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Abstract

We present studies of radiofrequency (RF) coupling and heating
to ignition of a conceptual tokamak fusion reactor by means of the
fast magnetosonic wave at the second ion cyclotron harmonic. First,
the current status of fast magnetosonic wave propagation and heating,
mode conversion, and eigenmode theory is briefly reviewed. Next, a
space-averaged, time-dependent startup model is used to describe the
role of RF heating for ignition of a tokamak reactor. The computational
code simultaneously solves the ion and electron energy balance equations.
Conduction, convection, and radiative losses are compared with the
ion and electron wave heating mechanisms together with alpha-particle
heating resulting from fusion reactions. The model shows that 200 MJ
corresponding to an RF power level of 80 MW for a three second period
is required to ignite a 700 MWe fusion power plant the size of NUWMAK.
To couple the RF power to the torus, both external cavities coupled by
apertures and poloidal coil systems are considered. A calculation of
the wave coupling from an external vacuum-filled cavity to fast magneto-
sonic waves via apertures is discussed. The cavity coupling scheme
allows an impedance transformation from a coaxial feed to the plasma
wave modes and distributes the power f]ow over a larger surface area
than is the case for coils. This minimizes breakdown effects by re-
ducing the wave field strength at the apertures. A description of
the hardware necessary to accomplish the task is presented and heat
transfer, neutron flux, material, and power handling considerations
are discussed. It is concluded that external cavity coupling offers

potential technological advantages for a reactor over coaxial coupling
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to coils within the reactor chamber. The use of coils is also possible

since it appears feasible to sufficiently cool vanadium alloy coils

in a reactor environment.
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. to reactor size machines

I. Introduction

It is clear that a supplementary heatfng system will be required
to heat a tokamak plasma from the efficient Ohmic heating limit of
a few keV to the 7-10 keV required for reactor ignition conditions.
In this paper we consider the scaling of fast magnetosonic wave
heating at the second ion cyclotron harmonic for the NUWMAK tokamak reactor.

-10) and experimental(]]-ls)

While a considerable amount of theoretical(]
work has been done on recent and current tokamaks including PLT, ATC,
TFR, T-4, and ST,relatively little work has been done on the scaling
(]6'20). This-work is directed toward clarifying
the reactor heating problem and discussing the hardware associated
with coupling to a tokamak.

The work starts with a review of fast magnetosonic wave theory
including hot plasma dispersion, absorption, eigenmode density and
mode conversion processes. In a reactor the competition between the
dense spectrum of eigenmodes and the mode conversion from fast
magnetosonic waves to electrostatic jon Bernstein modes near the
second harmonic resonance surface with the consequent decrease in
"Q" is a most important consideration. At the two extremes one has
either a dense spectrum of modes which can be excited with some
selectivity provided by the launching structure or a plane wave
picture where all the power launched by the antenna is essentially
absorbed in a single pass via mode conversion. A brief discussion
of this aspect is made and its implication in terms of the coupling
structure 1is presented.

Next, the problem of reactor startup utilizing fast magneto-

sonic wave heating is addressed. A spatially-averaged, time-dependent



transport code which simultaneously solves the ion and electron

energy balance equations is presented. A local weak damping approximation
is used to derive the RF heating term in the equations. The code includes
alpha-particle and RF heating terms, species equilibration, and
conduction, convection, Bremsstrahlung, and synchrotron losses. It

is found that 80 MW of power absorbed by the plasma for a period of

three seconds is sufficient to increase the alpha particle heating

rate so that the plasma ignites and reaches its equilibrium operating
conditions in a sufficiently short time.

In order to provide the power assumed to be propagating in the
machine in the startup model, the problem of efficient coupling from
external RF generators to desired fast magnetosonic wave modes in
the plasma js addressed. The coupling structure must match impedance
levels between the generator and plasma waves so that a maximum power
transfer with low external losses is achieved. This must be done with-
out exceeding RF breakdown conditions. The launching structure must |
be compatible with the high neutron flux emanating from the plasma
and the access constraints imposed by a high field, high densify,

minimum size tokamak reactor. Finally, a summary is presented.
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IT. Fast Magnetosonic Wave Theory

A. Wave Propagation and Absorption

In this section we present the wave propagation, absorption, eigen-
mode, and mode conversion properties for the fast magnetosonic wave.
Early theoretical works by Adam and Samain(]), Perkins(z), and Weynants(S)
have presented the basic wave propagation and absorption mechanisms for
the mode in the ion cyclotron frequency range (ICRF). The operative
absorption mechanisms are cyclotron harmonic damping of the wave by
the ions and Landau and transit-time damping of the wave by the electrons.
Stix(ﬁ) has shown that when cross terms in the dielectric tensor are in-
cluded in the electron damping calculation that for TFTR parameters the
net electron damping is Landau damping and has a value which is half
that for the transit time considered separately. We have found from
computational studies that this is generally the case for reactor
oriented machines.

We now present a brief derivation of the fast magnetosonic wave

-jot + ik.r .
Twt k Fourier

hot plasma dispersion relation. Assuming an e
component of wave quantities, the wave equation is obtained as
k x (k x E) + (w/c)zi:' E = 0 where K is the dielectric tensor as de-

(21),

fined in Stix By noting that in the magnetosonic regime that

the Bessel function argument xj = kfp§/2 is small for both jon and
electron terms, one can obtain a tractable dispersion relation in

which first-order finite gyroradius effects are included by expanding
to first order in Aj. Further, the KZZ component of the dielectric
tensor is so large compared to other elements involving the z component

that the dispersion relation can be obtained to a very good approximation

by expanding the 2 x 2 minor of the KZZ component. The dispersion



relation then becomes (k, = k_, ki = kz) to the fourth order in k,

X
2 -2 2
(w/C) KXX - ku (w/C) ny
=0 (1)
2 2 2 2
(w/c) Kyz (w/c) Kyy ki - ki
where
Koo=1+3 (0 /2ukn v N2+ 7%) - K2 5(wl v Jouk,u® Y(Z* + 2% - 1% - 1)
XX _a Vpal TR Yl ey -1 L 2 \Wpg Yol TR S 5 -1 2 ~ -2/
a=1,e a=1,e
_ 2 2 2 a o, 50
Ky = Kx * S;,]_Ze(wpava/wk..ww) [z, - Ve(zy + 2],
= K = i 2 o L0 .2 2 2. V1070 _ o0 _
ny Kyz alize(wpa/Zwk" va)(Z] Z—l) * ;E% g (wpava/4wk”wca)‘221 22—1
o O
Z2 + 2_2)

and Z% denotes the Fried and Conte plasma dispersion function

Z((w + zmca)/k“ Va)' The dispersion relation then includes wave

absorption due to finite ion gyroradius effects, cyclotron damping,
and electron transit-time damping (a factor of 2 greater than the
resulting Landau damping obtained from the 3 x 3 dispersion relation).

The power absorbed by the ions and electrons per unit volume can

6)

be obtained in the weak damping 1imit in a manner following Stix( as

(x2

4 — —
p = wk - . E)/Z(watt/cmB) where K% is the anti-Hermitian part of

the dielectric tensor. The finite ion gyroradius damping term becomes

2
_ 12 2 )
Py = T Tequps Re(ki)

2—11 ;

E Ze-((w - Q,U)c_i )/kn \'

o [ Vi (2)



In a similar way the electron Landau damping term can be obtained

£rom i1 .
rom the anti-Hermitian part of the Kyy, Kyz, sz, and KZZ elements

and written as

2
_ 2 2, 21 120 ~(w/ke V)
Po = eo(wpe/wce) k, |Ey| Ve e’ /4k, . (3)

In the above equations, % is the harmonic number w = L5 s E, 1s the

left-hand circularly polarized electric field component rotating in

the sense of the jons, and Ey is the rectangular component of the

electric field. [E,|? = |1-X|2|Ey|2 - |1+x2l-][Ey|2 where
-1 Ky
X = iEx/Ey = —————X—?- is the polarization factor for the second harmonic and
Kxx - M
x2 = 372 k2278 kuv,u.)

1 C1

The ion cyclotron harmonic absorption term occurs in a region of
finite width in the tokamak minor cross section due to the thermal
effects and the 1/R variation of the toroidal magnetic field. For
the second harmonic, this width is A = k, ViR/wci' It is further
assumed that the energy deposited in the slab is uniformly distributed
over the circular flux surface intersecting the radial element on
the slab due to the rotational transform.

To take rotational transform effects into account in the ion
heating expressions we write

B
BT ) 1 - ;-sine “
R
where B0 is the B-field on axis.

For a large aspect ratio device, we may approximately write



Br = B, (1+ E-sine) . (5)

By averaging over a flux surface, we can define

] ail
<pylr)>g = 5= IO pi(r.6) do (6)
where
1/2 2 -1
T e w_. A 2 .2
<pi(r)>e ) k?v.p1 : |E+'2 e”¥ S K (7)
j
and
o szz. r‘2 qB
_ cio _ 0
Y = 555 » and Yeio T Tm
R™ ku™ v, "
Then equation (6) yields
1/2 2
m £ W._. 2
[
P00 = v N 110(32(_) e )2 (8)
3 -i .

where we have assumed that |E+[2 is not an explicit function of 8.

For y2/2 >> 1 we find that

2

<D5(r)>g= eglugifugio) (R/r) ReOY (%80 . (9)

Note that this provides a strong peaking of the energy deposition
to the jons at the plasma core. By integration over the tokamak
cross section these equations are adapted to a time-dependent

model for the startup calculation in NUWMAK.



Figure 1 shows the dispersion relation for the magnetosonic wave

D 5/2 (D = deuterium) is

plotted as a function of the minor radius on the horizontal plane of

for NUWMAK parameters. The parameter A, = kfp
the machine with parabolic density and temperature profiles assumed
over the cross section. The parallel wavelength (k, = 10 m']) is
assumed constant over the cross-section and a peak temperature of

Ti = Te = 5 keV and peak density n = 4 x 10]4/cm3 is assumed on the
axis with values at the plasma edge (r = 1.25 m) dropping to one per-
cent of those on axis. The wave frequency is 92 MHz which corresponds
to second or third cyclotron harmonic resonance for deuterium or
tritium at 60 kG on axis, respectively.

From the dispersion curve in Fig. 1, one notes that the imqginary
part of the roots for Ap corresponds to absorption, mode conversion,
and evanescent regions. The roots labelled F correspond to the fast
magnetosonic mode and those labeled B correspond to an electrostatic
ion Bernstein branch. In the region where the two roots coalesce,
some of the wave power propagating in the fast wave branch can be
coupled into the backward wave mode ion Bernstein branch and some can
be transmitted through. Works by Swanson, Ngan, Scharer, McVey, Mau,
Jacquinot and Perkins(4’5’8’9’]o’22)
model has been put forth that will describe the amount of wave energy

which tunnels through and is absorbed by cyclotron harmonic absorption

and the amount of incident fast wave energy that is mode converted for

have treated this problem. No exact
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all values of k, and plasma parameters. However, in the 1limit where
kfpi/k" >> 1,computational results predict that fast wave energy
incident from the high magnetic field side of the cyclotron harmonic
resonance is essentially all converted to the backward wave ion
Bernstein mode and wave energy incident from the low magnetic field
side is completely reflected from the cyclotron harmonic resonance
zone. In this limit the eigenmode description of fast magnetosonic
waves is not appropriate and wave energy propagating along the fast
wave branch from the high field side of resonance can be visualized
as being completely absorbed in a single pass via mode coupling to
the more strongly damped ion Bernstein mode.

(

perkins(10) has shown that once the wave energy flows along the
ion Bernstein branch, the effect of the poloidal component of the
magnetic field provided by the rotational transform from the Ommic
heating current greatly modifies the local k. and strong absorption

can result. McVey and Scharer(zz)

have done ray tracing studies
incorporating this effect and obtained a dispersion relation for the
ion cyclotron range of frequencies (ICRF) which accurately describes
the dispersion of the ion Bernstein branch fof all ranges of the
parameter A;< 10. The results show that strong ion or electron
absorption of waves launched from the high field region can occur

in the Tow k, regime, dependent on the orientation of the initial
ray direction at the plasma edge and its location in the vertical
profile.

1

For sufficiently large k, (20 m ' for NUWMAK parameters), the

mode conversion process can be neglected and fast wave tunneling
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through the second ion cyclotron harmonic absorption region is possible.
However, even though the weak absorption limit Iki[/Ikrl << 1 is Tocally
valid in this regime, the harmonic absorption width in a reactor, A,

is sufficiently large so that the wave is substantially damped in a
single pass through the resonance zone. This lowers the wave Q in the
machine and makes an eigenmode description of the fields inadequate.

Nevertheless, we adopt the eigenmode description of wave fields
in our reactor study due to the relative ease of formulating the
coupling problem. The final verdict on the role of
mode conversion in absorption in the ICRF range awaits more detailed
experimental measurement on scaling as the size of tokamaks is increased.

A further condition that must be met in order to have high Q
eigenmodes is that the impurity proton concentration which is at the
fundamental ion cyclotron resonance must not exceed nH/nD = Bi(lo) S0
that fundamental proton absorption or mode conversion near the two-ion
hybrid resonance does not dominate the deuterium cyclotron harmonic
absorption and strongly reduce the mode Q. As a practical matter for
a reactor such as NUWMAK the proton concentration should not exceed
fractions of a percent (nH/nD = 0.003).

Finally, if mode conversion processes are ultimately shown to
dominate the absorption in a reactor, the resultant spatial and plasma
species absorption rates can be incorporated in the time dependent
transport code for startup calculations in a similar manner as we have
done for the case of fast wave eigenmode absorption. However, the
formulation of the coupling problem and calculation and antenna
radiation impedance for the wave absorption via mode conversion will

be much more formidable.
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II.B. The Influence of the Launching;Structure and Mode Conversion

on_the Excited Mode Wave Spectrum.

Fast magnetosonic wave experiments on the ST, ATC, TFR, T-4,
THM-1-VCh, PLT, MACROTOR, CALTECH, ERASMUS, and TEXAS TECH tokamaks
have observed high Q eigenmodes under appropriate conditions at the
second harmonic of the ion cyclotron frequency. When this occurs an
enhanced radiation resistance of the antenna is present and the coupling
from the RF generator to plasma waves is very efficient. In this
section we determine the possible dense spectrum of eigenmodes in
the plasma and consider the influence of wave processeé such as mode
conversion and the spectrum of the Taunching structure in determining
the composite heating picture and loading of the antenna.

(18) (19) have considered the density of eigenmodes

Stix and Hosea
in a cold homogeneous cylindrical plasma such that the axial RF magnetic
field varies as BZ ~ Jm(krr) exp (ime + ing - iwt) where m is the
po]éida] mode number, n = k,R is the toroidal mode number, and kr is
the radial wave number. Stix calculates the density of eigenmodes
when the radial (u), azimuthal (m), and toroidal (n) indices are varied
assuning a perfectly conducting wall at radius r=a. The boundary
conditions determine that eigenmodes appear whenever krazn(u + |m/2])
where p and m are the radial and poloidal mode numbers. If one lets
v =mn(u+ |[m/2]) > 1, then eigenmodes appear at ha]f-intégra] values of
v with a (2v-1) multiplicity due to the various combinations of u and
m yielding the same v. By integrating over the values of v and n,
subject to the approximate cold plasma dispersion relation,

wtw. .

