey =0. (28) 

V 7/^ sin9cos9 0 £3—7/^sin^9)\Ez) 
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The derivation of Eq. (28) has been general within the context of the cold-

plasma model. The general solution of Eq.(28) provides a general dispersion 

relation between a; and k. This relation can be examined in specific frequency 

ranges to yield information about the various wave types and their physical at 

tributes and interactions within the plasma system. However, at this point, an 

approximatesolution to the wave equation will be developed for frequencies axound 

the ion cyclotron (fii) range offrequencies. 

Equation(28)can be rewritten as 

-ies V\\V± ^ E 

ie2 ei - 0 E =0, (29) 

V v±v\\ 0 ^3-nlj \E 

where r/j. = V sin d and = rjcos9. 

In the ion cyclotron range of frequencies ~ Clf <C fig, 't'pe for a one-

species plasma,the components ofthe dielectric tensor can be approximated from 

Eq.(25)as 

,, 1 ^pi ... ̂ pi (30a)
^ ~ n? a;2 -n? ~ nf n?- ^ ' 

~ ~ ^P' (30b)
^ ~ ni(u;2 - ~ Q2 ^,2 _ Q2' ^ ^ 

63 « 1-^ . (30c) 

Since u;^ it is apparent from Eq.(30c)that es is the largest element in 

the dielectric tensor. Then,for the Ez component, 

+(^3 — ̂i)-^'z =0. (31) 

Since the term containing 63 is dominant,Eq.(31)can be approximated by 

{e,-vl)Ez=0, (32) 
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which leads to the conclusion that Eg ^0. 

The preceding interpretation is known as the low-frequency,high-conductivity 

approximation,assuming that the high conductivity of the plasma shorts out the 

parallel electric field. With k 0 and with terms rearranged,Eq.(29)in com 

ponent form becomes 

(ei-,5)£.+(H2)f;,=0, (33a) 

(-!€,)£.+(€,-r,')E,=0. (33b) 

Multiplying Eq.(33a)by(cj-t}^)and Eq.(33b)by(ic2)allows a simultaneous 

solution that results in 

(ei -^ji)(ei -T/^)-(-ie2)(ie2)=0. (34) 

Since = (jfc^c^/u;^), if Eq.(34) is multiplied by and the Alfven ve 

locity v\ =(c^nf/Wpi)is introduced,the approximated ICRF dispersion relation 

becomes 

kl{A-kl)-{B-kl){C-fcjj) =0, (35) 

where 

-a;2 ~ 

B= =(-y I (ei-e?),
vlfli-u; \c^/ 

C=-y-Tr—— =( )(ei +62). 
SZi -t- a; \c / 

Qualitatively significant information can be obtained from the ICRF dispersion 

relation, Eq.(35), by examining specific cases. 

Considering the surface where 

A-fcj=0 (36a) 

14 



leads to the conclusion that 

*1= L ^-03. (36b) 

This defines the ion cyclotron resonance for the perpendicular component of a 

wave propagation vector since,from the definition 

'/i =-V=T' (37) 

the refractive index (which is the ratio of the velocity of light to the wave phase 

velocity) goes to infinity and the perpendicularly propagating portion of the wave 

can be absorbed by the ions. This condition also leads to two additional observa 

tions. The dispersion relation can be reduced to the cases where 

B-kl=0, (38a) 

leading to the conclusion that 

^5 = 

and 

C- =0, (39a) 

leading to the conclusion that 

Equations(38)and(39)suggest the possible coexistence oftwo different waves. 

The waves are distinguished by their relative phase velocities as defined by Vp = 

u}fk. 

Inspection ofEqs.(38)and(39)shows that,for all parameters being fixed,Eq. 

(39) wiU have a phase velocity greater than Eq. (38). Equation(38) describes the 
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conditions for the slow electromagnetic ion cyclotron wave,and Eq.(39)describes 

the conditions for the fast magnetosonic wave. In fact, the condition of Eq.(36) 

also represents a conversion surface where a wave can change between the modes 

implied by Eqs.(38)and (39). 

The conditions of Eqs. (38) and (39) leave the dispersion relation, Eq.(35), 

in the form 

kl(A-tj)=0, 

leading to the conclusion that 

jfel =0. (40) 

Equation(40)indicates that the perpendicularly propagating portion of the slow 

or fast wave is said to be in a "cutofT' condition since the refractive index becomes 

zero and the wave is actually reflected. Equation (38) is the cutoff condition for 

the slow wave,and Eq.(39) is the cutoff condition for the fast wave. 

Obviously, the absorption of a wave by ions is concerned with the various 

resonance conditions. Cyclotron acceleration of ions depends principally on the 

amplitude of the left-hand circularly polarized component of the wave electric 

field in the plasma since the rotation of ions around the magnetic field lines is 

naturally left handed. For general propagation directions, both the slow and the 

fast waves are ellipticaJly polarized, having a left-hand component{Ex+iEy)and 

a right-hand component {Ex — iEy). If Eq.(33)is referenced,the ratio, or degree 

of ellipticity, can be determined; 

Ejj ̂ Ex+iEy 

Er~ Ex-iEy 

(ei -'7j|)-e2 
(ei -Vl)+^2 

(ei +62)-7/jj 
(41)(ei-62)-ryjj' 
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Defining R = ei + €2 to be right circular polarization and L = Ci — €2 to be left 

circular polarization results in 

El, -R 
(42)Er ^jj-L * 

If Eq.(38)is considered for the specific case where Ax =0, 

H-B--^(^1-C2)= -^(L), (43) 

which shows that the slow wave traveling parallel to the magnetic field is purely 

left-circularly polarized. 

Similarly,Eq.(39)for k±=0 results in 

2 2 

^11 =^ +^2)="^(^)' (44) 

which shows that the fast wave traveling parallel to the magnetic field is purely 

right-circularly polarized. 

