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ABSTRACT.

Launching of the fast wave in the lower hybrid frequency range is described. This wave is
excited at the plasma edge by RF'electric—f-i;zld's perpendicular to those required for the lower-hybrid
wave. In high temperature plasmas, \»;'here the lower hybrid wave may not penetrate because of
Landau damping or other effects near the edge, the fast wave might provide -an alternative for
heating and/or current generation in the central portion of the plasma. In addition, for high density
plasmas this has the advantage that lower frequencies than those required for the lower hybrid
excitation can be used. Thus .waveguides of convenient dimensions for maximum power transmission
and éase of fabrication can be employed. Coupling from a waveguide array into an inhomogeneous
plasma is analysed. Power.‘reﬂection in the waveguides is found as a. function of array design and
density gradient at the édgg. This reflection is fairly large (> 207). Propagation into the plasma is
then considered and the field structure and dispersion of the fast waves are found as a function of
distance of penetrétion. Unlike the lower hybrid waves, fast waves do not form resonance cones and'

energy is dispersed over a large volume.

*This work was supported by U.S. Department of Energy Contract ET 78-S-02-4682.




1. INTRODUCTION

Much attention has been focused in past years on the excitation of lower hybrid waves for
plaéma heating and/or current generation. These waves can be excited, f;JI’ instance, by a waveguide
array which imposes at the edge‘of the plasma an electric field parallel to the confining magnetic
~ field[1-3). However, in the same frequency regime (ﬂ;« w<< ) thére is another possibility for RF
plasma heating and/or current generation. This is through the waves which propagate on the smaller
k-branch ("fast” ‘branch) of the cold plasma dispersion relation and are excited by a field
perpendicular to the magnetic field. We consider in: this p‘aper coupling and propagation of these
"fast” waves which, in the plasma interior, have the dispersion characteristics of Whistler or high

frequency Alfven waves.

Both the coupling and the propagation of the lower hybrid ("slow™) waves have been studied
extensively. Depending on density, mag;;ic field strength and wave number k, parallel to the
magnetic field, these waves can convert linearly to a warm plasma mode ("thermal turnaround”) or
to the cold fast wa‘ve[‘l]. Both processes- are to be avoided in the outer layers of the plasma, as the);
reflect the incident poWer. To avoid conversion to the fast wave, the parallel wave number must be
sufficiently large; this is expressed by an aécessibility condition, n,> n,, ( n, = ck,Jw)[56] On the
other hand, to avoid thermal mode conversion before rea.ching the center, the lower hybrid waves
must be excited at frequenéies above Jower hybrid resonance at the center. At these frequenéies Nzgr
. which increases with fréquency. is above 1, say in the range 1.2< n,q <2 . In reactor-grade plasmas,
with temperatures near ignition and beyond (T ,~10-15KeV), even n,~3-4 will be strongly electron
Landau damped at the edge. In such cases, the range of lower hybrid waves which are neither

wave-converted nor Landau damped at the edge will be narrow.

For instance, consider a deuterium plasma with toroidal magnetic field By= 5 T, center
density ng= 10" cm=? and temperature in the outer layers T ,~ 2 KeV. The spatial damping of

lower hybrid waves is ( Egs(1-3) are summarized in ref(4) ) :
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where k,, is the perpendicular wave number, obtained from warm plasma theory. With T,= 2 KeV,

ky=m 2 .3 c:f#(-(z) k., ¢ (1)

we have ¢~ 11/n, To keep z-integrated damping at the edge small, { must be fairly large. Roughly,
we need {> 4 or, for this example, n,< 3. Tq avoid early thermal mode conversion of the spectrum

in n,< 3 we must choose a sufficiently high operating frequency. For each n, in this range we need:
‘9 @ or
(;)22&)?_”.(5)(1*2\/3 nz-?-'— : (2)

where o %) is the lower hybrid resonance frequency midway into- the plasma. The maximum
lower bound occurs for n,= 3 and the minimum allowed frequency is then w= 125w,z = 2w 85

GHu. At this frequency, to avoid fast wave conversion we need:

2
n> ng= (1- {-2&:?1;)"’2 =12 (9

- where 2, ; are the cyclotron frequencies. Thus, the accessible spectrum is fairly narrow: 1.2< n, <3.