§ o+ () Kl = (v, (10)
Ci
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Stix obtains the total number of propagating modes as

wt+w. . 1/2 3
V=L (—h) T et (@) (11a)

37 We g A

where R is the major radius and Va is the Alfvén speed. The mode

separation dw necessary to increase N by 1 is

dw/w = dN/3N = 1/3N (11b)

For reactors the size of NUWMAK with a = 1.25m, R = 5.0 m, n_ =

2 X 10]4/cm3, B0 = 60 kG, and w = zwci the separation in eigenmode
frequencies is about one part in 4.6 x 104 when compared to the second
ion cyclotron harmonic for deuterium. The argument then follows that
the antenna can provide a poloidal and toroidal resolution of 100 with
individual Q's of order 100 so that about 5 modes are simultaneously
excited. If too many modes are sihu]taneous]y excited, the cumulative
field intensity is in phase near the antenna, but due to radial phase
shifts can be out of phase and destructively interfere at regions in
the plasma core. This can lead to undesirable surface heating of the
plasma.

The above analysis assumed that all mode indices were equally
excited and that the excitation spectrum of the antenna provided a
combined poloidal and toroidal resolution of about 100. A more com-
plete picture of an ideal launching structure would include the
following considerations. First, the launching structure would have
a Fourijer spectrum which peaks at fairly low values of m and becomes
negligible for |m| > 3. This greatly reduces the number of modes over

which substantial RF power is distributed and thus the effective
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density of modes. Secondly, the low k, = n/R modes as we have seen
are those which are most readily mode converted and have an equivalent
Tow Q. If competition for power density among the mode spectrum takes
place, the strongly mode converted "modes" might receive the Teast
amount of wave power and the higher Q eigenmodes corresponding to the
higher k, part of the spectrum would receive most of the wave power
due to their enhanced radiation resistance.

Hosea(]g)

has looked at the mode density question for larger
machines and noted that the spectrum is quite dense for higher k,

modes but that it is relatively sparse for lower k. =~ 0 modes. He
suggests an antenna structure which preferentially excites Tow ku

modes and uses frequency tracking and gas puffing for density control

to excite the desired modes. It would appear that due to the preferential
mode conversion process for low k, modes and the higher density of modes
for larger k,, the presence of low k, eigenmodes and selective

tracking of higher k, eigenmodes in a reactor is very difficult
technologically and somewhat academic. The resolution of this

question awaits further detailed experimental evidence on the mode
conversion process and eigenmode scaling in larger tokamaks such as

PLT and TFTR.

Hosea further points out that density fluctuations in the plasma
can effectively scan over modes so that tracking a single mode becomes
very difficult. It should also be kept in mind that plasma heating
via mode conversion processes can offer the advantage of a well de-
fined process dominating cyclotron harmonic absorption. One possible
disadvantage is the reduced radiation resistance for absorption via

mode conversion processes when compared with that where the dominant

absorption is via cyclotron harmonic damping for high Q eigenmodes.
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For reactor size machines longer resonant half-wavelength
antennas can be considered rather than the electrically short coils
used in present day machines. This will act to enhance the radiation
resistance and counter the expected decrease due to mode conversion
processes providing efficient coupling of the RF power to the fast
magnetosonic wave for plasma heating.

We now calculate the mode spectrum and spacing for fast magnetosonic
waves in a tokamak. Due to the weak rotational transform effects in
a tokamak compared to the circumference, we adopt the cold, uniform
plasma-filled guide problem discussed by Bernstein and Trehan(23).

For waves in the ion cyclotron frequency range the TE mode solution

(E . 0) is derivable from the axial magnetic field component given by

i _d
r) ejme ing-iwt

(12)

where H] is an amplitude coefficient, kr is the radial wavenumber, m
is the poloidal mode number and n = k, R is the toroidal mode number

corresponding to an eigenmode. The dispersioh relation is given by

2 2 4

_ .4 /2 20 2,4-1/2
kY’ - [kn/s - 2k0 kn + ko RL/S] [ko - kn/S]

(13)
where S, R, L, and D are defined in the Stix(ZT) notation and k0 = w/c.

_ 2 _ 2, 2 -
For our case S = Wi w"), RL/S = w i/wci’ and D/S w/wc..
The 6 component of the electric field which is the tangential

ci ~ p i

electric field at the edge of the cylindrical column can be calculated

via Maxwell's equations and is

By = 10 ughy[a(n/r) 3, (k) + 2k 3 (k)] (14)
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-2 2 2
where a; = —kr = (ky/S - kO )/A and a, = (D/S)kOZ/A = (—w/wci)kOZ/A

2
0

Applying the boundary condition for a plasma filled guide with a

2

are polarization factors and A = k"4/S -2 ko k" + k04RL/S.

conducting boundary Eq (r=a) = 0 yields

az(m/a) Jm(kra) *+ a kr Jm'(kra) =0
or

kra Jm'(kra)/dm(kra) = (LU/(D ) A/( n - klz\ - ku(w/w ) ) (]5)

where kA = m/vA and Va is the Alfvén velocity.

We now investigate the eigenfrequencies and frequency spacing
as the radial (n), azimuthal (m), and toroidal (n) indices are varied.
We assume that the wave launching structure and large reactor size
.satisfy the following conditions: 1) kra >>m, 2) kr o kA >> k,, and

3) w= chi’ By using the asymptotic form of the Bessel functions

Tim g ' (k.a)/9 (k. a) > > -tan(k a - 5= - —)

k a >mom

Eq. (15) can be written in the form
kra -mn/2 - w/4 = um + m(w/w )/(k a) (16)

where p > 0 is the radial eigenvalue related to the number of radial
half-wavelengths that fit in the machine.
Since tan (¢) = tan (¢ - um) we can write
tan(kra - vi-1/4) = m(m/wci)/kra (17)
where v = u + m/2.
We now consider the shift in eigenmode frequencies due to various

changes in the mode indices. The smallest shift will be due to a



18

shift in m and p while maintaining constant v and n indices. We

note that |k a - vm - m/4|<<1 and let Ak, = k. - k.p. Thus,
Akra = Am(w/wci)/(kra)
and since Akr = Aw/vA = Aw kr/w
we have
_ 2 :
Aw(u,m)/w]v’n = Am(w/wci)/(kra) . (18)
In a similar fashion we obtain
Aw(p)/w = Auv/(kra) (19)
n,m
and
Aw(m)/w = Amm/ (2 kra) . (20)
n,u
For Aw(n)/w we must use a more accurate dispersion relation for

.M

finite k., = n/R. The cold plasma dispersion relation can be written
(mv/a)? + ((w + w ;) /w ) (0/R)Z = (w/vy)? - (2)
ci’’Tci A .
where the second term is small for our regime of interest. Thus
2wbdw=vl ((w+a.)o.) 20an/RE
waw=Va ci’/Pci
and utilizing vy = w/kr’ we obtain

bo(n)/w] = anlle + u)ugg) n/(kR) (22)
H,m
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For the NUWMAK tokamak with 1 = 2 x 101%/cn’, By = 60 kG, R = 5 m,

and a = 1.25 m the previous results yield

Aw(1ym)/w =1.6x10% am , (23)
V,Nn
A1) /w =2.8x107% an , (24)
n,m,
Aw(m)/w =1.4x10°% mm , (25)
HsN
and
rw(n)/w =3.9x103 an . (26)
H,m

The above results show the spacing between adjacent eigenmodes for
the variation of a single mode index. Note that since the dispersion
2 2.2 1

= kv - n_”

VA o that Aw/w =

relation for Alfvén waves varies as w
-Ane/Zne and that the above expressions can be interpreted as the

shift in density required to shift to an adjacent mode. It is noted

that the density fluctuations in a tokamak discharge should ultimately

be taken into account in obtaining the time-aVerage heating and absorption
rates for ion cyclotron harmonic waves. We now look at ways in which

the Taunching structure and mode conversion processes tend to limit

the spectrum of excited modes:
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There are currently two main processes being considered in the
propagation and absorption of wave energy in a tokamak. The first
involves ion cyclotron harmonic absorption near the second harmonic
resonance. In today's machines this can lead to high Q eigenmodes
with weak absorption processes. As larger, more dense, and hotter
plasmas are created suitable for a reactor device the second process
of mode conversion from fast magnetosonic wave modes to jon Bernstein
modes is expected to become more substantial. An adjustment of the
k. spectrum is then required if one wishes to insure that the wave

is absorbed by ion cyclotron harmonic processes. Computations by McVey(zz)

! in a reactor device

show that k, must be increased to 20 m"
in order that mode conversion processes can be neglected and that the
Jocal weak damping description is valid. By increasing

kus the width A =,k,.v1.R/wCi of the cyclotron harmonic

absorption zone is substantially increased so that even though the
weak damping]imgt (ki/kr << 1) is satisfied locally, the cumulative
effect over the whole absorption zone is such as to strongly damp

the wave and yield a low Q situation. As mentioned earlier, this
means that efficient coupling to the cavity requires a transforma-
tion of impedance levels such as that found in the aperture coupled
cavity or the use of resonant half-wavelength coil antennas.

We now consider the desirable properties of a launching structure

so that efficient wave coupling and heating in a tokamak can be achieved.
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With regard to the poloidal spectrum, we note that the spatial
_heating profiles for an eigenmode vary as Jé_](krr) so that an antenna
which excites a low m spectrum is desirable to provide core heating
and avoid edge heating of less well confined plasma particles. As

an example, the expression for the current in a coil which covers

half the poloidal angle and is of uniform amplitude and phase is

I(8) = IO(H(G + w/2) - H(8 - w/2)) where the H stands for the

Heaviside function. The current can be represented as

1(e) = ] 1e™
m=0

2m .
where the Fourier coefficient can be calculated as Im =-%F / I(e)e-1mede.

Thus 1/2 (m=0)

1 . m o=
] modd; m=+1,+3,+5, ...
0 meven; m=+2,+4, +6, ...

Since the excited power is proportional to Is for slowly varying

radiation resistance, we can assume that most of the power launched
will be in the |m|<3 part of the spectrum. It should be noted that
the above current excitation could only be excited with a poloidal
array of properly phased, electrically short (2 << 0.1\) current
elements. If a resonant half-wavelength antenna were used, the
cosine-shaped exciting current amplitude about the feed point would
produce substantially more power in the higher m part of the spectrum.
1

For the toroidal spectrum, we assume that a peak at k, = 20 m

is excited to insure heating via finite ion gyroradius effects at the
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second harmonic resonant zone. A plasma density profile which is
sufficiently sharp at the edges is assumed so that the wave evanescent zone is
not appreciable and the wave propagates over most of the plasma cross
section. We assume a toroidal array of an even number of elements (NA)
with a 180° time-phase shift between successive elements spaced

21rR/NA apart. The toroidal current distribution is given by

oo

I(¢) =F 1 e ¢ = z/R
n=0 "
2n .
where I = (2w)'] f I(¢)e_1n¢d¢
0

The toroidal Fourier spectrum is given by the well-known form

I, = sin((2n - NA)ﬂ/Z)/(Zﬂsin((Zn - NA)v/ZNA)). - (27)

The spectrum peaks at n = k,R = (2p+])NA/2 where p is an integer and
‘has a width Ak /k.,0 = 2/NA corresponding to An = 2 for large NA'
We now calculate the number of modes for which an appreciable

Fourier spectrum excitation coefficient exists.

Vmax Mmax
NE = f D(v)dv f dn (28)
“min nmin

where D(v) is a degeneracy factor taking into account different
combinations of m and p for the same v.
If only |m| = 3, 1, and 0 modes are appreciably excited we have
D(v) = 5. The width of the n spectrum is An = 2 about the peak and we
have two regions of k, below the k, max fast wave cutoff for k"Q = 20 m_].

Thus we have

Ng = 5-av - 2 - an(=2) . (29)
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Now the fast wave dispersion relation can be written
(m/a)% + ((0 + w_. )oY (n/R)Z = (w/V,)?
ci’'ci A® -

For fixed frequency the above dispersion relation yields

dv = -3(a/m)%(n/v) dn/R2. (30)

For An = 2, n =100, v =110, a =1.25m, and R = 5 m we have Av = 0.10.
Thus Np = 5-(0.1)+2-2 = 2 modes. To complete the problem one has
to consider the Q of generator and fast wave modes.

The previous calculation shows that the array can substantially
reduce the mode spectrum to provide heating. The practical implementation
of a large array in the NUWMAK reactor environment is much more
difficult. The excited spectrum is likely to be larger than the ideal

case previously calculated due to access constraints and a 1imit on

‘the number of elements in the array.
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IIT. Reactor Startup Model

In this section, we examine various ways in which a reactor may
be heated to ignition using RF augi]iary heating. Time varying
temperature as well as various heating and loss mechanism curves
are obtained by solving the time dependent ion and electron energy
balance equations. The RF heating terms are calculated assuming a
linear, weak damping, finite Larmor radius theory. A computer point
code, based on a spatially independent, "0-D" model is used to solve
the energy balance equations. The energy balance equations can be

1,2,3
obtained from the Boltzman equation,( )

where Cj is the Fokker-Planck Collision operator.(4)

By taking the second velocity or energy moment of Eq. (1) we obtain

5 3 N 3 > > >
5 G KT = -V (5 KT;T5 + Q5) - nyKkT4v - Y5
- -> 2 3
+ njej E » Vj + m [v de v (2)
> > > > 2 3
Q; = / v(v-v;) fidv (3)

where use has been made of both the particle and momentum conservation
equations.(])

Averaging over a magnetic flux surface yields the spatially
dependent fluid energy equations for both electrons and jons. For

electrons we have
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2
fe Grekty) = ey e 12 1o, + Sinr,))

" Qi = Prad * Pohm * PIng * PrF (4)
where a source term for an external injection of power either from RF
or beams as well as loss terms from Bremsstrahlung and synchrotron
radiation have been added. The radiation Toss terms are calculated
assuming that a local Maxwellian temperature occurs for the electrons
over time scales much longer than the relaxation scale in Eq. (1).
The ion equation is

n?<cv>

S Gy = Te v+ + a7 [r(gy + 3 kTir))]
t gy * PI;U " Pex t P;F (5)
where
Ngs Ny = electron and ion densities
Te’ Ti = electron and ion temperatures
Uae, ai - fraction of alpha energy to electrons and ions
Qei electron-ion rethermalization term
Prad Bremsstrahlung, Tine, recombination and synchrotron
radiation Tosses
POhm Ohmic heating
P?NJ’ P;NJ electron and ion heating sources from beams
PCX charge exchange energy loss
Fe’ F1 = electron and jon particle fluxes
Qe’ Qi electron and ion energy conduction terms
PEF, P;F electron and ion RF power absorption terms
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To obtain the particle flux terms in Eqns. (4) and (5), -we
examine the particle conservation equation of the zeroth moment

of Eq. (1)

2

on, n:<ov>
i_123 1 DT

37w Ty - e s (nt) (6)

where Sp (r,t) is the particle source due to neutral beams, pellet

injection, or gas puffing and we may write(1)

)
_ e,l
Qi ™ Xeyi THr (8)

To obtain the ion-electron equilibration term in Egns. (4 ) and (5)
we use the classical expression which is in agreement with experimental

results,

w
=
=

- T.) (9 )

_e e
Qi = 7 m. k(Te i

ei i

where Tai is the electron-ion equilibration time which for the neoclassical

banana regime is given by(5)

3 1/2 T 3/2
Tei T 177G (10)
4(2m) "' “e niznA
The Ohmic heating term is evaluated from the neoclassical model
Porm = Eg% (11)
E, =n_J (12)
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where Mne is the neoclassical resistivity obtained from the Spitzer

resistivity by(]’6)

'r] =

ne = Ngp [1 - 1.95(r/R) /2 + o5(r/R)]"] (13)

The energy loss from Bremsstrahlung may be written as(2’5)

= 4.8 x 10'312 2T 172 watts/cm3

P eff"e e

B

with Te in keV.