Inspection of the denominator of Eq.(38) indicates that the slow wave can 

propagate only below the ion cyclotron frequency (a; < Dj). Inspection of the 

denominator of Eq.(39)indicates that the fast wave is not dependent on fli and 

can propagate over a wide range of frequencies, but it is primarily right-circularly 

polarized, as suggested by Eq.(44). Since heating of the ions depends on the 

left-circularly polarized component of the rf field, the cold-plasma model predicts 

strong absorption for the slow wave and no heating with the fast wave. In re 

ality, the cold-plasma model is not strictly applicable to the fast wave since the 

natural spread of ion velocities along the magnetic field broadens the cyclotron 

resonance and prevents the fast wave polarization from becoming strictly right-

hand circular. The residual left-hand circular component heats the ions at cy 

clotron resonance. Hot-plasma effects and multiple-ion plasmas, not included in 

the cold-plasma model,also enhance absorption characteristics. Furthermore,the 
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fast wave propagates toward the perpendicular resonance surface of Eq.(36) and 

mode-converts into the slow wave for greater absorption characteristics. 

Limited access between adjacent toroidal field(TF)coils imposes the largest 

physical restriction in launching waves to the plasma of a tokamak. Launching 

perpendicularly from the outside edge (low magnetic field side) of the plasma is 

the most operationally practical. The limited frequency range over which the slow 

wave can propagate proves to be a serious disadvantage. When launched from the 

outside edge, a slow wave will experience cutoff before penetrating the plasma to 

a productive extent. The fast wave,on the other hand, propagates freely over a 

wide range of frequencies, plasma densities,and wavelengths. 

Both waves can be excited at the plasma periphery by magnetic field pertur 

bations, but,in practice,operational utility becomes the mostimportant factor in 

choosing fast wave launching over the slow wave. 

Excitation 

The fast wave can be excited by perturbing the particle toroidal magnetic 

field with a toroidaily oriented magnetic field produced by the antenna. The 

right-hand rule implies that the externally applied field would be produced by a 

current flowing poloidally. The general relationship is illustrated in Fig. 1. 

For the fast wave, as implied in Eq.(32), the plasma rf electric field in the 

toroidal direction is small,so wave coupling is dominated by magnetic flux linkage 

along the magnetic field ofthe tokamak. In order to perturb only this toroidal mag 

netic field, a Faraday shield is placed between the current strap and the plasma. 

The shield is a set of toroidaily oriented conducting strips to effectively short out 

any radiating toroidal electric field. This prevents the unwanted polarization from 

reaching the plasma boundary. The Faraday shield also shields the current strap 
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Fig. 1. Fast wave antenna orientation and field pattern. 

from the harsh plasma environment while still allowing for efficient flux linkage. 

A third function of the shield is to "protect" the plasma from sputtering of the 

high-Z materials, e.g., copper, required in the antenna structure. 
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CHAPTER II 

ELECTRICAL CONFIGURATIONS 

The electrical objective of rf technology is to create an external circuit that 

not only efficiently excites the rf wave at the plasma perimeter but also delivers 

substantially more power per antenna than present-day experiments. Proofofthe 

applicability ofICRF heating has been accomplished on present experiments with 

a combined total available power of 1 to 5 MW. 

General Requirements 

Near-term fusion experiments will require 10 to 50 MW of total power for 

significant plasma heating. To date, only 0.1 to 0.8 MW per antenna has been 

achieved. For delivery of more power, the number of ports available to dedicate 

to antennas and port physical-size limitcitions dictate maximizing the power de 

livered per antenna. As part of the National Ion Cyclotron Heating Program, 

members of the Plasma Technology Group in the ORNL Fusion Energy Divi 

sion investigated the rf coupling characteristics and capabilities of several antenna 

configurations.'^ Specific configurations evaluated include the simple loop antenna, 

the cavity antenna,and the double loop antennas. Results of the investigation in 

clude a comparison of the frequency, performance,and power limitations of these 

representative configurations. 

The power deliverable by any antenna is bounded by the simple equations 

P=I^R , (45) 

J- Hoffman et al., "Experimental Mertsurements of the Ion Cyclotron Antennas' Cou 
pling and RF Characteristics," Fusion Technol. (Proceedings of the 6th Topical Meeting on the 
Technology of Fusion Energy, San Francisco, Calif., March 1985)8(1),411 (1985). 
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where 

R= plasma load , 

and 

P^IV . (46) 

The plasma load, is directly proportional to the antenna coupling 

characteristics—the mechanisms of which are not thoroughly understood. Conse 

quently, R must be treated as an input variable that is best left to experimental 

determination. For a power supply of limited current capacity, it is evident from 

Eq.(45) that the deliverable power will be dictated by, and possibly limited by, 

the plasmaload. Furthermore,Eq.(46)shows that,in addition to current,voltage 

may be physically limited by the antenna components themselves. 

Realistically, it is desirable to deliver the most power at the lowest load. If 

loading is adequate, this will allow the antenna to be withdrawn from the harsh 

plasma environment,increasing its life and reliability. 

Simple Loop Antenna 

The simple loop has been one of the most widely used configurations to heat 

plasmas. A physical schematic of the simple loop shown in Fig.2 includes a char 

acteristic impedance input rf coaxial line with an rf vacuum feedthrough and an 

end-fed, half-turn loop current strap shorted at the far end. The corresponding 

elements in the circuit representation,shown in Fig. 3, are an input impedance, 

an inductor representing the coupled mutualinductance between the current strap 

and the plasma,and a plasma loading impedance (resistance) referred to the pri 

mary circuit. The circuit parameters of this antenna configuration are as follows: 

Kn..= li!= + ]*/= (1)"', (47) 
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Fig. 2. Simple loop antenna schematic. 

in 

Fig. 3. Simple loop antenna circuit representation. 
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 . (48) 

The experimental attractiveness of the simple loop configuration lies essen 

tially in the simplicity of its implementation. A simple current strap,surrounded 

on three sides by a Faraday shield, maximizes the magnetic field away from the 

antenna, and this leads to good coupling. However, as power per antenna in 

creases, the simple loop encounters technical limitations. The maximum voltage 

in the circuit occurs at the vacuum feedthrough. Hence, power transmission is 

limited to the voltage-handling capabilities of the feedthrough. In addition, the 

maximum current must also pass through the feedthrough, taxing the physical 

ability of delivering adequate cooling capacity. 