Furthermore, for high-magnetic field, "compact” reactors operating at high densities, the
lower hybrid f requenéy reaches into the high m:ic,rowave regime. At these frequencies waveguides are
of small cross-section. With the high power levels required for RF heating, intricate arrays
containing many waveguides will be necessary. For instance, with center density ng= 10'> em™ and
Bo= 10 T, we find f2 6 GHz, for which the waveguide width is 1-2 cm. Large arrays of such

narrow waveguides, carrying large amounts-of RF powér, may present difficult technical problems.

As noted before{4,6], this suggests that the fast wave be investigated a-s an alternative for
plasma heating. As it does not suffer thermal turnaround, lower operating frequencies can pe used.
As n,, is closer to 1 at these frequencies, this broadens the accessible spectrum. Secondly, because .
waveguides are larger, simpler arrays with fewer elements can be used. Finally, because the
feasibility of lower hybrid heating at high temperatures and densities may be marginal, fast wave
heating deserves a more detailed look, despite (a'; will be seen) greater téchnical difficulties in
achieving coupling. When in the future all effects are accounted for (toroidal, nonlinear, etc), the fast

‘wave scheme may appear equally viable.
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Though sAor‘ne authors have studied propagation of the fast wave in connection with coupling
to the slow wave[2,7], no detailed study of coupling to the fast wave has been made. The absence of
a‘resonance also rules out thermal mode conversion as an energy transfer mechanism in the plasma
~ center. However, other processes, also studied in connection with the slow wave, could perform the
transfer: parametrics, stochastic heating or even Landau damping in the interior. In the plasma

interior, the dispersion relation of the fast wave and its electron Landau damping are given by:

2
W
Ny = nge (nf -.KJ_)-!IZ (42)
/2,3 -2
e
ky; =k, ' (4b)
i xr l ‘QE (n;Z 'K_L)2 .
A —
2,2
Wpe Ny

where k,, k, are the wave numbers perpendicular and parallel to the magnetic field and n,, n, their
indices of refraction ( ® per 2, and K, are, respectively, the plasma frequency, cyclotron frequency
and dielectric tensor element, eq(l1) ). “These equations are obtained, respectively, from the

cold-plasma dispersion relation and from a perturbation of the Vlasov dispersion relation. They

assume “‘fw << QE, a condition generally valid in high magnetic fields ( By~ 10 T), and at lower

(densities, near the plasma edge. The damping term is similar to that of the slow wave, it has the
same exponential character, but the coefficient is smaller (as k,, is smaller for the fast wave and the
- denominator is large). From the equation for n,, we can show that for nf >> [K,|= | the dispersion

refation is that of a Whistler wave: -
2
®
W = —{-gicz'kxkz R (5)

[4

For a narrow range near n,= I, the dispersion relation is that of a "high frequency Alfven” wave:

By
w=kecyg ey

= —_— (6)
(nollom;)llz

For intermediate values of n,, the wave is of a "mixed” character.

In what follows we first consider coupling to the fast waves from a waveguide array and

find power reflection as a function of array design and density gradient at the edge. In this we
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parallel the treatment of Brambilla[1] and Krapchev and Bers[3] for a two-dimensional slab
geometry. We then calculate the field structure inside the plasma by evaluating the integral of
Fourier components which have penetrated. We shall not consider the problem of energy transfer to

the medium.
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2. FORMULATION

~ We consider a simple slab model for coupling and propagatiﬁn (see fig(1)). The coupling
structure is like the "grill” array of waveguides sketched in fig(1){8). Because we want to excite fast
waves, with E in the fundamental mode perpendicular to By, the waveguides are placed with their
long edge parallel to the magnetic field. In our model the array is taken as infinite in y, an
idealization of a large array of stacked waveguides. Magnetic field is along z (and assumed

constant), the density gradient is in x. We assume no vacuum layer, the plasma edge is flush with

the waveguide mouthes.

We shall evaluate the reflection coefficient for an array of arbitrary extent in z. As a first
step, we obtain the "input admittance” of the plasma, the admittance (_HzlEy) for an infinite, single kz

excitation at the edge. We isolate these k, components by considering a Fourier transformation:
E(x.2)= [ Efxn,) ¢ dn, 4))

Here, n =k /kq and similarly x and z are normalized b multiplication by kg (ko=wlc). The contour
C (fig.(2)) is chosen so that Ey(x,z) satisfies causality: it passes below any singularities in the right
half plane and above singularities in the left hand plane. As will be seen, this choice insures that

only outgoing waves propagate at z-w. The basic equation for wave propagation in a cold plasma is:

VxVxE=KE - (8)

where K = K(w, x) is the dielectric tensor. Eq.8) contains both slow and fast waves. Near the edge,
where wf,, (x)<<ﬂf , the waves are uncoupled by assuming EyzO for the Qlow and E_ =0 for the fast

waves{2]. For the fast wave, the transformed equation for Ey(x‘nz) is then:

@E
5 + N (x,nz)Ey =0 . (9)

dax

-where n,_ is the "local” normalized ky:




2

K3
n = 2" «(n2-K ) (10)

ny 'K.L

K, and K, are the usual elements of the cold plasma dielectric tensor. In the plasma center, where
K,>>1 and K, = O(1), eq(10) is the dispersion relation of a Whistler wave. Assuming a linear

density profile, and constant By, we write:

K,=Bx K,=l-yx | (1)

where (ﬂi<< W<< Q():
2 2 -
. AL d ("p( o d (‘)pi
b &l e e T e (12)

If the scale length near the edge is of order a:

wpla) wpla) | :
B ) ——*——-—ni E_OE ‘ , (13a)
0, '
—= 8 . (13b)

For instance , consider no(a)=10M em™, Bo= 5T and a=10 cm. Choosing the operating frequency
well below lower hybrid, f= 0.6f, ;,(a), we find 8="10, y= 06 and f~ 1.4 GHz. The normalized x
in eq(9) varies from O to 2.8 over the width of the density gradient. The accessibility condition is

n,> nge= 1.1. Finally, w%r (a)/ﬂg =0.4<1, so that eq(9) is roughly valid even in the center.

We solve (9) in a region which extends from the wall (x=0) to a point where nf, >>1 (where
we can connect to the WK B solution). This region is: 0<x< a few(1/8) . Eq(9) is greatly simplified

when In? -1[>>¥/B= Q;fw : in this domain we neglect yx in the region of integration (so that‘K,l:-.I)

and obtain:
9 . .
a<kE. 82 2 .
J( EX (1-n2))E, <0 (14)
dx2 l.-ng z J

As Q;<<w, eq(14) is valid for all but a very narrow part of the n, spectrum. For instance, with the
parameters given above, we have £1,/w=1/25, and eq(14) ceases to be valid in the range |n-1]<0.02.

In what follows, we assume eq.(14) to be valid for the entire n, spectrum, neglecting the effects of the
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small region near n=1. Eq(14) has a solution in terms of parabolic cylinder functions. We write:

Ula k)
E(xn)E(On)U( o) , (15)
where: A
| 282 (1-n? X(1-n2 )14
b TTw e

‘where U is the parabolic cylinder function[9). The branch cuts of the function (l-ng )'/4 are shown
in fig(2). They are chosen so that, when C is close to the real axis, (l—ng )l“::ll-nf 1Y% when In <1
on C and (l-nz )l“.—: ‘éi"“ |l~n3 IW when [n,l>1. The solution of eq(14) satisfies two boundary
conditions: first a condition at x=0, Ej(x-»O,bz)=Ey(0.n,) where E(0n,) is the spectrum of the

excitation; secondly a radiation condition for large x: only evanescent or outgoing waves are allowed.

Waves with |n>1 are cutoff near the plasma edge, but can “tunnel through” to higher
densities where they are propagating. For instance, for large In,d and‘large X we find:
2 i
Ejfxn,)= exp(ig—x-—) R TR AN (17
"z (26)
“la/2_ el rin - 1)2 '
where the exponential “tunnelling factor” e exp(-m(ng -1)""“/4B) accounts for the large cutoff

layer. Waves with |n |<] propagate near the edge but are cutoff further on. For these waves we have

for lafge X:

Ey<x,n,>=_exp<~5(7_97;—),—,3> 203 9hl g3k 7) (1a2) 51 T(E - Lo a8)

where Ja|=1. The first term is evanescent: for S=1 the waves decay rapidly for x>1 . The gamma
function may have singularities for real n, These singularities correspond to multiple reflections

between the edge and the cutoff. A finite number of resonances occur when |n,l<1 and:
n?=1-30%% 1682 12psnB . pe0 12, 19)
" A necessary condition for resonance is that the cutoff layer (for n,<1) be large enough: f<1/3.

The input admittance ¥;,, is evaluated from Faraday's law:



dEy(x,n 2
dx k=0

H0n)=-i
" and from eq(10) we get:

3 a
HOn,) 98 e X 7t §)
=i
EfOn) (1-n2)18 r(%+%

yirz<nz>E

where a is complex.