The synchrotron Toss term is(8)
n 1/ZB 5/2
- -14,., 1/2 _\13 e ¢ 2.1 3
Psyn 1.55 x 10 ""(1 rw) [5. + .17(5-2)] a]/z Te W/cm (15)
where
ry = wall reflectivity
Te in keV
BT = toroidal field in Tesla
a = minor radijus
Finally Egns. (4 ) and (5 ) become(g)
on T (T.-T.) oT
ee _ -1 i e 1T 38 _e 13
3t 4.28 x 10 AL T 3/2 * 1.5r or (rne Xe Br ) r ar (rneVeTe)
e
+ 4,17 10]5 { <ov> U _+E -« J+P, .(U_ + f(EQ) U )
’ X phy <oV> Lse inj ' be Eb oe
e
- Pg - Pg - P - PR} + Ppc (16)

and
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on.T. T.-T ) oT.
i -11 13 i 129
5% 4.28 x 10 nin, 372 * TEr 57 (V"-Xi 5;70 -+ oar (VT

1 ar 1T 11

E .
15 0 i
+4.17 x 10 {nDnT <oV>pr Uai + PCX + Pinj (Ubi + f(EE)Uai)}+ PRF (17)

Te,(i) is the electron (ion) temperature (eV), B, is the poloidal magnetic
field (Gauss), ne,(i) is the electron (ion) density (cm-3), Vi is the ion
velocity (cm/ms), J is the toroidal current density (amp/cmz), E is the
toroidal electric field (volt/cm), r is the radius (cm), t is time (ms),
Xe, (i) is the electron (ion) thermal diffusivity (cmz/ms), e is the neo-
classical resistivity (ohm-cm), D is the diffusion coefficient (cmz/ms),
Ubi,(e) is the fraction of beam energy going to ions (electrons), and

f is the fraction of deuterons in the neutral beam which undergo fusion

as they slow down in a tritium target plasma. PB’ PS’ PL’ and PR repre-
sent Bremsstrahlung, synchrotron, line and recombination radiation,

respectively (watts), P__ is the energy loss due to charge exchange

cX
(watts), and Eg is the beam energy, and P;;e is the ion (electron)
power absorption (watts).

Since the point code is spatially independent, we need to eliminate
the gradients in both the conduction and convection terms. Therefore,

we may replace the conduction term by(]o)

nt (18)

2 9 aT
Ty L x 57 >
C

where Te is a characteristic thermal conduction time. For the convection

term we have(]o)

(r nVT) - Lk (19)

p

L
or

S|—
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where T is a characteristic thermal diffusion time.

Qualitatively, we can rep]ace'rC and T by

2
LR - (20)
Xi,e
2
e ->g—- (21)

where a is the plasma minor radius and D is the diffusion coefficient,
and x is the thermal conduction coefficient.

To calculate D and Xi,e(]]) we first must examine single particle orbits.
Particles may travel along magnetic field lines which, if closed and in
the absence of drifts, result in no particle losses. However, due to the
1/R variation in the magnetic field, as a particle travels along a given
field Tine it passes through regions of varying field strengths. For a

maximum magnetic field strength on that line of B particles with

max
energy E < “Bmax will be reflected from the high magnetic field regions
and become trapped in weak magnetic wells, undergoing periodic motion
between reflection points. The bounce frequency for this periodic motion

is approximately

v
. T
wy = ﬁa—- V2¢e (22)

where € = r/Rand q is the safety factor

Besides this bounce motion, particles also experience an effective

gravitational force again caused by the inhomogeneity in.the magnetic
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field. The resultant drift of particles may be characterized by the

velocity
V2
N 2 BxVvB m T
VD - (mvll + ]JB) 3 ~ E‘g R (24)
eB
The combination of bounce motion with drift produces a banana-shaped
orbit whose width is given by
ZVD
Ary = Eb— = 2pe/€ =2q p/Ve (25)
VTm
where P = BB -

p

A general particle diffusion coefficient may be defined by
D -~ (Ax)z/At where Ax is the mean spatial step size caused by the
scattering process during the time At. In the absence of bounce
motion and drifts, simple Coulomb collisions produce particle transport.

For low B machines, the classical diffusion coefficient is written(]]) as

2

D ~ vgi0 (26)
where p, the gyroradius, is the step size and
421 n1.Z2 etonn
v, o= = electron-ion collision frequency. (27)

ei 3/2
3/, Ty

However, when banana orbits are present in tokamaks, this simple
diffusion picture becomes more complicated.

For Tow v, the trapped particles have a step size on the order of
the banana width rather than their gyroradius. This step size is valid

when the collision frequency for the scattering of trapped particles
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out of the region of trapped particle velocity space is small compared
to the bounce frequency. Since Coulomb collisions are small angle

processes we define

v V.
90° ei
) e T (28)
eff (Ae)Z £

The condition for trapped particles to be considered "collisionless"

is that
3/2
Vapg < Wy OF V< g / VT/Rq (29)

In this "neoclassical" regime, the diffusion coefficient due to

trapped particles is

2 2 2 -3/2
D - vopp (8r)? £ o v p? qf & (30)
where fT is the fraction of trapped particles
- Bmax -
fT = B—"—"'- ] = /28 (3])

min
For ions in this neoclassical regime x; ~ D.

Since plasmas in tokamaks are neither spatially uniform nor
Maxwellian, they are subject to both macroinstabilities and micro-
instabilities. Microinstabilities may be driven by velocity space
anisotropy or temperature, density and pressure gradients. Micro-
instabilities lead to enhanced or "anomalous" transport of which,
for tokamaks, the most important kind are those driven by the various
gradients present in all tokamaks.

In an inhomogeneous plasma, there is an apparent drift of

particles in the BXVn direction given by
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=T 1dn.p 32
vd eB n dr g T (32)
where r = effective plasma radius = (l-gﬂ-']
n n dr
When there exists an Ee in the BXVn(6) direction, with wave number ke,
this field produces a drift wave with frequency
Wy = kevD . (33)
Since %-< ke < pi-] we may have a range of drift frequencies with
) Vips P
. _d thi 7§
“xmin ¥ " ¥ ¥ (34)
n
v V., .
. .d thi
Semax 5y T Y (38)

There is no energy or momentum exchange between species since Ee causes
both ions and electrons to drift in the Eé XB direction, hence no in-
stability develops. However, various mechanisms exist which may retard
one of the drifting species, resulting in a net exchange of either
momentum or energy with the drift wave causing an instability to grow.
These mechanisms which result in enhanced transport may be classified

between various natural frequencies in the plasma Wamin w, and
L]

Yxpax,

the curvature drift frequency wy = keVD' In tokamaks, we usually have

N < N << . <L < .
“Dmin < Yrmin Wy i Urpax < Ybe

Therefore, we may order the various types of instabilities due to drift
waves in order of decreasing collision frequency.

For Vaff > Ype but v < Wipax® 1€+ trapped particles collide
before a full bounce period is completed, drift dissipative modes develop

and we have the following "pseudoclassical” transport coefficients
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2 2
Xe ~ Coveipee and D~ CyveiPge (36)

with C0 =10 and C] = 10/3 for NUWMAK.

For veffe < Wpas veffe > Wpnin trapped particles bounce before

undergoing Coulomb collisions, hence are “collisionless". When a
temperature gradient exists, these collisions do not retard the EXB

drift of the trapped electrons and the dissipative trapped electron

mode develops with transport coefficients

3/2 2 T
3 ¢ P Wyos o Wy s
min _"*min - T N 1
with w = E-W i (37)

Xe ~ e
e \)e_i min

D~ €Xq ~ Xj-
For Veffe < Ype> Veffe < ¥y ~ 0.1 (r/pee) Warmin
again we have a dissipative trapped electron mode instability

developing. However, in this Tower collision frequency regime the

effective wave number k of this mode is determined by the magnetic shear and we

obtain
. B
2 172 denT ™
)(e ~ C2\)e1’pee where C2 = 0.06 ¢ / mﬁr—é—g—
e
(38)
D= €Xe ~ Xj = constant of order 102 depending

upon the magnetic shear

D

= rn/L >0 = rn/Ls

Finally for Vaff, << Wps the frequency of this mode is below the
i
ion bounce frequency. The drift wave in this case is supported by

only trapped particles and we have
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5/2 2 2
£ / " Ymin (39)

2
Vei (1 + Te/Ti)

D~Xe~x_i~

In the point code, all of the above transport coefficients are
first calculated and the largest values for D and Xi,e are used in
the energy balance equations.

To eliminate the spatial dependency in density and temperature,

we use the following expressions for the average density and temper-

ature(g’]o)
7= fa nir)rdr (40)
0 2
a
fon(r) T(r)
r) T(r) rdr
7o (41)

fﬁ n(r) rdr

where both T(r) and n(r) are assumed of parabolic form

2 o
n(r) = 2 n, (1 - ﬁE) (42)
d
2B
T(r)=271,(0-5) (43)
a

where a and B are set equal to 1 for the cases we analyze.

(10)

Since NUWMAK is noncircular, a shape factor S is defined by

circumference of plasma

S = circumference of prescribed circular plasma (44)

so that the stability factor q is given by

B
=S5 T
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where A is the aspect ratio of the smaller inscribed circular plasma
and Bp is the poloidal field at the plasma edge.

In the point code, we assume that through some fueling mechanism,
such as Tow energy neutral beams or pellets, the density of deuterium
and tritium remains constant, although the ratio of the two species
may vary if neutral deuterium beams are used. The resultant alphas
from both main body and TCT fusions are calculated and we may find

the resultant electron density by the charge neutrality condition

ng = ng+ng+ Zna (46)

We now spatially average the RF heating expressions (Egns.
(9)and ( 3) in Section II) assuming the parabolic expressions (42),

(43) and define

e w ? (r) <kf> Vih'(r) ! a
PRFI = { %;75,1——‘5‘ [E,| rdr/[rdr (47)
cio 2 0
0 2 e (r)
2 2
L0 g0

2 2
4k 5 <ki> Vipa (r) (14 x2(r)) |E+|2 e \ K Vine (M) Jnap (48)
1t (Y‘) -

In the expressions for PRFI and PRFE we have previously averaged

kf over the resonant heating zone whose width is given for both jon species by
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2 kn v, . R
AR = ——th (49)
cio
while for the electrons, AR is taken to be the entire plasma cross
section since electron Landau heating as well as transit time magnetic
pumping occur over the entire plasma radius. With this mode] we
have neglected possible effects due to coupling problems as well as
multiple modes. With this we find that
2 a 2k?> V2 . (r)} 2-1
PRFI = e.R w. s (r dr 50)
Moe 087 70 P 2 w 2 (r)
ci
= PRFT' |E, |2
- 12 2 2 2 2 2
PRFE = <k?> ——— ﬂ]/z —Eg———-v (r) (1 + xz(r))e cio thedr (51)
- 2kya w “(r) the
ce
) \ 2 (52)
= PRFE |E+|

Since ZwCD = 3wCT we have £ = 2 for deuterium, & = 3 for tritium.

Hence,
TOTAL RF INJECTED POWER = |E+|2 X (PRFD' + PFRT' + PFRE') x VOLUME (53)

where PRFD' is the contribution to PRFI' from deuterium while PRFT'
is that from tritium.
In the point code, we input the total power deposited in the plasma;

therefore we normalize |E+|2 such that
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,2 _ TOTAL RF INJECTED POWER

1" = PrED5 PRET & PRFE') x VOLUME ° (54)

+

There are several possible scenarios for an RF heated reactor

startup(]2_14).

As shown in Table 1, we are looking at a non-
circular tokamak of minor radius 1.25 m, major radius of 5.00 m, non-
circularity factor of 1.33, toroidal B field on axis of 60 kG which
determines the RF frequency used as 92 MHz and plasma current of 6.48
MA which results in a thermal energy output of 2300 MW. The average
electron density is approximately 2.00 x 1014 cm'3, while the plasma
is a 50-50 mix of D and T. Also initially, Ti=Te=I.0 keV

for Figs. 1 thru 9, while for the latter figures Ti=Te=BOQ eV’

First of all, in Fig. 1, a moderate amount of power may be ...
supplied for a relatively long time, or left on during the entire
burn time in the case of a driven reactor. In Fig. 1, we supply . —
RF power levels of 50, 70, 80 and 100 MW for a full 3 seconds. We
notice that for power levels of 80 MW and above, an equilibrium ion
temperature of 15 keV can be achieved within 3 seconds.

By going to higher RF power levels supplied over a shorter time,
we may increase the duty cycle of the power reactor. In Fig. 2,
for power levels above 125 MW supplied for 1 second, an equilibrium
ion temperature of 13.5 keV may be achieved as early as 1.5 seconds
after the RF heating phase, thereby decreasing the startup phase by
as much as 1.5 seconds. The equilibrium temperature in Fig. 1 is
higher than the one in Fig. 2 because the continuous supply of RF
power in the driven case causes the plasma to reach a higher equilibrium.
If the RF was shut off in the driven case, the plasma would then re-

lax to the equilibrium value of the undriven case. In addition Fig. 2 .
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Table 1
REACTOR PARAMETERS

a =125 cm n =1,95 x 1014 cn™3
_ e
R = 500 cm Ry = iy = .975 x 101% cn>
A=4 :edge - iedge - 01 :
max max

S =1.33 Ty =T = 1.0 keV

I = 6.48 MA f =92 MHz
B, = 60 KG ky = 0,1 cm”]

P % 2300 MH ki ~ 1.6 cm”)

Toroidal mode number = 50
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power of 175 MW.
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Fig. 9. Ion energy balance terms for an RF power level of 175 MW
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shows that for power levels of 100 MW and below the plasma never reaches
ignition and the plasma temperature subsequently drops once the RF is
turned off.

In Figs. 3 thru 9 we deal with the case of 175 MW supplied
for 1 second. In Fig. 3, we notice that in the first second of
operation Ti is greater than Te because most of the RF power is supplied
to the ions (see Fig. 7). However, 800 ms after the RF is turned on,
Ti becomes so high that a significant number of fusions occur. The
resultant alphas deposit most of their energy in the electrons as they
thermalize causing Te to become greater than Ti’ reaching a steady staie
value of 15 keV as compared to that of 13.5 keV for the ions. The alpha
power to the electrons as shown in Fig. 3 rises sharply after 800 ms
and eventually reaches an equilibrium value of 360 M. The kink in the
alpha curve corresponds to the sudden loss of RF heating power at the
time of shut off.