Though attractive from an experimental standpoint, the simple loop configu 

ration does not extrapolate favorably to reactor applications. The length of the 

loop dictates the use of multiple machine ports. Installation is time-consuming 

and requires much "hands-on-machine" time, which will not be possible once a 

reactor vessel becomes activated. The use of multiple ports immediately precludes 

any remote positional adjustment. The length of the loop is also a disadvantage 

when disruption forces in a reactor-scale device are imposed on the structure. 

Cavity Antenna 

In an attempt to reduce the physical size of antennas and to facilitate instal 

lation, the future antennas are based on the compact loop concept that allows 

installation through a single port. 

The baseline cavity configuration is represented schematically in Fig. 4. The 

antenna input consists of the characteristic impedance input coaxial line with 

an rf vacuum feedthrough. Beyond the feedthrough, a lead line penetrates a 
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Fig. 4. Cavity antenna schematic. 

cavity housing a midsection-fed current strap grounded at one end and integral 

with a tuning capacitor at the other end. The corresponding circuit elements, 

shown in Fig. 5, include the input impedance, lead inductance, divided coupling 

inductance and plasma loading impedance, and a variable capacitance. As with 

the loop antenna, the maximum circuit current and maximum voltage are given 

by Eqs. (47) and (48). The remaining circuit parameters are as follows: 
1/2

rfP\ (49)Ffeedpoint — OtUjL ( ) ' 

Ca = (50)
2L 

On circuit voltage limits (Fmnx), the cavity configuration has the same power 

capacity as the simple loop. However, the cavity configuration provides the first 
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Fig. 5. Cavity antenna circuit representation. 

significant improvement over the simple loop. The area of maximum voltage is no 

longer at the vacuum feedthrough. It now occurs near the ends ofthe current strap 

in a shieldable area behind the Faraday shield. This area can sustain the voltages 

more readily and would lessen the impact to machine operation if a catastrophic 

voltage breakdown should occur. Consequently, the cavity antenna can have a 

higher voltage rating than the simple loop. 

The proximity of the cavity walls to the current strap has the disadvantage of 

reducing magneticfields awayfrom the antenna,but they also can be used to define 

the induced-wave-mode spectrum (fc|| vs k±). At this time, the optimum mode 

spectrum is not known,so the emphasis ofinvestigation is driven by technological 

considerations. 

Experimental studies have identified that the cavity antenna is suitable for 

coupling over a 1- to S-fl plasma load range through a 40- to 80-MHz frequency 

range. Below If],!MW was not achievable over frequencies of practical interest. 

Above 5 n, the current distributions in the inductive and capacitive legs of the 
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current strap are substantially different. This asymmetry in current distribution 

precludes the impedance matching capability of the two legs which is desirable for 

optimal power transmission. 

The position of the feedpoint along the current strap is actually integred to the 

impedance matching at various loads. Since the feedpoint is fixed at fabrication, 

matching is optimal only at one load. As plasma load changes, the two legs of 

the strap will be only partially matched. Although the cavity cajinot match at all 

loads, the rf transmission system voltages are still favorably reduced because of 

the partial matching. 

Resonant Double Loop Antennas 

The resonant double loop(RDL)configurations are represented schematically 

in Fig. 6. The antenna contains the same physical components as the cavity 

configuration with the addition of a second capacitor replacing the grounded end 

of the current strap. The corresponding circuit elements are shown in Fig. 7. 

The feature distinguishing the asymmetric RDL from the symmetric RDL is the 

nonsymmetric feedpoint on the current strap. 

As with the simpleloop and cavity antennas,the maximum current is given by 

Eq.(47). The remaining circuit parameters for the symmetric RDL are as follows: 

fp— ̂au^L+\/RZo^ , (51) 

where a > 0.5, 

I'feedpoint ̂  PZq , (52) 

Ci % ^atoL — y/RZf)^ , (53) 

C2~|u; ^(1 — a)u}L+ y/RZq|. (54) 
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Fig. 7. RDL antenna circuit representation. 

The corresponding circuit parameters for the asymmetric RDL must be deter 

mined computationally.® A distributed, "lossy," coaxial-transmission-line model 

(shown in Fig. 8)is used for the calculations. The voltages and currents on vari 

ous elements have been computed as functions of plasma load for a given antenna 

power and plotted in Fig. 9. 

In addition to the high-voltage relocation benefits of the cavity antenna, the 

RDL can operate at the same power per antenna in a lower load range. In fact, 

at low loads, the RDL cuts voltages to ground in half and therefore allows four 

times the power capability of the cavity. Furthermore,the RDL can be matched 

at different loads and frequencies, with matching limitations only at certain upper 

loads. 

The asymmetric RDL antenna offers the most flexibility in delivering maxi 

mum power per antenna while accommodating the uncertainties associated with 

D. J. Hoffman et al., "The Design of High-Power ICRF Antennas for TFTR and Tore 
Supra," to be published in the Proceedings of the 7th Topical Conference on Applications of 
Radio-Frequency Power to Plasmas, Kissimmee, Fla., May 1987. 
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Fig. 8. ORNL RDL antenna circuit model. 

antenna to plasma coupling,antenna erosion,and reliability. This flexibility allows 

the operator to retract the antenna and work at lower but still significant power 

or to insert fully and operate at power densities that would test the mechanical 

limits of the antenna structure itself. 