To evaluate coupling we use Brambilla's method{1]. The waveguide fields are:

Efx)= Ty Ela) (A "B e ) (22)

Hf%2)= Ly Yy Eplt) A e "m"-B e "m%) (23)

where YE,'Y =n,, is the admittance of a given mode in a given waveg_uide anci n, =(l-(m 1|'lb)2)',2
it; wavenumber (b is the waveguide width). The modes have a sinusoidal dependence on z: Em(z)
si(mmz/b). A, and B, are the amplitudes‘ﬁf incident modes (known) and reflected modes (to be
determined). All tﬁodes are of the TE, type, with E =0. Eq(18) relates H (x=0) to Ey(x=0).

Another relation is found with the plasma admittance:
HA02)= [o Vigln) EOR )™ dn, (24)

Fourier transforming (22), substituting it in the right hand'side of (24), putting (23) on the left hand

side and using mode orthogonality we obtain for each s:
YW (4,-B)=-5, VI (4.4B,)  s=1,2,3,... (25)
where:
me = f( E: (nz)yin(nz)Em(nz> dnz (26)
We assumed the normalization:
o * dz
[ ESER(D) o= 8 (27)

We shall simplify (25) by retaining only fundamental modes in the expansion.



Yfm can be evaluated by collapsing C onto the real axis:

VP < PPrL Y (n )2 RAE! (n)E (n)) dn,

+ [T Vinln) 2 RelE} (mE pn )] dn,

5, B A2 -——-——r(%+P) Re(E? (n, )E N (28)
+ [4 n n
PZC I ZP(4p+3)|/2 p zp

The first integral above is always a reactive term: it accounts for reflection by the cutoff layer of

In,l<1 waves. We have from eq(21):

o r(%-%ian o2 2 o
n j<l Y. (n)= laj= ' 29
z in\tz “ 2 )1/1 r(g'—l al 23
For B large (steep gradient) and n, moderate (nz<5‘/3) we.get:
0586 /2
m(n’T l(l T (30)

The second integral in eq{28) is a mixed term containing both a reactive part (impedance

mismatch) and a real part (radiation into the plasma). We have:

iE 261/2 r(—ﬂ' i) Ing_”?»/2 |
In >1 Vi(n)=c 3 (nf BNE r(;+il—a2—|) laj= %5 (31)

We saw in eq(17) that for waves with InJ>1, Ja] is a "tunneling” factor: when faj>>1 there is

complete reflection of incident power. The admittance reduces to its free-space value:
n2 _nil2
Yinln )= ing -1) (32)
. Thus evanescence imposes a second accessibility condition on n,: n, must not be too large, Inzl<6” 3,
For small a] (B large or |n,|x1) we have:

;1 0688 12

Yio(n)= —_—
mr (ng ’l)l“

(33)

The last term in Eq(28) comes from the poles of the admittance, which lie on the real axis
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in Inl<1 ( Eq(19) ). This contribution is purely resistive: it accounts for power loss to surface waves,
and can be comparable to the two other terms. Note that surface waves are excited only for small 8,

. B<1/3.

3, NUMERICAL RESULTS FOR COUPLING

Eq.(28) suggests the kind of excitation which optimizes coupling: to minimize the reactive
part of tl;e admittance there must be little energy 'iri InJ<1 and |nz|>>;‘3”3. ;l'he first condition is a
stringent one: remember that for a vacuum filled waveguide operating above éutoff., we have, at
fixed frequency, b>m. This keeps most of the spectrum in In l<I. To broaden the spectrum, we must
artificially decrease the cutoff width: ridge waveguides or .waveguides filled with dielectric are
possibilities{1]. We illustrate what follows with such waveguides filled with dielectric €, To further

improve the spectrum, we narrow it about some value of n>1 by using. a phased array.

In fig.(3) we consider coupling of a four-waveguide array. Only fundamental modes were
included in the calculation. The incident%lds are of equal amplitude and phased 180°. The
individual waveguides are each of normalized width b. The dielectric is £,=4.0, for which the cutoff‘
b is 7/2. Total power reflected IR is plotted against b‘ with 8 as a parameter (for a given ¢,, these
two variables determine entirely IRI). First, for small 8, coupling deteriorates as B-1/3: we
- approach one of the resonances of eq.(19) and IR{%-1. For a series of values B<1/3 (not shown on the
figure) IR 1 has a series of peaks where it takes the value |R|2=il irrespective of b. These peaks occur
whenever a new resonance in eq(14) is excited by n =0. Thus, when 8<1/3, power is also coupled to
surface waves, an undesired effect. For larger 8, coupling improves: a minimum IRIZ is obtained for
B=10. and b=2.5 Power reflected is then about 35% and the VSWR .in each waveguide about 3 .
For larger 8, coupling deteriorates again because of the impedance mismatch between the short
plasma waves and the longer waveguide waves (whic_h have an impedance comparable to that of

free space). Finally, |R12= I at the cutoff b="m/2 and for b~ w.