In Egs. (50) and (51) an averaged value for k% was used. In
Fig. 4 we have the averaged value <kf>1/2 for each species when k% is
averaged over either the resonant heating zone of each ion species as
shown in Fig. 5 or, for the case of the electrons, over the entire
plasma cross section. In Fig. 5, the resonant width for deuterium
increases from 6.6 cm to 23 cm while that of tritium spreads from
5.5 cm to 18.8 cm as Ti increases.

Figure 6 displays the magnitude of the spatially averaged electric
field [E,|. We notice that |E | drops from a peak value of 1040 V/m
to that of 280 V/m with increasing time. As time increases, the plasma
conductivity increases, hence the magnitude of E, must decrease if we

wish to supply a constant amount of power to the plasma.



In Fig. 7, we see the amount of RF power supplied to each - -
species. Most of the power supplied goes to the ions though it does
decrease from an initial high of 175 MW to 160 MW. As the plasma
temperature increases, the power flow to deuterium decreaQes from
170 MW to 120 MW. This decrease is partially compensated by an in-
crease of power flow to tritium, which rises from 7 MW to 40 MW.

The remaining power is deposited in the electrons, reaching a peak
before shut off of 15 M. As the temperature increases, power flow to
the electrons increases because the expression in the exponential
factor of the electron heating term decreases. In addition we see
more power going topthe tritium at the expense of the deuterium be-

T

cause of the ratio o~ T..
D i

Figures 8 and 9 show the terms in the electron and ion energy

balance equations. Dashed lines indicate energy loss mechanisms while
solid lines indicate heating terms. In Fig. 8, we see that at these
high plasma temperatures the Ohmic heating term is quite small, de-
creasing from 7 MW to 1 MW. After 500 ms, the alpha heating term be-
comes so large that even if mode conversion processes were present
causing most of the power to be deposited in the electrons, our
results would still be the same. As Fig. 3 shows, since Ti = Te,

the electron-ion equilibration time is quite short, indicating that
heating of the electrons would drag the jon temperature along with it,
thus not changing our results. Equilibrium is reached when the loss
terms equal the heating terms. In the case of the electrons, at
equilibrium as shown in Fig. 8, the electrons Tose 18 MW from

synchrotron radiation, 28 MW from Bremsstrahlung, 235 MW through con-

51
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duction and convection, and since Te > Ti at equilibrium, the electrons
lose 80 MW to the ions from the equilibration term. However, as shown
in Fig. 3, the electrons receive 360 MW from the thermalization of
the alphas. As for the ions at equilibrium, Fig. 9 shows that the
ions lose 195 MW through conduction and convection, but receives 80
MA from the electrons due to the equilibration term and also receives
115 MW from the thermalization of the alphas.

Finally,in order to increase the duty cycle of a reactor while
at the same time use a lower Tevel of RF power, it may be possible to
heat during the Ohmic-heating current-rise phase of operation. Figure 10
shows the amount of RF power to each species as well as the total amount.
In this case, the RF power is ramped linearly up to 75 MW in 3 seconds
and then kept at this power level for an additional.l second after the
current rise period. We see that the power to the ions reaches a peak
value of 72 MW after 3 seconds and then decreases to a value of 68 MW.
During this time the power to deuterium also peaks at 3 seconds with a
value of 60 MW before it declines to the final value of 48 MW. Again
we see a steady rise in power to tritium up to 20 MW as well as to the
electrons, up to 7 MW. The drop in power to the deuterium while
the rise in power to both tritium and electrons may be explained as
before.

In Fig. 11, we notice that-during the Ohmic-heating current.’
rise period, the plasma current is assumed to rise linearly in 3 seconds
from 1 MA to its final value of 6.5 MA. During this period, by assuming
that q, the safety factor, or consequently, the plasma current density

remains constant, we obtain a plot of the increasing plasma minor
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radius also displayed in Fig. 11. At 1 MA we have a corresponding
plasma minor radius of 50 cm while at the full current of 6.5 MA the
corresponding final minor radius is 1.25 m.

In Fig. 12, by looking at the plot of the ion and electron
temperatures, we see that equilibrium is achieved after a total time
of 4.4 seconds or 1.4 seconds after the Ohmic-heating current-rise
period. This time is approximately 1.5 seconds sooner than that
obtained in Fig. 1. While this time is essentially identical to

that obtained in Fig. 3, lower power levels were used.
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IV. RF Circuit Coupling to Magnetosonic Waves in the Tokamak Reactor

A. Introduction

In present tokamaks coupling structures are necessarily small with
respect to a wavelength. Loop coupling at a point of high RF magnetic
field intensity using external Tumped capacitance to resonate with the loop
inductance has been commonly employed. In reactors where the larger size
allows self-resonant coupling structures a different approach may be used
to advantage. If, on such large structures, a high voltage point can be
used as the driving point then such a point will exhibit a high radijation
resistance and will have considerable advantage from the standpoint of the
driving system. Considering that air insulated coax line will be used,
minimum 1oss occurs at a characteristic resistance, Zo, of 73Q and maximum
power handling capacity occurs at a Z0 of 30Q, hence, driving point
resistances of the order of 500 have considerable practical advantage.

One might expect that a A/2 dipole would be a structure exhibiting
these qualities. However, due to the physical constraints imposed by the
reactor the dipole must be located near a conducting wall. Hence, the
dipole's image is located near the dipole and as a result the driving
point impedance is lowered. For example, to estimate the effect consider

self and mutual impedance data for free space dipoles spaced A/10 apart.

Zy1 = 73Q

Zy0 70 + § 109

Then considering antenna 2 in Fig. 1 to be the short circuited image antenna,

one finds for the driving point impedance
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This is rather low for efficient coupling. However, a higher
impedance drive point may be selected away from fhe center of the

antenna which will improve this value.

60

(1)



61

VB, Cav1ty-Backed‘Aperture’Antenna

Let us consider now another method of obtaining a high driving point

impedance, that of aperture coupling by using a cavity backed antenna.
Such a concept has advantages from the reactor point of view since the coupling
apertures are located flush with the first wall. In addition, from the RF.driving
system viewpoint the cavity acts as an impedance transformer and since it

is in resonance, nearly any desired driving point resistance can be found
by properly choosing the input coupling point to the cavity. Also the
cavity can be conveniently tuned to accommodate changing reactor conditions.
Figure 2 shows a proposed TE10] mode cavity antenna system. The cavity
is a TE]0 queguide C meters wide and B meters high that is one half guide
wavelength long in the A dimension. Figure 3  shows the resonance curve
for the C and A dimensions at 92 MHz. (Note: In this mode B does not
affect the resonant frequency .) Because of the given reactor dimensions
we have chosen A =3.5m, B=10 cmand C = 1.85 m. The height B = 10 cm
was chosen to accommodate the input coupling structure in the

outer blanket.

In order to further understand the choice of mode and cavity orientation

one must consider the wave mode in the reactor. This mode is approximated
by a TEZ cylindrical waveguide field description and since the Hz fie]d
at the outer wall is large, coupling via this field is used. Furthermore,
since efficient core plasma heating is accomplished with low poloidal
mode numbers (m=0, #1), apertures over only half of the A dimension are

used so that the reactor fields are not affected by the reversed H field
over the other half of the antenna cavity. Figure 4 - <hen shows the antenna

cavity fields and their relationship to the reactor fields.
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In the following equations the superscript R will designate reactor
fields while the superscript C will be used for antenna cavity fields.

Furthermore, the subscript m will indicate normal mode fields normalized

fj[ TR ﬁ; v = 1 (2)

according to

For a description of the fields and normalization coefficient consider

the following fields in a plasma-filled cylindrical waveguide which is an
approximation to a toroidal cavity of minor radius a and major radius R.
For the fast magnetosonic mode in a cold plasma, we can assume EZ =0
(TE-mode).

Assume a single eigenmode of the form

HR = h J (k r‘) e'i(k..z + mo - wt) (3)

Z

where k, = n/R = 20 m'] where n is the toroidal mode number.

m = poloidal mode number
K2 = a/(KE - KE/s)
with A = ki/s - 2k3kZ + kJ At
' wz wZ :
2 2 2 o W _po
S= 1+ /(S -w), R=1-3-B2 (-2  L=1-¢ (—
g PO ca a u)2 w+ch o w2 Ca
eaeB )
k0 = w/c , Weg = n_ and €y " +1 for ions and -1 for electrons.

-The other field components are then given by

H = -ik,h 0[a2 = I

(krr) +a, kr J%(krr)] (4a)

)
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R_ m T
Hg = k"hmo[a] F'Jm(krr) + azerm(krr)] (4b)
where a, = -k=2, a, = (D/S) k2/A and D = 1 (R-L)

4 r® 92 o/ % z .
For an eigenmode, the boundary condition Eg = - %L-uoHﬁ =0atr=ais
given by

m v =
a, E'Jm(kra) +a kr J&(kra) =0 (5)

Together with Egs. (4), (5), and the normalization integral in Eq. (2),

we obtain

h o = [2n2a® Ry W Fo(k.a)]7 /2 (2a)

where hmO is the normalized H-field amplitude as in Eq. (3), and

Fa(x) = 2 6.(x) + kikE [(a; + a,)?

m Gp(x) + (3 - a3,

m=-

2
with G (x) = %—Jﬁ(x) (1 - fg) +'% J$2(X) .

Let us first consider an overview of the coupling calculation. To

-

find the cavity driving point impedance we work back from the reactor
fields. From the computer simulation of the plasma heating equations the
magnetic field in the reactor, HR, is known everywhere for a given power

delivered to the plasma, P We now assume that the reactor HR field

diss’
is excited by magnetic dipole equivalent sources at the coupling apertures.
1t is

The required dipole moment is thus determined for a given Pdiss'

then a simple matter to relate the dipole moment to the magnetic field in

the cavity, HC. Knowledge of this field in turn will then give its source

current on the input coupling structure. The terminal current on this
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structure can then be calculated and since the input power is known (P

= Igrive Rdrive’ the driving point resistance is determined.

)s

diss
and Pdiss
We begin by determining the source currents necessary to produce the

required reactor fields. We assume that

R _ aR
R®=z8 A (6)
m
where Bm is the amplitude coefficient of the mth normal mode field Hg

normalized according to Eq. (2). For a surface distribution of magnetic

(1)

current, m_, on the reactor wall, one finds for a particular mode m,

S

(wg - wz) Bm = - ju ff ﬁs . HE* ds (7)

vihere W is the resonant mode frequency. In order to simplify the analysis

for our case, we will assume a single mode exists in the reactor, hence

m=1. Since the coupling apertures are small with respect to a wavelength,
each aperture can be accurately represented by a single magnetic dipole of
moment M rather than a surface distribution of magnetic current. The integral
on the right hand side of Eq. (7) can then be written as jzk iwuo Hﬁ*(r=a)-ﬂjk

where Mjk is the magnetic moment of an aperture of the jth column and kth

row of the array. With the further assumption that the reactor Q> 10,
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w in Eq. (7) may be approximated as
Wzl (1+11/0) . (8)

Noting that both Hﬁ and Mjk are z-directed and using Eq. (8) in Eq. (7),

we obtain
B = -i R (a) M
mo -iQ .Z Uy Ap (a) ik ° (9)
ik
Furthermore, the magnetic moment of an elliptical aperture, small with
respect to a wavelength, may be written as(3)
4n£?e§H?k
M J (10)

ik~ 3[K(e,)-Ele, )]

where e, = (1 - (22/2])2)1/2 is the eccentricity of the ellipse and 2%,
and 24, are its major and minor axes, respectively. In Eq. (10) K(ea)
and E(ea) are elliptic integrals given by

K(ea) =z ln(4£]/22)
for e, near unity . 1)

1

E(ea) ]

To describe the field at the coupling apertures we refer to Fig. 4.

The fields for the TE;;; mode are given by

c_,¢C Y i, TZ
H, = h, cos =g sin =& (12a)
2 1/2
cC_ . .C A " s WY s TZ
Ey = i hg N (1 + Eg) sin = sin =¢ (12b)



69

where n(= 377Q) is the intrinsic impedance. Hence,

my TZ.
C ~,C .
ij = ho cos _K. sin —l R (13)

For elliptic apertures with e, ~ 1, we substitute Egs. (10), (11) and (13)
into Eq. (9) to obtain

ooy TZ
hg cos —A-k- sin —CJ- . (14)

- We now express Bm in terms of an assumed power dissipated within the
plasma. Lét Pin be the power input per RF module and N be the number of

modules. For the fast magnetosonic mode we can approximate the time-

1 R

averaged wave energy density <W> by Y, <H >, and from the

definition of Q, we have

QNP

1 2 2
wV '2' [ F (k a) (]5)

n

<W> = |B

where V is the plasma volume. Using Eq. (12a) in Eq. (15) results in
ZQVP 1/2
1Bl = ( ) : (16)
We now calculate the driving point resistance at the cavity feed
point (yo,zo). We assume the coax line center conductor is connected
to the wall of the cavity opposite the feed point. Hence, a cosinusoidal surface
current is assumed on the coupling structure with a maximum at the wall, given

I ~
by 35 = z%-cos (kx) ux where k = 2n/Ao, and ¢ is the circumferential length

of the structure. We now determine I0 from the known power input, namely
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Pip =3 Re [f EST - ds (17)

where the surface integral is evaluated over the coupling structure. qu
B << X5 we obtain for a structure uniform in x,

‘ 21/2
= +hC A 1 LMY oo TZ
Piy = Re (ih:) I n (1 + ——Cz) B 77 gz sin =r sin =% de  (18)
where the contour jntegra].is over the structure circumference centered at

(y ,z.). Furthermore, since I

0°%o = Io’ we have

drive
- 2 '

Rin = 2Pin’1o (19)

where Rin is the driving point resistance at the coax to cavity junction.
. R* ~ -]/2 . .

Noting that Hm (a) = (uov Fm(kra)) Jm(kra) and combining Eqs. (14),

(16), (18) and (19) to eliminate Bm’ hg and Io’ we arrive at the following

matching equation

NVF (k.a) 1/2 49
2 _ My 1 2,:2\1/2 0 (1 ¢ o Ty i TZ gy
Rin = Qo (2n - I 1) n (1 + A%/CY) B |4£ f sin = sin C ds|
3 Y, . T2
/2w ]Jm(kra)l 2 j?k cos —— sin —¢ (20)

Following a similar procedure, we obtain the cavity electric field

distribution as

NP, VF (k a) 1/2 45

Cy - in mr 1 2,.2\1/2 [ s, TY s TZ
|Egl = ( 2l ) (an I, 1) n (1 +A%/c%)"" |sin =f sin =%

5 5 cos Mk agn T
/2n|Jm(kra)l£] jzk cos —— sin —- . (21)
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Equation (20) describes the possible locations of the coax feed point
(yo,zo) coup]ihg to a single fast wave eigenmode in the reactor through
an array of e]]ipfica] apertures and matched to a coax of characteristié
impedance Rin. From Eq. (21) a design constraint on high voltage break-
down may be imposed. |

Let us now consider Eqs. (20) and (21) for NUWMAK parameters: R =5 m,
a=1.25mand w = 27 k 9;2 X 107 rad/sec, with the toroidal resonance

L— kea = 106, a; = -1.39 x 1074

conditions ‘given by k, = 20 m_
and a, = -2.75 x 10'4 mz. For a total input power of 80 MV through 4 RF

modules, Egs. (20) and (21) become

] . . TZ -4 1/2
Iif'f sin E% sin EE de| = 6.96 x 10 (Rin Q) / (22)
and IES] peax = 456 Q72 kv/em (23)

where a 12 x 4 array of elliptical apertures with 21l = 622 =15 cm as
shown in Fig, 12 inMSee; VﬂiSW5§§umEd.