A program to implementICRH in the Tokamak Fusion Test Reactor(TFTR) 

at Princeton Plasma Physics Laboratory(PPPL) was recently initiated. Fortu 

nately, the machine offers ORNL the opportunity to design an asymmetric RDL 

antenna and demonstrate the supplemental heating performance capabilities of 

this compact loop antenna concept. 
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Fig. 9. ORNL RDL antenna voltage and current profiles. 
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CHAPTER III 

MECHANICAL DESIGN SYNTHESIS 

The mechanical objective of rf technology is the design and construction of 

an antenna that satisfies the electrical circuit constraints and functions reliably in 

the machine and plasma-imposed environment. 

ORNL RDL Antenna Overview 

The ORNL RDL antenna for TFTR is designed to launch fast wavesfrom the 

low-magnetic-field side of the pleisma. The target parameters are to deliver 4 MW 

of power to the plasma at a nominal initial frequency of 47 MHz. The antenna 

will operate in a pulsed mode for 2 s every 5 min and should be tunable from 

40 to 80 MHz. Tuning can be made in two bands; the first band will be from 

approximately 40 to 60 MHz. In addition, the antenna can be tuned between 

machine pulses. 

The antenna is required to fit into a horizontal midplane port that measures 

23 in. wide by 35 in. high. It is capable of being remotely retracted 11 cm from a 

fully inserted position corresponding to 1 cm away from the plasma edge, which 

is defined as the last closed flux surface. Surfaces directly exposed to the plasma 

must consist oflow-Z materials to minimizeimpurity contamination ofthe plasma. 

Since all components are in a high magnetic field,the antenna must be constructed 

of nonmagnetic material so as not to perturb the confining magnetic field and to 

minimize magnetic forces on components. 

The antenna structure must be self-supporting off the port cover flange and 

be capable of withstanding the forces induced by the interaction of eddy currents 

produced when the poloidal magnetic field collapses during a disruption with the 
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background magnetic field. The antenna Faraday shield must be capable of re 

jecting the heat input during a pulse from as much as 165 W/cm^ of resistive rf 

power as well as a 100-W/cm^ radial plasma flux and up to 2000 W/cm^ toroidal 

plasma flux before the next pulse. 

The ORNL RDL antenna,as installed on TFTR at a nominal operating posi 

tion of4 cm from the plasma edge, is shown in Figs. 10 and 11. The mechanical 

configuration consists of two asymmetric RDL circuits positioned side by side, 

each delivering 2 MW.The two current straps are enclosed in separate cavities 

by a single, water-cooled Faraday shield assembly containing a dividing wall. The 

front of the Faraday shield facing the plasma is graphite covered. Each of the cur 

rent straps has two remotely adjustable vacuum capacitors. The 50-D impedance 

vacuum feedthrough feeding each current strap marks the interface point between 
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Fig. 10. ORNL RDL antenna installation elevation view. 
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Fig. 11. ORNL RDL antenna installation plan view. 

the antenna and the rest of the transmission system. The entire assembly is sup 

ported by four guide rods counteracting all forces to the port cover flange and is 

positioned by a single, centered drive mechanism. All penetrations of the vacuum 

vessel are bellows sealed. The major structural material is 304L stainless steel, 

and all rf conducting surfaces consist of copper plating on the stainless steel. 

Global Parameters 

Development of the basic configuration begins with certain global physical and 

electrical parameters that are essentially fixed at conception. Design considera 

tions dictate that the antenna must fit through the port envelope and must not 

interfere with other machine hardware outside the port. Figure 11 shows the space 

limitations imposed by the TF coils, and Fig. 10 shows restrictions imposed by 
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the shear/compression structural panels spanning the gap between TF coils above 

and below the port. Effectively, the antenna must fit into a cavern approximately 

3ft deep. Ease ofinstallation is an important consideration. Figure 12shows that 

most of the port cover flange bolts are shadowed by the final assembly. Access 

must be available for tightening the bolts. Consequently,the antenna design must 

accommodate removal of all structures interfering with installation of the bolts. 

Maximum utilization of the available envelope inside the port is dictated pri 

marily by electrical considerations. The poloidal length of the current strap is an 

important factor in determining power transmission in that it dictates the extent 

of the flux available for coupling to the plasma. The current strap must be long 

enough to allow sufficient flux linkage to transmit the required power. For the 

given envelope, the length of a current strap is sufficient to transmit only 2 MW. 

Consequently, two current straps must be positioned side by side in the port to 

transmit the required 4 MW.The necessity oftwo current strapsimmediately dou 

bles the remaining circuitry hardware,namely,the capacitors and feedthroughs. 

The toroidal width of the port dictates the maximum cavity width for each 

current strap. The current strap width itself is determined by the cavity dimen 

sion. Studies at ORNL indicate that, to minimize induction with the walls and 

to produce the optimum flux field,the current strap should occupy approximately 

50% of the cavity width.® Initial investigations considered a single cavity with no 

dividing wall housing both current straps. This permitted flux linkage between 

straps and indicated difficulty in isolating control of individual straps. Conse 

quently, a dividing wall was added to the design to isolate the two straps from 

each other. 

6C. Rettig et al., "Measurements of the Loading Impedance and Field Scaling of a Cavity 
ICRF Launcher for Big D," Bull. Am. Phys. Soc. 30(9), paper 8P14(1985). 
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The radialseparation between the back edgeofthe current strap and the cavity 

back wall is another electrical parameter influencing the antenna configuration. 

Ideally, it is desirable to have ail the energy in the flux around the current strap 

available for coupling to the plasma. Flux linkage to the side walls is unavoidable 

because of space restrictions. However,the back wall can be moved away so that 

no significajit currents are induced and minimzd power is lost in joule heating of 

the back wall. Studies at ORNL have shown that a back wall recess of >6 in. 

reduces these negative effects to negligible levels. 

Flux linkage to the plasmais controlled by the proximity ofthe current strap to 

the plasmaedge. Since the plasma has a toroidal geometry,the current strap must 

follow the poloidal curvature to maintain the spacing between the strap and the 

plasma. Although toroidal curvature is also desirable,the associated complications 

in the Faraday shield precluded curvature in this design. 

When the global parameters have been satisfied, synthesis of the antenna elec 

trical configuration is complete. The remainder of the design process concentrates 

on the specific issues surrounding electrical compatibility of the detail design and 

thermal and structural responses to the operating environment. 

Detail design of the antenna can be divided in terms of specific subsystems. 

The heart of the electrical circuit is composed of the feedthrough, coaxial con 

ductor, current strap, and capacitors. The mechanical backbone of the assembly 

is the support structure, which supports bulk movement and acquires positional 

stability from the main drive system. Finally, the Faraday shield controls wave 

polarization while being subjected to the harshest environment of all nonlimiter 

hardware penetrating the first wall of a tokamak. 
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Electrical Circuit Components 

An assembly cross section through one of the two asymmetric RDL circuits is 

shown in Fig. 13. An isolated view clarifies the arrangement in Fig. 14. The input 

to the circuit is the rf vacuum feedthrough. The feedthrough is one of the cru 

cial elements of the system in that it must handle high voltages and currents and 

serve as the barrier between the pressurized transmission line and the evacuated 

region of the antenna. Its failure not only affects the rf system but also means 

loss of vacuum and operation shutdown of the machine. Structural integrity of 

this element is essential. Historically, the feedthrough has often been the weak 

link in voltage handling of antenna circuitry. ORNL personnel have developed 

a feedthrough concept that increases both reliability and capability over contem 

porary hardware.^ The feedthrough uses a cylindrical alumina ceramic vacuum 

barrier brazed between copper end caps. The end caps allow mechanical vacuum 

seals between tapered inner and outer coajcial conductors. The ceramic is much 

longer than its diameter, permitting the use of very gradual tapers on the coaxial 

conductors. This configuration produces an electric field that is nearly perpen 

dicular to the ceramic surface along its length, which minimizes the possibility of 

surface breakdown. A constant characteristic impedance of50 is a requirement 

for matching to the 50-0 input line and is made possible by the use of straight 

tapers on the inner and outer conductors. The approximate equation for the 

characteristic impedance (in ohms)at a cross section through the feedthrough is 

T. L. Owens et al., "Radio Frequency Vacuum Feedthroughs for High-Power ICRF Heating 
Applications," Fusion Technol. (Proceedings of the 6th Topiccil Meeting on the Technology of 
Fusion Energy, San Francisco, Calif., March 1985)8(1), 381 (1985). 
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where 

b = outer conductor diameter, 

a = inner conductor diameter, 

/xo = 47r X 10"^ H/m, 

eo = 8.854 x 

For 50 17, this equation reduces to 

b 
-=2.302. (56) 
a 

The 50-1] coaxial lead feeding the current strap is limited in size because of 

space restrictions. Consequently,the rffeedthrough must also serve as a reducer 

between a standard 9-in. coaxial transmission line to the antenna-specific 5-in. 

coaxial line. The antenna 50-17 coaxial lead terminates at the back wall of the 

current strap cavity. Physical limitations force the coaxial lead to be on axis with 

the "urrent strap centerline. Consequently, as the coaxial inner conductor passes 

through the cavity back wall, it must bend to reach the asymmetric feedpoint of 

the current strap. Once past the cavity back wall,the coaxial conductor no longer 

has a 50-17 characteristic impedance. The length of this conductor adds a finite, 

but tolerable, lead inductance to the RDL circuit which is essentially fixed by 

the degree of asymmetry in the tap point plus the minimum spacing between the 

current strap and the back wall. 

The basic geometry ofthe current strap has already been established by global 

parameters,resultingin a toroidal width of4.50in.(11.43cm)and a vertical height 

of 26.38 in. (67.01 cm). A poloidal curvature of41.58 in. (105.61 cm)increases the 

strap effective length to 26.84 in. (68.18 cm). The tap point is chosen to produce 

a match at the nominal 47-MHz operating frequency. Computational results set 

the point at 65% of the strap poloidal length. 
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Ideally, the two capacitors would connect directly to the ends of the current 

strap. Any additional noncoajdal conductor length, as with the SO-fl coEixiai lead, 

adds a certain amount of lead inductance to the circuit. The inductance of the 

straplead,coupling primarily to the cavity top and bottom walls,can be minimized 

if the strap lead is wide in the toroidal direction. This has the effect of localizing 

most of the current, and hence the flux, on the edges of the lead instead of on 

the sides parallel to the cavity top and bottom wsdls. A circular configuration, 

however,is required to interface with the capacitor. Consequently, the strap lead 

has a tapered shape making the transition between the current strap width and 

the circular interface with the capacitor. 

Commercially available vacuum variable capacitors exist which are capable of 

delivering most of the required capacitance range. They are probably adequate in 

standoff voltage rating. The real concern for their use in this application is the 

industry-rated maximum operating current, which is limited by cooling capacity 

before overheating occurs. The continuous-wave current rating of currently pro 

duced capacitors may be adequate for the antenna pulsed operation. However, 

schedule restrictions of the project prohibited verification ofcommercial capacitor 

overall performance, and the decision was made to design and fabricate custom 

capacitors for the antenna. 

A variable capacitor consists of two sets of nontouching concentric cans. If 

one set is moved relative to the other, the areas of the overlapping surfaces are 

changed. This change in area thus varies the extent of the electric field between 

surfaces and hence the magnitude of stored electric energy. 

The capacitor is a very high voltage element in the circuit (50 to 70 kV). Al 

though the tokamak is essentially a vacuum chamber, the presence of a plasma 

limits the vacuum attainable in the vicinity of the antenna to about 10~® torr. 
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The vacuum region separating the cans of the capacitor needs to be in the 10"^°-

torr range for maximum voltage handhng. Consequently, the capacitor design,as 

shown in Fig. 15, incorporates a ceramic break separating the capacitor vacuum 

from the machine vacuum. The cylindrical ceramic break is the same design used 

in the 50-fl feedthrough. The capacitor vacuum is maintained by a rechargeable, 

zirconium-aluminum getter vacuum pump. The nonmagnetic construction of the 

pump permits its location adjacent to the capacitor vacuum chamber, which en 

hances ultimate pumping speed. The vacuum pumping system also incorporates 

a gate valve, specifically for isolating the pump getter surfaces from atmospheric 

saturation during disassembly and removal once the pump has been activated. 