Both the position of the feed and shape of the coupling structure are
'design parameters that can be used to advantage to'maﬁch the coax drive
line properly to the cavity. For a 300 coax drive line of 30 cm outer

diameter the left hand side of Eq. (22) is bounded by

-2

107 < | g7 § sin esin Zoag| <1 . (24)
Cc .

c

From Eqs. (24) and (22), only certain combinations of the coax impedance Rin

and the wave Q can be matched properly to a single toroidal eigenmode,

namely, those with Rin Q > 206Q. Shifting the poloidal mode number m
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changes Fm(kra) only slightly and the matching condition remains relatively
stable. For the case of NUWMAK; a feed pointAof Yo =% T 15.25 cm at
the upper left corner as shown in Fig. 12 in Sec. V has been chosen: “For-The
above 30 coax located at the upper corner of the cavity, Q factors of '
the order of 10 can be accommodated. It should be noted that the
col]ecfive summation over several modes in a reactor will tend to lower
the axial wave magnétic field at the edge, raise the wave impedance
there, and allow a match for the coax further from the corner of the
external cavity. In addition, the peak electric field strength in the
matching cavity will be reduced.

The implication of Eq. (23) on high voltage breakdown in the cavity
is not as straightforward as it seems. For an RF frequency of 92 MHz, the
wave period is short compared to the transit time of an electron between
the cavity walls where the pressure is maintained below 10'4 torr and Te
is assumed to be 30 eV. Under this condition, ac multi-pactor breakdown

has to be considered, which will be discussed in Section V-E for the coax.
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IV.C. Coil Antenna

We have also considered an alternative method of coupling
using a nearly self-resonant coil antenna type of structure. In general, -
there are two types of resonant coil antennas which can be used, The |
first kind is a center-fed half-wavelength dipole, open at its ends, which
can be'expected to have a relatively low driving point resistance. The
second kind is the game as the first except that the structure is shorted
at the ends, as shown in Figure 5. - Since this antenna is driven at a high
voltage point, the driving point resistance can presumably be raised to
match the 30 ohm coaxial 1ine feeding the antenna.

We have calculated, in a rudimentary fashion, the Joading resistance for
the two kinds of antennas, each coupling to a single fast wayve eigenmode
in NUWMAK, to assess the possibility of matching. To obtain a realistic
picture for the plasma, we have adopted a two-step density profile model
over the minor cross-section. The coil antenna is assumed to be located
in the low density region at the wall. Preliminary analyses, assuming
that the low density region approaches a vacuum, show that for open-ended
éntennas,

R, = Q |38(ksa)| FE(m,t0) (25)

while for short-ended antennas,

R = {Q [93(k,a)| F(m,80)}”" (25b)
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FEED

Fig. 5 Schematic of a center-fed half-wavelength dipole antenna.
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where R is the loading resistance at the feed point, Q is the wave quality

factor of an eigenmode of poloidal number m, a is the plasma radius and
sin(mae - J) sin(mas + 1)
F, (m,a8) = Z + Z
-_ v ™
m - 7hg m* 7R
is the mode excitation coefficient with A8 = 8, - 8 being the poloidal

angle the antenna subtends. In the context of the‘plasma model we adopted,
it appears that matching at 30-50 ohms to Tow m single modes in NUWMAK is
rather difficult to achieve unless the wave Q exceeds 1000. However, it

is well-known that in a reactor-sized plasma the démping length of a fast
wave mode due.to cyclotron absorption is comparable to a toroidal

* circumference. If mode conversion to ion Bernstein modes is significant,

a furthér drop in Q is expected. Thus, we assume that the Q for a fast
wave mode in a reactor is between 10 and 50.

To get optimum coupling to a poloidal mode m via a self-resonant
antenna requires the length of each coil to be 7f%T'°f the minor
circumference, which means the frequency and hence the magnetic field have
to be properly adjusted. These condiiions cannot always be met in real
situations.

By examining Egs. (25a,b) and noting that H, = Jm(klr), we observe
| that the wave toroidal field H, at the edge is extremely low compared
to its peak value towards the core, resulting in a mismatch with the coax
feed. If the plasma density is decreased, k, wi11‘drop resulting in a

more gradual fall of the field amplitude in‘the radial direction. With
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a decrease in plasma radius, J (k,a) will approach unity, making matching
a much easier taék, as found in.sma11 tokamaks. Thus, we believe that if
a radial density prbfi]e is assumed and the wave equation properly solved
by numerical methods, the matching problem should be greatly improved, '

There are also engineering methods by which we can externally match

to a Tow Q mode, su;h as
(i) Increasing the number of modules and the number of antennas in
each module.

(ii) Connecting antennas in each module in parallel and matching each
antenna to a coax feed of RL = Nm Zo’ where Nm is the number of
coifs in each module and ZO is the impedance of the main trans-
mission line.

(iii) Feeding the antenna asymmetrically.
Although the problem of matching of a self-resonant coil antenna
has not yet been solved completely, a preliminary engineering design of the
coil antenna system is proposed and detailed in the next section, as an

alternative to the cavity antenna. -
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V.  The Radio-Freguency Heating System for NUWMAK

A. Introduction

In the conceptual design of the NUWMAK tokamak fusion reactor{
the radio-frequency (RF) supplementary heating method in the ion
cyclotron range of frequencies (ICRF) is emp]oyed. It is proposed
.to launch the fast magnetosonic wave into a 50-50 DT plasma and
heat the jons at the second harmonic cyclotron frequency of deuterium.

Most of the present-day magnetic fusion reactor designs advocate -
the use of neutral beams for heating and fueling purposes. However,
as a supplementary heating scheme, RF has its potential advantages
over bgams which should not be overlooked. For instance, the
technological demands for a successful RF heating system appear less
severe than for the injection system in terms of high-power source
development. With a properly designed RF system, the problem of
material and equipment damage caused by prolonged radiation and
neutron bombardment can be minimized. On the other hand,. in the beam
injection scheme the 1ine-df-sight requirement places the beam
accelerator directly in the path of neutron and radiation outflux
from the plasma and results in a very stringent design criterion.

The RF supplementary heating system consists of the wave
generator, the transmission line and the coupling structure.

The wave generating system is responsible for producing

an RF pulse of the required power level, frequency

and duration during the start-up phase of the reactor duty cycle.
The transmission system delivers the RF'energy to the wave launching
structure inside the reactor chamber, where the wave energy is

coupled into and absorbed by the plasma.
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In the design considerations outlined in the following sections,
emphasis'will be placed on the engineering problems associated with
high power transmission and coupling to the plasma in a reactor
environment. In particular, the problem of high voltage breakdown
and the choice of structural materials to withstand radiation damage
.Will receive special attention. For simplicity, only the fast magneto-
sonic wave heating scheme in the ion cyclotron range of frequencies
will be presented. For lower hybrid wave heating, for example, the
transmission and antenna design criteria are quite different, being
in a higher frequency range, and have been dealt with in other
works(])’(z).

Because of the preliminary nature of this work, alternative
design schemes have been presented. As much theoretical calculation
as possible will be incorporated into the design consideration to
support the feasibility of the resulting system. Due to the limited
scope of this work, no detailed cost analysis of the RF engineering
system has been undertaken. But it is believed that the RF system
cost will comprise only a small portion of the total estimated
cost for building the reactor. Finally, it should be pointed out
that much theoretical and experimental work has yet to be perfprmed
to provide a concrete understanding of the high power behavior of
RF systems under the reactor environment. It is hoped that future
experiments on large tokamaks such as PLT,'TFTR and JET may just

serve this purpose.
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V.B. __The Wave Generating System

The design of an efficient wave generating system is closely
related to the amount of energy needed to heat a plasma the size
of NUWMAK to ignition. Once ignition is reached, the sharply in-.
creased production of alpha-particles provides further heating of
.the plasma. A point is finally reached when the RF can be turned
off while the plasma approaches a sustained burn condition, relying
completely on alpha-particle heating.

Assuming that before the RF is on, the plasma has reached a
temperature of 1 keV by Ohmic heating and that the RF pulse is
turned off at about 8 keV after ignition, the required input of
energy to the plasma is about 100 MJ for NUWMAK. Taking into
account the losses through radiation, energy transport, and impurity
heating, a conservative estimate of 240 MJ of RF energy will be
needed. To optimize the duty factor of the burn cycle, an RF pulse
of 1 to 3 seconds duration is desirable in the start-up phase of
the Ohmic heating current. This implies a minimum power require-
ment of 80 MW for 3 seconds which translates to 20 MW per
module for a system of four RF transmission ports. The wave

generating system design specifications can be summarized as follows:

Total power transmitted at first wall 20 MW/port for each
of 4 ports

Maximum pulse duration ) 3 sec.

Pulse repetition period (burn cycle) 245 sec.

Nominal center frequency » 92 MHz
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The frequency of 92 MHz in the table corresponds to the second -
harmonic ion cyclotron frequency of deuterium on the toroidal axis of
the minor cross-section. For this reason, the idea of driving the
RF system with super-power oscillators with drifting frequencies tuned
to the loading circuits is not very practical. By far, the most
efficient RF generator uses the driver, exciter and high-power
amplifier (HPA) combination{!), which delivers full power

into a matched load at a fixed frequency.

For reasonable operating conditions and design simplicity, power
tubes capable of delivering at least several megawatts CW for 3 seconds
at 92 MHz have to be used. At this frequency and power range, the
RCA "coaxitron" is recommended as the HPA unit. A "coaxitron"
is a super-power triode upgraded to the 100 MHz range by including
the tuned cavities as part of the vacuum envelope. However, "coaxitrons"
of MW-level power output are not presently available a]thoUgh their
development is not believed to be a major technological problem and
should pose no serious obstacle in the overall development of the
RF system. Assuming that 5 MW "coaxitrons" are available in the
future, four such units will be needed for each module, making it a
total of sixteen units for the entire system.

Presumably, conventional power tubes, such as tetrodes, can be
modified to meet the frequency and power demands for the NUWMAK RF
system. In this respect, RCA(3 ) recently came up with the A3012,

a liquid cooled super-power beam power tétrode, which has

capabilities with some modifications of generating large amounts of
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power within one vacuum enclosure. At present, they have a tube ‘

and circuit capable of over 50 kW of C.W. power at 100 MHz which

can serve as a drive source for the larger tube. However,
modification of the A3012 will not be undertaken until a sufficient
mérket is assured to justify the expenditure.

The schematic of a module of the proposed RF generating system(z) is
outlined in:Ptgure 1.. Power is drawn independently from the utility line,
passed through a series of high-voltage step-up transformers and subsequently '
converted to DC by means of an SCR bridge converter. It is then fed .in o
parallel to four ignition turn-on switches, each of which produces a bclpu1sé
of 3 sec duration for every 245 sec. Any remaining ripp]és in the pulse can
be filtered out by a low-pass capacitive network and the pulsed energy is
then used to drive four HPA-IPA (intermediate power ampTifier)'units in
parallel. Each HPA is composed of either a super-power tetrode or coaxitron
with an output capability of 5 MW while the IPA consists of a high power
(50kMW: ) ‘tube driven by a 92 MHz signal generator.

To ensure continuous and safe 6peration, a fault detecting circuit is
included in the system. Connected in series with the transmitter is the
fault detector consisting of a saturated time delay transformer (STDT) which
acts as a current 1imitér when an arc is drawn in either the transmission or
coupling system, The STDT also initiates a switch-regulator tube to remove
the high voltage from the amplifier circuit in ease of an arc fault. If the
arc persists for more than a cycle, the crowbar will be énergized through
a crowbar time delay (CTD) circuit and the main power line will be dis-
connected by mechanical vacuum circuit breakers.

For this design, all switéhing and crowbarring will be performed at
40 kV levels and 125 A, which may necessitate a moderate improvement in tube
technology. In the absence of an energy storage unit, the pulsed nature of the

load will create disturbances on the main line and increase operation costs

through "peak demand charges" by the utility company.
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V.C. Thé’RF*Transmission System

The overall 6bjective of the transmission system design is to
choose or construct a transmission line capable of handling 20 mega-
watts of RF power at 92 MHz over a distance of 10 meters from the
- generator to the coupler. The requirement of handling megawatt levels
of power precludes the use of open transmission lines, such as the
slab 1ine and the strip 1fne. The enclosed transmission 1ines which
can be considered are the coaxial line, waveguides (rectangular,
circular or ridged) and balanced TEM Tlines.

Because the balanced TEM transmission lines are three-conductor
systems, they are very difficult to construct and desigﬁ as far as
support, matching, and cooling are concerned. Therefore they will
be ruled out of consideration in spite of their many advantagéous
features.

Waveguides are the most ideal transmission lines to work with
basically because of their simple one-conductor geometry. However,
in the jon cyclotron range of frequencies (ICRF), they are usually
intolerably bulky and take up valuable space in the reactor walls.
For instance, to propagate a TE]0 mode in a vacuum-filled rectangular
waveguide at 92 MHz will require a cross-section of a 1.63 m minimum
width. Ridged waveguides filled with a ceramic material having a’
dielectric constant much greater than unity can considerably
reduce the size of the system(4). However, tﬁe dielectric medium
will be directly exposed to neutrons and radiation from the plasma,
and the choice of material which can withstand a continuous radiation

loading of several MW/m2 still awaits years of experimental testing.
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In addition, there is a Tower cutoff frequency for the dominant;mode
which, for a fixed-size waveguide, tends to limit the range of
operating frequencies. The waveguide mode is inherently narrow band,
imposing a restriction on the bandwidth of the generator.

By far, the coaxial line represents the most practical choice
- for high power transmission in the 100 MHz frequency range and is
adobted by the NUWMAK group as‘the basic unit in the RF transmission
system. There are many advantages of the coax over the other candidates

and they are listed as follows.

Advantages of the Coaxial Line

(1) There has been ample experience in the industrial use of high-
power coaxial lines, such as in radio stations, and in experimental
design, with proven reliability. |

(2) There is no low frequency cutoff.

(3) Because the TEM mode is the dominant propagating mode, the coax

is inherently broad band. Thus a coax can easily be designed for a

certain operating frequency without exciting the TE and TM modes.

(&) A]thoﬁgh the coax is a two-conductor system which complicates
the design of e]ectrica1>éomponents, its generally hollow center
conductor can serve as a coo]iné pipe through which a coolant is
circulated. | .