The fixed set of capacitor cans interfaces with the current strap lead at the 

unsupported end of the ceramic cylinder. The variable set of capacitor cans 

makes electrical contact with the housing ground plane through sliding finger stock 

around the outer edge. The variable cans are moved linearly by an adjustable,non 

magnetic air motor driving a novel, helical-pitch ball nut and "threadless" screw 

device. The lack of threads on the drive rod facilitates use of the long,thin welded 

bellows, and the need for a sliding air-to-vacuum interface is thus eliminated. 

The inability to short the current strap circuit to the housing ground plane 

poses special problems for mechanical support during thermal excursions and dis 

ruption loading events. A summary ofthe current strap forces is shown in Fig. 16. 

Joule heating of the current strap during a 2-s pulse with as much as 

100 W/cm^ heat input will result in bulk thermal expansion of the strap. Ul 

timate expansion of the current strap is limited by the equilibrium temperature 

reached between the cyclic heat input and radiative cooling between pulses. The 

differential expansion between the current strap and the cavity back wall where 

the capacitors are affixed will result in a bending moment transmitted through 
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the strap lead to the capacitor ceramic break. Since alumina ceramic is weak in 

bending or tension, minimizing this bending moment is essential. The resulting 

design minimizes the rigidity of the interface of the strap lead to the ceramic by 

passing a slender rod through the hollow lead. Vertical deflection of the lead rel 

ative to the ceramic is accommodated by incorporating a formed bellows as part 

of the lead conducting surface. The relatively small,lateral spring constant of the 

bellows and the low moment of inertia of the rod limit the moment transferred to 

the ceramic to values much less than the ceramic has survived in nondestructive 

testing. 

A disruption event occurs when the plasma becomes unstable and rapidly 

expands to the vacuum vessel wall in the time scale of milliseconds. When this oc 

curs,the toroidal plasma current,which has been producing the conflning poloidaJ 

magnetic field, collapses, and this results in collapse in the poloidal field. As the 

poloidal field collapses through any structure providing a complete conducting 

circuit oriented orthogonal to the collapsing field, it will induce eddy currents 

according to 

I= , (57) 
P 

where 

I = eddy current(A), 

B = flux collapse(T/s), 

A, = area of circuit through which B acts(m^). 

Ax = cross-sectional area conducting structure(m^), 

p = resistivity of conducting structure (fi-m). 

The induced current, in turn, interacts with the background vertical field to 

produce distributed forces on the conducting members according to 
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F=BJ, (58) 

where F represents the forces(N/m)and is the background field (T). 

Depending on the resistivity of the structure, large forces may be developed. 

Although a disruption occurs over a time scale of3to 5 ms,the natural frequency 

of most stiffstructures is sufficiently low to force treatment ofthe disruption forces 

as steady-state loads as far as mechanical stress analysis is concerned. 

Since this project is performed in conjunction with PPPL,investigators at 

PPPL evaluated and supplied ORNL with the input force vedues on the structure. 

Consequently, mechanical design was limited to evaluation of the effects of these 

input forces. 

Disruption events will produce opposing forces acting on each end of the cur 

rent strap,as shown in Fig. 16,tending to twist the strap about the center coaxial 

conductor axis like a propeller. To resist this torque,a ceramic wedge is placed in 

the co£Lxial line annulus as shown in Fig. 17. The ceramic is machined with a self-

holding friction taper on both inside and outside diameters. Corresponding tapers 

exist on the inner and outer conductors. The frictional force developed on the 

tapered surfaces counteracts the torque produced during a disruption. The wedge 

surface normal force required to msiintain the friction is produced by pulling the 

coaxial center conductor toward the 50-f2feedthrough. The axialfreedom required 

for this operation is afforded by a plug-and-socket joint between the feedthrough 

and the coaxial conductor center. The center conductor hasa threaded rod extend 

ing through the feedthrough to the far side ofthe feedthrough ceramic. Tightening 

a pair of nuts in the feedthrough puts the coaxial center conductor in tension and 

produces the required friction on the ceramic wedge. This arrangement has the 

benefit of applying only a compressive load on the feedthrough ceramic, which it 
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Fig. 17. ORNL RDL antenna coajcial/feedthrough subassembly. 

can handle easily. Thefriction force is maintained during thermalexpansion by the 

use of Belleville spring washers under the two retaining nuts in the feedthrough. 

Support Structure 

The cavity back wall has already played a key role in determining stresses due 

to thermal expansion imparted to the capacitor ceramics. The back wall, as shown 

in Fig. 18,is an integral part of the antenna support structure. 

The support structure consists of four 1.50-in.-diam Inconel-718 guide rods 

welded to the cavity back wall and extending through clearance holes in the port 

cover flange to threaded connections at the assembly tie-down plate. The guide 

rods transfer all forces through Vespel bushings retained in housings that are 

fixed to the port cover flange. The length of each guide rod that extends into the 

vacuum is enclosed in a welded bellows. The bellows allow all bushings to remain 

in air, eliminating unwanted outgassing from the bushing and surface galling in a 

vacuum. The tie-down plate is the mechanical counterpart of the cavity back wall 
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Fig. 18. ORNL RDL antenna support structure subassembly. 

on the outside of the port cover flange. It is equipped with stiffeners to reduce 

deflection of the plate due to the atmospheric pressure on the six welded bellows 

enclosing each tube extension through the port. The tie-down plate also represents 

the interface between the support and drive systems. 