It is felt that enough industrial experience has been gained “

that the design of vacuum seals, tuning elements and dc breaks with
coaxial lines can be achieved without a major technological advance-
ment. Finally,through the use of rigid vacuum windows and quarter-

wavelength stubs, insulating spacers may not even be needed to pro-

vide support for the center conductor.
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(1) Design of the Coaxial Line

There are mahy types of high-power coaxial lines which are

commercially available. As an example, the Prodelin Rigid "800"

series(s) offers the following types:
Line Characteristic Peak Power
Diameter (in.) Impedance (Q) Rating (MW
- 1-5/8 50 0.509
3-1/8 50 1.998
4-1/8 50 3.479
6-1/8 50 ©7.809
6-1/8 75 5.077

9.166 75 11.535

Tﬁe peak power ratings given above are nearly constant with
frequency and are based on a VSWR of unity'and one atmosphere of
dry air pressure at sea level and 50°C ambient temperature. Higher
peak power ratings can be achieved by simply pressurizing with air
or other gases having a dielectric strength greater th?n air.
Sulphur hexafluoride, SF6, with a dielectric strength twice that of
air, is a commonly accepted choice. As an illustration, the curves(s)
in Figure 2 ~show an increase in peak power ratings as a function of
absolute pressure both in air and in SF6; Usually if the cooling
of both the inner and outer conductors is efficient, the
coax can operate close to the peak-rated power, especially when
the RF pulse is short.

In coax design, there are a few basic equations which need to
be considered. A simple cross-sectional view of a typical coaxial
line is shown in Fiéure 3 together with the important design

parameters. For a TEM mode, the field components are given by
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Coax peak power ratings as a function of pressure and

gas type.

(Reproduced from Ref. 5).
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Fig. 3 - A typical coaxial line.
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z a, ik z
E=r EO(F) e o (1a)
> n Eo a, ik .z
H=-¢5 (%) e o (1b)
0

with the characteristic impedance

1/2

2+ @ md (ohms) (1c)

and wave number k. = w/ﬁ;E (1d)

The total transmitted power is given by
Eo2 by+2 '
P = —27'; [a ln(g)] (watts) (2)
and the attenuation constant o due to dissipation on the conductor

surfaces is

o = R (E)1/2 (1 +asb

WS 2 Tn (b/a (nepers/m) (3)

with the surface resistance R = (wuop/z)]/2 (@-m.), where p (Q-m) is
the resistivity-of the conductor material. Copper and aluminum are
the most commonly used conductor materials in commercially available
coax lines. If one substitutes the die]éctric strength of air divided
by a safety factor (usuaily 2-3) for E_ in Eq. (2), one obtains the
peak power rating of the coax at one atmosphere of dry air and 50°C
ambient temperature. The dielectric strength of air is listed at 30
kV/cm.

It should also be noted that p, the metal resistivity,and hence

o, s are very sensitive to the temperature changes of the conductor.
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In Figure 4 _ correction curves showing an increasegtqin attenuation
due to a rise in the inner conductor temperature are depicted(s).

Should support fqr the center conductor be needed, teflon or
other ceramic cross-pins at intervals in the axial distance can be
-used. These pins can be designed and spaced appropriately along the
axis to provide minimum wave reflection.

There are some design constraints on the efficiency of RF trans-
mission in coax lines which need to be taken into account. For an
air-insulated coax with a fixed size, minimum loss occurs at Zo =
73 @ (b/a = 3.6) while maximum power handling capacity can be achieved
at.Z, = 30 (b/a = 1.65). The commonly found line impédance of 50 Q
represents a compromise between the maximum power and minimum loss
conditions.

One of the major concerns in designing a coax in a reactor
environment is the heavy dose of radiation and neutron outflux it en-
counters for the portion in direct line of sight of the plasma. To
date, there is 1ittle available experimental data on the effect of
intense radiation on the performance of a coaxial line. The general
consensus is that it enhances the possibility of breakdown in the
coax. Therefore a safe margin will have to be established between
the operating parameters and the maximum power rating in design con-
siderations. The coax will be pressurized with static SF6 to a pressure
of one atmosphere, which will increase the maximum rated power by
four fold (see Figure 2).. However, to avoid chemical breakdown of. the
gas by neutron bombardment, the vacuum seal is located outside the
reactor shield while coax bends near the first wall are desirable

for reducing the number of energetic neutrons hitting the window.
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Fig. 4 Attenuation correction factor vs. temperature for
coax. (Reproduced from Ref. 5).
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Such a configuration will leave half of the entire coaxial line )
evacuated and redﬁce considerably the burden of the cryopumps if
a gas-puffing scheme is used to refuel the plasma.

Since none of the commercially available coaxial lines have a
“power rating as ‘high as 20 MW, a super-power coaxial transmission line
| needs to be deployed. Preliminary calculations indicate that in the
ICRF the resistive losses wil1.on1y be 1-2% of the total power over
a length of 10 meters and sufficieht cooling of the conductors will
be achieved to permit operation close to the peak }ated power. In
this respect, a 30 @ 1ine looks particularly attractive. To maintain
a safe operating condition, a conservative value of 12 %n. is chosen as
the outer diameter of the outer conductor. Assuming air insulation,

the following parameters are obtained:

12" - 30 ohm Coaxial Transmission Line Characteristics

Material Copper (vanadium + 5% Ti)

Insulator Air

Quter conductor 12.000" 0.D. x 11.800" I.D.

Inner conductor - 7.152" 0.D. x 6.952" I.D.

Characteristic Impedance 30 ohms

Peak power rating (safety factor = 3) 35.5 MW

Es (r=a) at 20 MW 7.6 kV/cm

Attenuation constant ay 6.16 x 10°4 np./m.

(50°C Ambient ‘temp., 150°C inner cond.)

Percentage power loss/10 m. - 1.23% _

Insulator supports (if needed) Teflon cross-pins, spacing
approx.

>\o/2, >\0 = C/f
(At =92 MHz., XO/Z £ 1.5m.)

In a reactor environment, lower energy ions and neutrals tend to

deteriorate the copper surface over a long period of time, resulting in
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higher resistivity and powerﬂ]oss. Therefore, the part of the coax
which is exposed direct]y to radiation near the coupler feed point
should be made of a vanadium + 5% titanium alloy, which can withstand
(7)

high radiation and neutron wall loadings in a reactor environment

-(2) -Design of the Vacuum Window

As mentioned earlier, a pressurized coaxial line is used to
alleviate the possibility of akcing over part of the transmission
system. For this reason, a coaxial vacuum window is needed to seal
of f the pressurized portion of the line from the evacuated part.
First, the theoretical aspect of vacuum window design(s) is
briefly reviewed. The cut-out side view of a typical céaxial window
is shown in Figyre 5. This window is assumed to be made of a ceramic
material of dielectric constant € > 1. Llet Pi’ Pn and Pt be the
incident, reflected and transmitted power respectively in the axial
direction. Assuming a lossless dielectric, the following power

ratios are obtained:

2
p (e. = 1)
RIZ = 55 = 5 (42)
i (T+er) + 4 ercots'z
9 Pt 4 €p csc2 R'%
|T|® = 5 (4b)

i (1+€r)2 + 4 ercote'z

where B' = wJereouo is the wave number in the dielectric medium and 2
the axial length of the window. Note that in accordance with the loss-
less assumption, lRl2 + IT|2 = 1. It is immediately clear from Egs. (4)

that for minimum rgf]ection, the condition

g =n %l-, n=0,1,2,3, ... (5)
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has to be met, where A' = 2n/B8'. As an illustration, the power .
reflection coefficient |R|2 is plotted as a function of g'g for
0 < B'% <7 in Fig. 6{ for €. = 6.5. It is clear from this curve
that there are two practical configurations for the vacuum window,
-namely, (i) the .thin window (& << A') and (ii) the half-wave window
(2 = A'/2). A third useful configuration consists of two thin
| windows spaced AO/Z apart, where Ao = ¢/f with f being the wave
frequency and ¢ the speed of light in vacuum.

For the thin window structure, it can be seen from Fig. 6
that the window must be sufficiently short or wave reflection may
become‘excessive. As an example, for a ceramic with er'= 6.5, a
5 cm. long window gives rise to a ref]ectiqn coefficient of 0.065,
which represents a 1.3 MW reflected power in a system carrying 20 MW
of power. In addition, such a thin window may be insufficient for
rigid support of the center conductor or may become brittle and
crack after long periods of exposure to heavy doses of radiation.

The double-window configuration possesses some merits from an
engineering point of view. Thé space between the windows can be
used for cooling purposes but this is not essential if a ceramic
with high conductivity is used. The windows tend to compensate
for changes in their dielectric properties due to radiation damage
so that the transmission coefficient remains stable. However, a

standing wave is set up between the windows with a VSWR equal. to
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: Ve, - 1
VSWR = } f where p = —~
o e, t 1

For e. = 6.5, p = 0.44, VSWR = 2.57 and the peak electric field inside
the window is increased Ey a factor of 1 + |p|. Thus the peak power
rating of the coaxial line has to be reduced by a factor of (1 + |p|)'2,
.which is equal t& 0.48 for € = 6.5.

Based‘on the above arguments, the half-wave window configuration
appears to be the best choice to fulfill its intended function. Be-
cause of the bulk size of this window, a ceramic with an exceptionally
high thermal conductivity has to be used, as cooling is only provided
by running water along the conductors of the coax. From the RF
poiht of view, the ideal location of the vacuum seal in a pressurized
Tine is at the first wall of the reactor where the antenna is generally
positioned. However, the window will be exposed directly to a tremendous
thermal energy throughput in.the fdrm of neutron and radiation flux.

To date, tests(s) are still being carried out to find a window
material which can absorb the kind of loading typical in reactor
first walls without Tong-term deleterious effects. The most practical
solution is to place the window outside the reactor shield and have
bends in the coax near the first wall to reduce the number of
energetic neutrons which may reach the window. In this configuration,
the radiation 1oading at the windows is drastically reduced so that
commonly used ceramics such as béry]]ium oxide Be0) and aluminum oxide

(AT,05) can be considered. |

A ceramic suitable for window construction in a reactor RF

heating system should possess the following basic features:



(i)
(i)
(iii)
(iv)
(v)

(vi)

(vii)
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Highly resistant to radiation and neutron bombardment.

High thermal conductivity

High specific heat

Low coefficient of thermal expansion

Stable electrical properties under long periods of

exposure to radiation and thermal stresses

Low loss tangent

High surface dielectric strength

Under a mild radiation environment, bery]]ium'oxide is the most

ideal ceramic to use, primarily because of its very high thermal

conductivity and specific heat. However, more extensive

tests should be performed to insure the stability of this material

subject to repetitive pulses of 20 MW RF power over a long period

of time.

The extent of swelling under tremendous thermal stresses

and interface effects in bonded ceramic-copper coax windows should

also be investigated.

(9)

used ceramics are listed in the following table:

Sintered
Beryllia
Composition 99.8% Be0
Porosity (vol. %) 3-7
Fusion Temper- 2570
ature (°C)
Max. Normal Use - 1900
Temperature (°C)
Density (gm./c.c.) . 3.03
Specific Heat 0.50

(cal./gm./°C)

Sintered

Alumina

99.8% A]ZO3
3-7
2030

1900

3.97
0.26

For comparison, the properties of a few commonly

Sintered

Yttria

99.?% Y20
2-5

3

2410 -

2000

4.50
0.13
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Sintered Sintered S{ntered
Beryllia Alumina Yttria
Line%r Expansion 8.9 8.6 9.3
(107° in./in./°C.) : '
(20-1000°C. )
Thermal Conductivity -0.500(100°C) 0.069(100°C.) 0.02(100°C)

-(cal./sec./°C/cm) 0.046(1000°C) 0.014(1000°C) =-wo-een
Modulus of Rupture 20,000(100°C) 30,000(100°C) =--mm---

- (psi) | 10,000(1000°C) 22,000(1000°C) =-=-----
Modulus of Elasticity 45 53 eeace-e-
(108 psi)

Thermal Stress Excellent Good ‘ Fair-Poor
Resistance

Electrical Resistivity 10'8(23°C.) I =3 D —

(1 MHz) (ohm-cm.) 109(500°C. ) 1013(500°C.)  —memme--

Dielectric (1 MHz.) 6.7 9.6  eeeemea-

Constant (100 MHz.) 6.5 8.0 e

Loss tangent (100 MHz.) 7x107% w4

From the table, €, = 6.5 for beryllium oxide at 100 MHz and the
required length & of the coax window is 64 cm at 92 MHz. The loss

tangent of a dielectric is defined as

tans = <-
we
where o is the conductivity under the operating conditions. For a loss

6

tangent of 0.0007; o=¢ge wtand = 2.91 x 10" ° mhos/m. Then, with

roo
Eq. (la), the radial profile of power dissipation in the window is

found to be

p o2 = 1.54(%)2 watts /cm’ (7)

diss .

which is shown in Figure 7 - so that a substantial portion of the heat



100

*SMOpULM
039 eLxe0d uL uorjedissip 4y 4o a|ijoud [eipey 1 "bid
q/4 . q
. . wo E Kt *
o'l sLo 9090=y g0 Py o
| |
! |
! I
| I
! |
|
| .
|
I _
— *
! ~0°l
i
|
|
‘ |
'MW 02 = MO14 ¥3MOd _
ZHN 26 = } _
w85°€ =0 \
w66=49 (‘9°0/Mm)
| ]

02 mw_vn_



101

is generated near the inner conductor surface. The total power )

dissipated over the entire volume of the eQ window is then

b

p = 218 Q'E(Z) azﬂ,n(-é-) = 28.15 kW (8)

total

-This corresponds-to 84.5 kg of heat deposition over a period of 3
seconds for each burn cycle. For a specific heat of 1255J/kg °K at
l100°C, a conservative estimate of a one degree cehtigrade temperature
rise is predicted, if heat conduction is neglected.

In Figure 8 1is shown the minor cross-sectional view of the basic
orientation of the coax and the wave coupler with respect to the reactor
b]anket‘and the shield. This particular configuration iﬁdicates that
the coax window is located between the blanket and the shield on the
outside of the toroidal chamber. At the coax feed point to the coupler,
the wall loading is at a maximum of 5 MW/mz, which corresponds to a
16.2 watts/cm3 absorption at the first wall. At the location of the
window, the volume dissipation is reduced by several orders of magnitude

3 watts/cm3 which corresponds to a total of 9.8 kJ

to about 1.5 x 10~
over a burn time of 225 seconds. Compared to the number for RF power,
an approximate 0.1 degree centigrade rise in window temperature is
predicted for each cycle without coo]ing..

Combining the dissipative effects of RF and radiation, a temperature
rise of 1°C is predicted over one duty cycle in the vacuum window
made of BeQ. However, this number is generally conservative and should
drop significantly when thermal conduction is taken into account. Never-
theless, it is important that an efficient cooling system be devised

to stabilize the temperature, and hence the electrical and mechanical

properties, of the vacuum window.
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(10) also show that the RF power iﬁposes

Preliminary calculations
a radial temperature gradient of less than 1°C across the wihdow,
while the corresponding value for radiation dissipation is much less
than 1/3°C. Thus the stresses exerted by these thermal gradients
- are expected to -be negligible over a reasonable period of time.