The use of high-strength Inconel-718 guide rods is a conservative measure 

to counteract the high disruption forces on the structure. Analysis by PPPL 

concludes that as much as 11,630 lb of transverse force can be imparted to the 

end of a rod during a severe disruption. If the antenna is at one end of its stroke 

when this occurs, the cantilever loading of a rod results in a bending stress of 

105,200 psi, which is 59% of the yield strength of the material. 

Drive System 

The drive system interfaces with the structural tie-down plate by moving it, 

and consequently the entire assembly,back and forth. An installation cross section 
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through the drive system is shown in Fig. 19, and an isolated view of the system 

clarifies the arrangement in Fig. 20. 

The primary load the system must counteract is caused by atmospheric pres 

sure on the six tube extension bellows. The bellows have a combined force of 

4970 lb always directed toward the port cover Hange. The system contains a sin 

gle drive point,which increases reliability by eliminating the problemsencountered 

with synchronization and alignment of multiple drive points. The main problem, 

finding a threaded system strong enough to handle the forces while retaining sen 

sitivity of adjustment,was solved by using a buttress thread system. The buttress 

thread form works well in either a pushing mode or a pulling mode,but not both. 

This application is adequate since the vacuum load always pushes in the same di 

rection. An aluminum bronze drive nut is used to reduce friction and galling. The 

drive nut is supported by self-aligning roller thrust bearings. The system is de 

signed in excess of the vacuum requirements since radial forces due to disruptions 

will also be encountered. 

One stipulation imposed by PPPL was for the interface at the drive system 

input to remain stationary and not track with the antenna assembly during po 

sitioning. Consequently, the design incorporates a ball spline in which the spline 

shaft rotates in a stationary position,transferring torque through a nut that tracks 

along the shaft. A sprocket-and-chain assembly transfers the input torque from 

the spline nut to the aluminum bronze drive nut. 

Faraday Shield 

The Faraday shield, with its close proximity to the plasma and the current 

strap,is the antenna component that experiences the harshest operating environ 

ment. Electrical and mechanical reliability of the antenna rests heavily on the 
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adequacy ofthe shield design. ORNL personnel have investigated numerous Fara 

day shield configurations in an effort to improve the electrical performance and 

mechanical capabilities needed for increasingly harsh plasma environments and 

power requirements.® 

While the primary rf functions of the Faraday shield are to transmit the de 

sired wave component and polarization,it must have sufficient optical opacity to 

protect the internal antenna elements from the plasma. The shield must have cir 

cuit characteristics that minimize voltages and electric fields and maximize power 

through the system. Mechanically, the shield must be able to withstand high 

plasma particle and heat fluxes, as well as disruption-induced forces. 

The Faraday shield configuration for launching fast waves is essentially a set 

of toroidally oriented conducting elements. Researchers at ORNL measured rf 

transmission and shaping of the flux field as a function of element shape and 

spacing. Mechanical considerations of fabricability and cooling, as well as plasma 

consideration of impurity reduction, were influences in the element shapes that 

were tested. The ORNL study concluded that a two-tier array of tubing with a 

nominal 0.125-in. (3.18-mm) gap separating the tubes was the most attractive 

configuration, allowing approximately 85% flux transmission while offering good 

fabrication and cooling capabilities. 

The Faraday shield for the ORNL RDL antenna is integral with the side walls 

forming the cavities around the current straps. This configuration facilitates fab 

rication and handling at final assembly. The specific relationship between the side 

walls and the current straps was discussed under the section Global Parameters. 

®D. J. Hoffman et al., "Material and Electromagnetic Properties of Faraday Shields for Ion 
Cyclotron Heating Antennas," Fusion Technol. (Proceedings of the 6th Topical Meeting on the 
Technology of Fusion Energy, San Francisco, Calif., March 1985)8(1), 392(1985). 
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One further relationship studied at ORNL was the proximity of the Faraday 

shield to the current straps. For optimum wave transmission,the spacing between 

the back edge of the Faraday shield elements and the current strap is 0.59 in. 

(1.5 cm). 

The specific design of the Faraday shield, as shown in Figs. 21 and 22, in 

cludes two-tier,straight,Inconel-625 tubes with semicylindrical graphite segments 

brazed to the front row facing the plasma only. Full-length side manifolds form a 

single-pass, reverse-flow cooling circuit. The front and sides of the manifolds are 

protected by thick, modular,passively cooled graphite bumpers. 

The front-row tubes are nominally 0.375 in. (9.53 mm)in outside diameter 

and 0.065 in. (1.65 mm)in wall thickness. The semicylindrical graphite seg 

ments are 0.062 in. (1.57 mm)thick, forming an effective tube profile diameter 

of 0.50 in.(12.70 mm). The back-row tubes are 0.50 in.(12.70 mm)in outside di 

ameter and 0.065 in.(1.65 mm)in wall thickness. Brazing ofthe graphite segments 

to the front tubes required some development. The tubes were first copper-plated 

for electrical conduction. The graphite was brazed as l.OO-in.-long(25.4-mm)seg 

ments having angled ends overlapping each other. Ticusil brazing alloy was used, 

chosen specifically for its high remelt temperature of approximately 760°C. The 

alloy was chosen to be 0.002 in.(0.05 mm)thick to minimize the wicking action 

into the expansion joints between the graphite segments. 

The cooling system uses an all-welded construction to maximize reliability for 

in-vacuum use. The tubes are welded to and integral with the cavity side walls. 

Subsequently, the manifolds are welded to the side walls, forming the coolant 

passages. Each tube is tack-welded to the cavity center wall for good electrical 

contact and mechanical strength. 