From Eqs. (4), it is evident that once % is fixed, the per-
formance of the window is very'sensitive to changes in € due to
radiation damage. At the window position in NUWMAK, a neutron flux
of 4.2 x 109 n/cmz/sec is anticipated, which correéponds to a dosage

17 (]]). Therefore

(n.v.t.) of 1.3 x 10 cm'z over a period of one year
an,expgriment to test the stability of the electrical pérameters of
beryllia under such a dosage should be undertaken to consolidate the
above window design. If the change in €p is tolerable, the window

may still have to be replaced once every year together with the first
wall blanket. In the case of a highly unstable dielectric constant,
additional shielding should be used or the double-window configuration
may have to be considered.

(3) " The Voltage Breakdown Problem

In designing a high-power RF system, it is essential to provide
sufficient insulation to the system to pfevent breakdown which may
disrupt operation and inflict severe damage to equipment. Design’
problems related to high-voltage breakdown in the transmission system
are considered for three separate regions, namely, the pressurized

line, the evacuated line, and the vacuum seal.
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(a) The Pressurized Line

For the most part, the coaxial transmission line is insulated
with SF6 at a pressure of one atmosphere. Within this pressure range,
the motion of an electron is primarily dominated by collisions with
- the gas molecules. In the presence of a continuous electric field,

the electrons maintain a constant drift velocity given by(]z)

- ->
v

= uk (9)

where u is the electron mobility given by u = ﬁgg{ with v being the
e
collision frequency. Since the velocity is in phase with

the force, the electron absorbs a mean power(]z)

e
Fé = VHE =5 MgV ‘ (10)

From this equation, one observes that the electron gas behaves essentially
as a resistive medium. An electron-molecule collision-may result in
ionization of the molecule, producing more charged particles. If
the process is q]lowed to continue, eventually a large number of
charged particles will be accu&u]ated. In the presence of a large
electric field, an avalanche electron current is triggered, resulting
in breakdown.

Free electrons which trigger the avalanche current can be prbduced
by any one of the following procésées:(]3)

(i) Photoelectric emission in the gas or from the metallic
conductors, caused by impinging gamma rays from a radio-
active source or Bremsstrahlung radiation.

(ii) Thermionic emission from the conductor surface.

(iii) Secondary emission from the walls by electron or heavy
ion impact.
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(iv) Field emission from the wall due to an electric field
normal to the surface, resulting in lowering of the
work function.

(v) Emission by neutral atom or alpha-particle impact.’

To prevent breakdown in a pressurized 1ine, the most effective
method is to use a gas with a high ionization energy or dielectric

~ strength, since jonization is the main cause for such a process.
Sulfur hexafluoride (SFG)’ which fulfills the above requirements and
is commonly used in industry, is apparently the ideal choice under
the present conditions.

(b) The Evacuated Line

The prevention of breakdown in the evacuated portion of the coax
presents a completely different problem from the one in the previous
section. Two aspects of this problem need to be clarified. The
first one is whether or not this region can be treated as a virtual
vacuum as far as breakdown is concerned. The second one concerns
the validity of dc breakdown theory under the prescribed conditions.

The NUWMAK reactor employs a gas puffing scheme to re-fuel the
plasma from the low-field side\of the chamber. Therefore, the scrape-
off region and the vicinity of.the coax feed to the coupler contains
a weakly ionized plasma. It is reasonable to assume a 10% jonized

=5eVand T, =T = 30eV, witha density of 10'0 en™3.

4

gas, with Tneut.

The kinetic pressure of the gas 15'1.26 x 1077 Torr. Apparently, this
number is a little high since the presence of pumping ports in each
blanket segment has been neglected.

The electron mean free path is calculated by

<V _>
e

2mfp RS
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where w> is the mean thermal speed and v is the collision frequency.

ee and Ve in v, & is found to be of the order

By including Vejs V

n mfp
of 105 m , while the interelectrode distance d is 6 cm. Thus

I3 >> d (12)

mfp

| which implies that practically no collision occurs during an electron
transit between the e]ectrodes; Thus one can treat the coax as a
"vacuum"-insulated line and conclude that only emissions from the
electrodes play a part in causing a breakdown. .

When the RF frequency is sufficiently high such thqt the wave
period 1/f is short compared to the transit time T of an electron
between electrodes, i.e., ft > 1 the dc breakdown theory is inadequate.
For the coax system, T = d/<ve>, f = 92 MHz so that ft > 1 implies
To <142 eV, while the estimated Tg is only 30 eV. Thus ac break-
down theory must be used fof the evacuated coax.

For simplicity, consider two parallel electrode plates separated
by a distance d and an electric field normal to the plates given by
E = Easin(wt + 96). Then the collisionless equation of motion for a

free electron 15(12)

w _ e .
X = - ﬁ;'Ea sin(wt + 6,) : (14)
with x = Vo and x = x_at t = 0. The solution to Eq. (14) is
. eEa ' -
X = v, - ﬁ;ﬁ [coseo - cos(wt + 6,)] (15a)
eEa eEa . _ (15b)
X = x4 (v0 - ﬁ;a-coseo)t - ;rz?-[s1neo - sin(wt + eo)] ]

e
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Note that unlike the col1isi9na1 case considered in the pressurized
line, the electron velocity and the force acting on it are in
quadrature, resu]ting.in no energy absorption from the wave.
In the absence of collisions with gas molecules, multiplication
- of electrons is-dominated by secondary-electron emission from the
walls. Breakdown is then possible through a secondary-electron resonance

or "multipactor" effect(]4).

For a certain range of Ea and eo’ the
secondary-emission time phase angle, it is possible for electrons
to travel from one electrode to the other in apprdximate]y one-half
period (1/2f) of the wave field. When these "primary" electrons
strike an electrode, they produce secondary electrons which are
emitted in a reversed field and acce]erateq to the opposite
electrode in half a cycle of the field. If the secondary-emission
coefficient is greater than unity, repetition of this process will
accumulate a large number of these oscillating electrons, eventually
triggering an avalanche breakdown current.

Now, by setting t = m/w in Eqns. (15) and letting v, = X(t=7/w)
is the arrival velocity of the electron,

a
one obtains the following criterion for multipactor breakdown(]4),

and d = x(t=n/w), where v

2
_ wd
Ey = ie/mei ) (16a)
where ¢ = k + ] mcosd, + 2 siné | -60° < 9, < 18° (16b)
k -1 0 oM 0

with k = Va/vo‘ The limits of eo are determined experimenta]]y(14).

From Eqns. (16), it is evident that for fixed w and d, there is a

range of Ea values within which multipactor breakdown may take place.
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Minimum E, is reached when ¢ is a maximum, with

= tan”! (K=1. %0 - (17)

(8) K+

o’‘min

which gives k=3 for (6 ) = 18°. There is also a low end cutoff

o’‘min

~ frequency fco’ below which it is impossible to trigger a multipactor
breakdown. This cutoff frequency fco can be roughly determined by

the empirfcal relation
foo = Cpfd . (18)

where Cb = 79 MHz-cm is found from experiments(]4).

The multipactor breakdown analysis for a coaxial t}ansmission
Tine is relatively complicated due to the radially varying electric
field. However, a good qualitative picture can be deduced if one
assumes Ea to be the averaged electric field across the two con-

ductors. This gives the relation

E a
- _0 b

which results in Ea = 0.77 E0 for the designed coax. The multipactor
breakdown regime for the evacuated coax is plotted in Fig. 9. At

f = 92 MHz, breakdown occurs for 0.175 kV/cm < E_ < 0.8 kv/cm

which translates to the range of power 0.019 MW < P < 0.385 MW.

It is found(]4) that if the rise time of the RF pulse is sufficientﬁy
short that At < %?, where At is the time interval for the line power

to pass through the breakdown region and %? corresponds to the electron

transit time, mu]tfpactor breakdown may not be initiated. For f = 92 MHz,

At must be less than 5.4 nsec., which is very unlikely to be achieved
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separation = 6 cm and -60° < 60 < 18°, k = 3.

- T T T 1111 T
1000 |- -
L ann ] : —
E - ]
o
~ — -
> 5 -
a —
) L
100 |- -
| | I ll-ll 1 L1 t.1 llll
.lolo | 100 1000
FREQUENCY ( MHz)
Fig. 9 Fundamental multipactor breakdown region; plate
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due to the presence of shunt“regulators in the generator. Thus . some
method to suppréss this breakdown mechanism must be used. There are
two commonly suggested techniques(]):

(i) A thin coating (thickness < skin depth) of metal with a low

- secondary emission coefficient such as titanium on the conductor
surfaces.

(i1) Surface grooving to introduce electric field inhomogeneities
near the conductor surface.

It should be noted that the above mu1tipactof analysis for the
coax is only approximate. Clearly a theory involving the electric
field variation in a cylindrical geometry should be devé]oped to
correctly determine the breakdown region. The effect of the presence
of a magnetostatic field inside the coax should aiso be considered.
Tests on the quenching mechanisms should also be conducted to

determine their effectiveneés.

(c) The Vacuum Window

Because of the difference in the dielectric constants of vacuum
and BeQ a standing wave is established inside the window. For €p
= 6.5, the reflection coefficient is p = 0.44 and the VSWR = 2.57.
Thus the field at the inner conductor sufface (r=a) varies between
2.9 kV/cm and 7.5 kV/cm dinside the window. The dielectric strength
of Be0 is listed as 94 kV/cm so that breakdown within the window
is very unlikely. Surface breakdowns, especially those caused by

surface multipactor effect, may cause trouble, but they can generally

be suppressed by the methods mentioned in the previous section.
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V.D. The Coupling System

The main goé] of the RF coupling system design is to construct
a launching antenna which'couples wave energy efficiently to the
plasma and is structurally sound to survive in a radiation environment
- found in NUWMAK: Several aspects of antenna design need to be
considered.
(1) The antenna must be well matched to a vacuum-bounded toroidal
plasma so that undesirable wave reflection at the first wall is mini-
mized. This can generally be achieved by carefu]]& choosing a wave
mode at an appropriate frequency and wave number, or by the use of
an impedance matching network. However, the matching c%rcuit tends
to create a large amount of reactive power between the tuner and the
antenna. Thus the impedance matching concept is not highly recommended
in this system.
(2) Due to the high power kequirement, special emphasis should be
addressed to the high-voltage arcing problem in the antenna structure.
(3) The coupler should be compact in size and positioned close to the
first wall to avoid obstruction of the flow of plasma in the torus.
(4) The structure should be constructed of a radiation resistant
material with a stable electrical conducfivity so that losses can
be kept low.
(5) An efficient cooling system should be developed to stabilize
the temperature of the launcher during the burn cycle.
(6) The wave absorption mechanism should be properly identified to
determine the wave mode to be launched. The spectral requirement
for the wave should also be considered from the point of view of

launching and absorption efficiencies.
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In the NUWMAK reactor, @he fast magnetosonic mode at the second
harmonic deuterium cyclotron frequency (~ 92 MHz) is to be launched.
This wave ‘is approximaﬁe]y transverse electric (TE) with respect
to the toroidal axis and is right-hand elliptically polarized.

- It can be coupled to the plasma through the poloidal electric

| field (E¢) or the toroidal wave magnetic field (BZ). Waveguide(4)
and balanced TEM 1ine(]) coupling to the plasma in the ICRF have

been previously investigated. In these configurations, the wide

side of the line is aligned parallel to the toroidal axis so that

the electric field points in the poloidal direction at the aperture.
Up. to ;his date, poloidal current loops, which couple tﬁrough the
Bz-field, have been employed successfully jn RF experiments in
present day tokamaks, such as ST, ATC and TFR.

Two coupler designs have been proposed for NUWMAK, one using
a cavity-backed aperture antenna and the other a current loop. The
latter scheme has been proven successful in smaller machines but may
be susceptible to radiation damage in reactors, while the former has
advantages mentioned in Sec. V-D. The cavity-backed
aperture coupler needs extensive testing to evaluate its performance.
It is felt that both plans should be devé]oped in parallel until
experimental results in the next generation of tokamaks are
available to determine the final choice.

(1) The Cavity-Backed Aperturé& Amtenns

The conceptual design of this antenna consists of a wedge coaxial

cavity flush-mounted on the first wall of the torus as shown in

Figure 10, . The cavity is fed by a coaxial line on its outer

wall, with the center conductor welded to the inner wall, forming
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a current coupling loop. On“the lower side of the cavity, an
array of aperturés is cut out which serves as an antenna radiating
wave energy into the plasma.

To determine the condition for eigenmode excitation, one has

- to look at the field structure inside the cavity. With reference

to Figure 10 ' the poloidal component of the electric field E¢ for

. . . . (15)
the TEmn£ mode in the cavity is
mng I3 . v und v (N
E¢ = kg _ani s1n(%ﬂz) cos(n¢) {J, (kg p) + A Nn(kg p)} (20)

where m, n, & are the toroidal, poloidal and radial mode numbers
respectively, with n = pn/¢, (p=0,1,2,3, ...) and'q)0 the
poloidal angle subtended by the cavity. In Eq. (20), kzz is the
£ th resonant radial wave number for poloidal n, Jﬁ and Nﬁ ake
derivatives of Bessel functions of the first and second kind with

respect to the argument and'anz is the amplitude factor for the

mode. The boundary conditions of E$n2 =0atp=ryandp=r,
yield the resonant condition
t nz [} n'Q' ] n,Q, | nQ’ - 2]
(kS ) N (k3 Trp) = Np (kST ) 9 (KETrp) = 0 (21)

for which the dispersion equation is given by

L :
(k2 ) = wzuoeo - (%‘l)z- .om=1,2,3, ... (22)

Given p, ¢_. (and thus n), m and &, and the dimensions rys Ty and D,

)
one can determine the resonant frequency for the TEng eigenmode
by using Egs. (21) and (22). In particular, from Eq. (22),

one notes that for given w and m, the toroidal length D has to ex-

2
ceed a minimum value for a propagating mode, i.e., (kg )2 > 0.
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The fundamental mode of_osci]]ation in this cavity is giveﬁ by
the mode numbers: m=1, p=1 (n = m/¢;)) and 2=1, which is equivalent
to the TE]O] mode in a rectangular cavity. Clearly it is desirable
to excite only the fundamental cavity mode in the NUWMAK RF coupling
- system. The primary design calls for the cavity to be mounted on
the outside wall of the torus, as shown in Figupe.8%¢ - In spite of the
D-shaped minor cross-section, the prdfi]e of the outer first wall is
well approximated by ; circular arc of radius ry = 2.4 m. Fora
10 cm radial thickness (r2 -r = 10 cm ), Egs. (21) and (22)
are solved numerically for the fundamental mode at an operating
frequency of 92 MHz. The possible toroidal and po]oidai widths of
the cavity are plotted in Figure 11. . As a comparison, the corre-
sponding dimensions of a rectangular cavity for the TE]O] mode are
plotted in the same figure. Note that, except for operation near
cutoff which occurs at ¢0 =‘39°, the simpler rectangular cavity
analysis is evidently a very good approximation to that for the
wedge coaxial cavity.

For the NUWMAK RF system, the following cavity parameters

are chosen:

Resonant Cavity Paramefers
Radial Width - 10 cm
Toroidal Width o 1.85 m
Poloidal Width 3.5m
Wall Thickness 0.2 cm
Material of construction vanadium + 5%

titanium alloy
The vanadium + 5% titanium alloy is chosen as the material of

construction because vanadium maintains a high conductivity under
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severe radiation environment'and titanium is present to protect:the
surface from excessive damage by neutrals, neutrons and radiation.
Cooling pipes containing running water are installed on the inside
of the inner wall to maintain the first wall temperature at 300°C.

- These pipes alse form grooves on the surface to prevent multipactor
breakdown. The toroidal and poloidal dimensions of the cavity are
chosen so that each unit can be mounfed on a movable blanket segment
and does not interfere with the pumping port located on the lower
side of the outer first wall. The cavity is a]so’positioned so that
it does not intersect with the w = ZwCD = BwCT resonance surface
(Figure 8) over its poloidal extent. Catastrophic bréakdown‘may
occur due to anomalous acceleration of the ions if the cavity inter-
sects such a resonance surface.

Preliminary design of a launching array of apertures on the
cavity has been considered.‘ Coupling of the fast wave is achieved
via the toroidal wave magnetic field, which is BZ in the cavity
(Figure 10). For the TE101 mode, B, reverses its direction from the
upper to the 10Wer poloidal half. In order that the fields radiated
from the apertures do not cancel one another far away from the wall,
the array is located entirely on the ]owér poloidal half while the
coax is fed into .the upper half on the opposite Wa11, shown in Fig.
12.

As discussed in an earlier section, a wave spectrum centered

at k, = kZ = 20 m-] is desirable if one wishes to minimize the effect of
mode conversion(16) which complicates the picture of cyclotron absorption.

For any array of apertures on the cavity, it seems inevitable that
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some k, = 0 component is always present in the radiated field. ;How-
ever, a sideband Eentered at k, = 20 m'] can be achieved if the
apertures are spaced 31.5 cm apart toroidally, which correSpohds to
one toroidal wave length, In Figure 12, an array of 12 x 4
“apertures is drawn as a preliminary design. .The holes are
elliptical in shape to achieve optimal coupling efficiency(]7) and
to prevent breakdown at sharp corners;

A detailed theoretical analysis should be carried out to deter-
mine the wave number k,-spectrum of the radiated f%e]d from the
array of apertures shown in Figure 12, ‘

An auxilliary coupling system using the cavity-backed aperture
antenna is shown in Figure 13, In this scheme, the cavity is mounted
on the inner first wall where space is extremely limited. Thus the
cavity thickness is reduced to 5 cm while the other dimensions
remain the same as the outer‘cavity. A relatively sharp bend in
the cavity is needed to accommodate the structure, but the rectangular
cavity approximation is still valid above cutoff. The merit of this
system is that the wave is now iaunched from the high field side
and the mode conversion heating mechanism can be utilized and is
particularly efficient for the k, = 0 wavé component. Thus the
aperture array design is much simpler than the prévious one. How-
ever, the incorporation of this inner cavity into the reactor is

considerably more complicated than for the outer cavity.
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As mentioned earlier, four RF modules are needed to deliver
80 MW of power over a period of 3 seconds. In Figure 14 1is shown
the top view of the NUWMAK reactor together with the location of
the four resonant outer cavities and their coax leads. Each cavity
- is placed directly under a toroidal field (TF) coil, where field
| ripples are at a minimum, so that the plasma column remains stable
during the RF pulse. |
(2) The Coil Antenna

A parallel design of coil launching structures has been made
because of their proven success in present-day machines. If properly
designed and matched, very high coupling efficiencies (50%) can be
achieved. In Figure 15, the basic scheme of such a system for NUKMAK
is shown. The top view shows a total of four RF modules Tocated on
the outer wall of the toroidal chamber. Each module consists of a
pair of coil antennas, drivén in phase separately by coaxial trans-
mission lines. For each antenna, a coax is fed through the first
wall with the center conductor split poloidally to form two quarter-
wavelength currént Toops connected in parallel along the minor
cross-section circumference, as illustrated in Figure 15(b). For
f = 92 MHz, Ao = 3 m so that each curreﬁt loop is 75 cm long
poloidally. '

Because of the size of the coils and their coaxial feed
lines, there is a restriction as to how close together they could
be placed without affecting their coupling efficiency. For this
reason, coil coupling to a wave field with a high toroidal wave
number presents a formidable problem. To excite a wave with k, =

1

20 m~ ', the two coax feeds in each RF module have to be 31.5 cm
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(x./2) apart. The original ]2"-coax has to be tapered gently to
a 9.166"-coax towards the first wall. Keeping the characteristic
impedance at 30 Q, the inner conductor diameter becomes 14 cm. The
short section of 9.166"-coax is required to carry 10 MW of power
-with a 3 sec pulse, and its peak power rating is 21 MW.

As shown in Figure 15(c), the coil antenna is recessed:into a
10 cm deep groove in the first wall so that its profile remains
essentially undisturbed. The edges of the coil and the groove are
rounded, to prevent field disruption in their vicinity. The
current coil and its 9.166"-coax feed are constructed of a
vanadium alloy with 5% Ti so that they can withstand a constant
wall loading of 4 MW/m2 during the reactor burn cycle. Each coil
is 14 cm wide toroidally and 1 cm thick, with a hollow inside
through which pressurized water from the coax center conductor
is run to keep the surface femperature at 350°C. The coil is
placed 9 cm away from the surface of the groove to

jnsure a matched 30 ohm driving impedance.
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V-E.. _Prime Power Requ1rement for the Overall RF System

Numerical calculations using a global energy balance model indlcate
that a 3-sec RF pulse of 80 MW power is required at the first wall to
ignite the plasma. However, considerably more power is needed from the
utility lines to compensate for losses due to dissipation along the inter-
mediate stages. A total prime power requirement will be assessed according
to fhe efficienqy‘of each subsystem.

Power is assumed to be supplied primarily by a utili?y source; A
series of three-phase high voltage step-up transformers; which have a nominal
efficiency of 85%, delivers power to the entire high voltage end of the RF
system at the required level. Each RF module consists of a high-voltage
(~ 40 kV, 125 A) pulse generator which serves as a DC power supply for the tubes
in the IPA/HPA stage. The efficiency of a SCR bridge power supply is about
95%. For each IPA/HPA stage, the efficiehcy is essentially determined by
the HPA as long as its power gain is sufficiently high (~ 20 dB). For a
class C coaxitron at 92 MHz CW with a 1 MHz bandwidth and 2.5-5 MW output,
the projected efficiency is 75-80%. A corresponding super-power triode operating
class C narrowband will have a higher efficiency (~ 90%) but has yet to be
developed with the 3 sec pulse widths required.. Dissipation losses along the
10 meter long coax, the Be0 window, and the resonant cavity walls amount

to about 3% of the power flow. These results are summarized as follows:
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Subsystem ' Efficiency
HV Transformers 85%
DC Power Supp]y 95%
IPA/HPA 75%
Transmission Line + Cavity 97%
Cascade& Total 59%

For a power absorption of 80 MW by the plasma, a prime power
of 136 MW is required from the line. This number may be somewhat
optimistic because of the uncertainty of the HPA efficiency, but
it, nevertheless, provides some ideas about the overall efficiency

of the RF heating system.
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VI. Summary

We have examined the use of fast magnetosonic wave heating in the
ion cyclotron frequency range for heating a conceptual tokamak reactor
to ignition. The current status of theoretical work on the subject
was first reviewed. The linear local dispersion and absorption properties
for the fast magnetosonic branch and coalescence in spatial regions
near the second ion cyclotron harmonic with the ion Bernstein branch
are well understood. The competing processes of ion cyclotron harmonic
absorption and mode conversion to the ion Bernstein branch in spatia]
regions near the second jon cyclotron harmonic was discussed. Researchers
have found phat for Tow values of k,, mode conversion procesées can
dominate the absorption process. Further, as reactor parameters of
higher density and temperature are reached, the mode conversion prbcess
is expected to become more pronounced and contribute to a reduction
in the fast magnetosonic wave Q for lower values of ka. This, together
with a stronger finite ijon gyroradius absorption of the fast wave
branch for higher k., in the reactor regime are expected to contribute
to a lower wave Q situation than was previously anticipated. Finally,
the importance of rotational transform in tokamaks in determining the
local k, in the absorption zone and its relation to electron Landau
damping via the ion Bernstein mode or ion cyclotron harmonic absorption
js noted. According to ray tracing studies, thfs, together with the
| poloidal location and k, spectrum excited by the launching structure
4essentia11y determine the Specigs, spatial deposition profile, and
efficiency of heating in.the ion cyclotron frequency range. The

formulation and solution of a tokamak heating, startup, and coupling
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problem taking mode conversion processes into account is quite formidab]e
and will have to await further detailed work on the subject.

This work uses the weak damping approximation to calculate local ion
and electron power absorption density. The resulting ion absorption,
.when-averaged over a -flux surface in a tokamak, yields a spatial de- "
position profile which is highly peaked on the axis, in agreement with
previous work by Stix. 4

The prob]ém of eigenmode density in a reactor as the radial,
poloidal, and toroidal indices are varied is then addreésed. It is
shown that for the compact size of the NUWMAK reactor, the mode density
is considerably lower than that for previous reactor designs: Ideally,

a wave launching structure with low azimuthal mode number, |m| < 3,

1

and a narrow but moderate k, spectrum, k., = 20 m ', can be used to

minimize mode conversion processes and ensure substantial jon cyclotron
harmonic absorption near the p]aéma core. The launching structure
spectrum can, ideally, provide selectivity so that several modes are
excited at any one time and complex mode tracking is not required.
However, the se]ectiVity is such that several modes are simultaneously
excited but that large numbers are avoided so that destructive inter-
ference of total wave fields far from the 1auﬁching structure is not
substantial.

Next, the jon and electron power.absorption expressions are
| averaged over the tokamak cross-section and incorporated in a spatially
lindependent, time dependent mode] which solves the ion and electron
energy balance equations. The results show that for absorbed power

levels of 80 MW and above, an equilibrium ion temperature of 15 keV
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can be reached within 3 seconds after the Ohmic heating phase. By
operating at higher RF power levels of 175 MW, an equilibrium can be
reached due to the faster rise in ion temperature after a second,
allowing a better duty cycle if the reactor burn time is limited.

- It is found that the ions absorb most of the RF power initially,
but that as the electrons heat up a substantial amont of RF power is
delivered to the electrons during the final phase of ignition.

Finally, we have looked at RF heating the plasma during the Ohmic
heating phase in order to improve the duty cycle and réduce RF peak
power requirements. The power is linearly ramped from 0 to 75 MW
over a periqd of 3 seconds and remains at 75 MW for an addit%onal
second. This is done to keep the poloidal g at a sufficiently low
value so that confinement of heated particles is assured. This pEo-
cedure, assuming that coupling efficiency from the launching structure
to the plasma is not degraded, résu]ts in a reduced net energy input
requirement and more time for the thermonuclear burn phase of the
reactor power cycle. However, the practicality of its implementation
and possible benefit§ for the reactor cycle must await more detailed
work.

For the reactor startup calculations, thé power levels quoted
are those absorbed by the plasma. The problem of efficient coupling
from an external generator through a launching structure to the
| plasma was investigated. It was immediately recognized that, due -

‘to the moderate wave Q and'low_wave impedance in a réactor, a coupler
which performs an impedance transformation between the plasma and a
higher impedance transmission line is desired. Cavity-backed aperture

and coil antennas located near the torus wall were proposed.
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A coupling calculation was made for the driving point impedance;
at the coaxial feed point to the TE]O] mode aperture cavity. By
assuming a single eigenmodg within the reactor, the field at the
apertures is calculated for a given power absorbed in the plasma.

It is found that by making a twelve by four array of 15 cm major axis
elliptical apertures in the lower part of the external cavity, the desired
impédance transformation is achieved by ]obating the coaxial feed near
a corner in the upper part of the cavity. The cavity-backed aperture
coupler is particularly attractive since it is flush moﬁnted with the
torus wall, achieves the impedance transformation through thg location
of the coaxig] feed point and apertures, and reduces the RF field
intensity at the torus wall by distributing the power flow.over the
large surface area of the aperture. This preliminary calculation
indicates the potential of such a technique and suggests that
implementation of aperture coup]ihg on current ICRF experiments
should be encouraged.

For coil antenna cdupling, resonant A/2 antennas may be used to
enhance the radiation resistance in reactors. We considered an
antenna about A/2 long fed from a higher voltage point near the
ends of the antenna. This design allows a so]ﬁtion for a vacuum zone
between the antenna and.wall of about 10 cm. |

In the last section the technological and hardware design for
the radiofrequency heating system was presented. The RF generators’
hrovide 20 MW/port for each of four ports at the firsf wall of the
reactor. The frequency 1; 92 MHz and coaxitrons or tetrodes having
5 MW output/tube are used in units of four to provide the required

power,
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A 30 Ohm coaxial line of one foot (= 30.5 cm) outer diameter is
used to transport the RF energy over 10 meters from the generators to
the antenna systems mounted on the torus. A half-wavelength beryllium
oxide window is placed just outside the shield so that radiation damage
is not a problem. By bending the coaxial Tine and filling the center
conductor with borated water for cooling, the neutron flux down the
annulus of the coax can be essentially eliminated at the position of
the RF window.

The problem of RF breakdown in the coupling system is solved by
proper design of the coaxial system to accommodate 20 MW power levels.
A safety fac;or for multipactor and ionization breakdown is provided
by either vacuum pumping or pressurized operation of the coaxial line.

The cavity-backed aperture antenna has a radial width of 10 cm,

a toroidal length of 1.85 m, and a poloidal heigth of 3.5 m corre-
sponding to a TE]O] mode resonance at 92 MHz. The cavity is constructed
of 95% vanadium and 5% titanium alloy yielding a high conductivity,
low induced radioactivity level with good strength and thermal con-
ductivity properties for cooling. The wall thickness is 2 mm allowing
the neutrons to pass through the cavity region and be collected in the
reactor blanket. Cooling pipes of 0.5 cm diameter are located on the
inside of the cavity. Pressurized water is used to cool the cavity
to 300°C during the burn cycle so that the electrical and mechanical
properties of the cavity are maintained. An alternative coil coupling
system is also considered which is close to A/2 long and fed from
the end in order to improve the radiation resistance to matcH a 30

Ohm line. The coil is made from the same materials as the cavity
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design and is flush mounted with the torus wall with a 10 cm groove
cut behind the antenna in order to reduce image currents. The coils
“are 14 cm in toroidal width.by 1 cm thick with a hollow center to
provide water cooling to keep the surface temperature at 300°C.

Finally, the overall electrical efficiency of such a high power

heating system including the HV transformers (85%), D.C. power supply

| (95%), RF amplifiers (75%) and transmission line and cavity (97%) is
59%. For an 80 MW power absorption by the plasma, 136 MW are re-
quired from the 1ine for a three second startup period.' |

It is recognized that considerable experimental investigation of
high power ICRF heating is required to validate it as a means'for
igniting a tokamak reactor. However, this pre]iminary investigation
of scaling to reactor size éhould provide some degree of optimism,'
as well as identifying problems which require more work before the
ignition of a tokamak reactor by ion cyclotron harmonic heating can

be realistically achieved.
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