During a 2-s pulse, the Faraday shield tubes are exposed to as much as 

100 W/cm^ plasma radial heat flux and 165 W/cm^ rf-deposited heat flux. The 
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presence of the electrically resistive graphite on the front tubes means that about 

55 to 60% of the rf heat flux shows up as joule heating on the same side of the 

front tubes as the impinging plasma radial heat flux. The rear tubes see only 

the plasma radial flux that passes through the gap between front-row tubes. The 

result of the uneven heat flux between front and rear tubes is that the front tubes 

require more cooling water than the rear tubes. Both rows of tubes are fed from 

a common manifold, and this arrangement is complicated by the fact that the 

manifold is supplied at one end. Therefore, a thorough hydraulic analysis was 

performed to determine orifice sizing and coolant distribution from front to rear 

tubes and along the length of the manifold. For a 38-gpm total flow rate, divided 

as 24 gpm for all the front tubes and 14 gpm for all the rear tubes, the majcimum 

calculated graphite temperature is approximately 260°C. 

The maximum stress on a Faraday shield tube is a result of thermally and 

mechanically induced stresses. Since thermal expansion of a tube is restrained, 

bulk thermal expansion will produce compressive stresses. At a cross section, as 

the temperature of the side ofa tube facing the plasma exceeds the temperature of 

the side of the tube away from the plasma, bending stresses are produced. There 

is a hoop stress produced by the internal coolant pressure. The remaining two 

stresses are induced by a disruption. The eddy current induced in a tube, as 

determined by PPPL, produces a line load adong the tube of 2.60 lb/in., which 

produces a bending stress. During a disruption, the cavity walls try to move 

relative to each other, producing another bending stress in the tube. A summary 

of the "worst-case" tube stresses is presented in Table 1. 

A superposition of all the load cases results in a majdmum fiber stress of 

30,170 psi in a tube. An engineering estimate of the fatigue life of Inconel-625, 

under the conservative assumption of maximum thermal and disruptive loadings 
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on every pulse of the machine,results in an estimated fatigue life in excess of 10® 

cycles, which is adequate for the projected life of this experiment on TFTR. 

Table 1 

Tube stresses produced by worst-case thermal 
and mechanical excursions 

Inducing mechanism Stress(psi) 

Restrained thermal growth (compression) 9,951 
Temperature gradient across tube(bending) 14,335 
Internal pressure(bending) 490 
Disruptive line load (bending) 4,389 
Frame deflection (bending) 6,292 
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CHAPTER IV 

FUTURE DESIGN CONSIDERATIONS 

Ion cyclotron resonant heating is perceived as the mechanism for rsdsing 

the temperature of ohmically heated reactor plasmas to ignition temperatures. 

Demonstrating the power delivery capabilities of specific ICRF antenna concepts 

is the present goal. Extrapolation ofpresent antenna technology to reactor applica 

tions must accompany the technological development offuture fusion experiments. 

The ORNL RDL antenna represents the first significant step in the evolution of 

compact loop ICRF antennas. It will demonstrate the compact loop concept and 

the adequacy of the design of the basic circuitry configuration. Although TFTR 

imposes a mechanically demanding operating environment,future antenna design 

will involve much development to fulfill the requirements of a power-producing 

fusion reactor. Design principals of the ORNL RDL antenna will "-erve as building 

blocks toward the realization of ICRF antennas as the dominant supplemental 

plasma heating devices. 

Aspects ofreactor design that willimposenew and morestringent requirements 

of antenna design include minimizing the machine aspect ratio and magnetic field 

ripple,incorporation ofa tritium breeding blanket and radiation shield,production 

of neutrons,increased pulse lengths,and increased plasma current. 

Reducing the machine aspect ratio is an economical measure to reduce the 

size of the vacuum vessel. Reducing the size of the vessel imposes size restrictions 

on the antenna since port size will necessarily be minimized. Small ports are 

especially restrictive to the requirements of the resonant double loop concept. In 

conjunction with reducing the aspect ratio, minimizing the magnetic field ripple is 

important to plasma confinement. Ripple is decreased by increasing the number 
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of toroidal field coils. This results in less space between adjacent coils and,once 

again,the reduction in port size. Contemporary reactor concepts have reduced the 

toroidal width of a port to the point that two current straps per port are required 

to be configured one on top of the other instead of side by side. 

Theintroduction ofa tritium breeding blanket and radiation shield around the 

machine increases the distance between the first wall penetration and the point 

where the antenna must interface with the transmission system. An increase in 

radiallength increases the portion ofthe antenna structure that is subjected to the 

collapsing poloidal field in a disruption. An increase in structure length translates 

into increased forces. 

Once ignition is achieved in a fusion machine, a substantial number of neu 

trons will be produced. Consequently, the antenna will become activated and 

the maintenance of the antenna becomes difficult. Antenna reliability becomes 

of paramount importance. However, it is inevitable that maintenance will have 

to be performed. Consequently, as with every system on a reactor, the antenna 

module must be compatible with remote-handling equipment. Interfacing the an 

tenna with the remote-handling facilities will become a major design problem in 

the future. 

A reactor will have to obtain an extended pulse length to be attractive as a 

commercial utility. An increased pulse length pushes the heat flux on the antenna 

into the steady-state regime. Relying on the heat capacity of the antenna struc 

ture with trace cooling between pulses will have to be replaced by active cooling 

on essentially every component of the circuitry and Faraday shield. Introducing 

cooling lines that do not ground the inner conductor of a coaxial arrangement is 

not a straightforward task. The addition of adequate cooling will be one of the 

most difficult design problems offuture antennas. 
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Increased plasma current will inevitably accompany more powerful machines. 

Increasing the current will increase the disruption forces experienced by the an 

tenna structure by as much as a factor of30 over contemporary machines. Anten 

nas cannot be designed to withstand such forces. The solution to the problem will 

be to eliminate the eddy currents in the structure by introducing electrical breaks 

into potentially destructive current loops. 

In summary, future antennas will be required to handle higher heat fluxes, 

increased power densities, and larger disruption forces in a more geometrically 

restrictive envelope. At the same time, they must have maximum reliability and 

simplified remote-maintenance capabilities. The technology developed for compact 

loop ICRH antennas will provide the foundations for extrapolating to designs of 

other rf plasma heating and control devices. 
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