In fig(4), we consider an infinite array of waveguides phased 180°. Again, ¢,=4.0. This

array produces a delta-function spectrum at n,=m/b. We plot IR 2 against n,_ for some values of 8.




Coupling is improved moderately over the previous case of four waveguides.

In the previous examples we chose €,= 4 . For smaller ¢, (1< €, <4) coupling worsens for all
B. This is because to get a sizeable part of the spectrum in |n > 1 we need b<w and for these values
of b the waveguide admittance, (s,—(';'r/b)?)”z, is small: this means larger admiﬁance mismatch and
more reflection. For large €, (e,>>1) we can estimate more .quantitatively the reflection: consider a
large array, phased by 180° with' a narrow spectrum centered about some n,,. For this array,

reflection is approximately:

‘ )I‘V _)/' (n ) '2 .
R'2= ,:v in\"z0 > yw < (Er' ngo )”2 » (34)
VY +Yinngo) |

where ypl‘f is the waveguide impedance of the fundamental mode (Eq(23)) and Y;,(n,) the plasma
impedance (Eq(21)). If Jn? -I}<< B8° we can use eq.(33) as an approximation to Y;,(n,). Also, with
£,>>1, lev x> cl/2 . Using these approximations we find a relativély simple expression for IRI%. This

has a minimum when: T

nfo =1+ 0.7% for €,>> 0.45 5”_3- v (35)

for which:

IR(n ) = 0.18 R | (36)

~

Eq.(35) is consistent with the curves of fig(4), at least for B< 10.. We obtain roughly the
minimum predicted abave, |R[*= 20%. When 8> l(;., €q(35) is no longer valid. n,q as predicted from
eq(35) becomes large and approximation (33) does not hold. In fact, Y;4(n,) is more reactive than
predicted by eq.(33) (there is more tunnelling through the cutoff layer), and the minimum- IRJ2
worsens. For 8- 0 the minimum of (6) is reached very near to n = I, but worsens for all other n>
n. o because the cutoff layer has become large. In fig.(3), the finite width of the excitation spectrum
tends to worsen both impedance mismatch and tunneling, and the transmission is correspondingly

poorer. The minimum’of eq{36), IR 2= 187, appears to be a minimum for all array designs.

Having obtained reflection coefficients, we can predict the power spectrum of waves excited
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in the plasma. Total power transmitted into the plasma is given by:
I
Py=Jc gReESnIH (n,) dn,
3
g g+

= IT RelYig(n) IEmIP) dn, + £ 40 B o=

— ié(n, 2 (37)

where we used the symmetry of Y;, and E(n,) to reduce the integratidn to one over only positive n,.
E(n,) is obtained from eq(22). The integral on n,21 gives the power which actually penetrates into
the plasma. The second term is the power coupled into surface waves (right and left-going pairs).
This latter term is present only if 8<1/3, in which case power coupled into surface waves may be
considerable and comparable to the power coupled into Whistler waves. For the curves of fig(3)

however, 8>1/2 and no surface waves are excited. We plot in fig.(5) the function:
1, | :
Pdn)= 5 Re EJH} = 5 Re (Vinln)) 1Eyin, )P ) (38)
with 8=10. and b=2.5 . For comparison, incident power with no reflection is also shown. Incident
power is infinite'near n =1, but this is an integrable singularity. A narrow range of n, close to I is

below accessibility (n,<I.1), and power in this range does not reach the plasma interior, but this

range is narrow so that despite the singularity, the integrated power is not too large (< 25%).

We have not mentioned the effect of varying the relative amplitudes of fields in inner and-
outer waveguides. For the four waveguide array, this decreases somewhat the coupling but could
reduce the energy in the range below accessibility, so that overall power penetrating to the plasma
center would be increased[3). However, as we are interested in regimes where n,, is close to 1, the
energy below accessibility will be small to start off with, and so will be any improvement in overall

coupling.

To summarize, an array for coupling fast waves might be designed as follows: first, given
the plasma properties (maximum density, magnetic field) a range of operating frequencies is chosen.
These frequencies are fairly low, to insure n =~ | and reasonable waveguide dimensions. Secondly,

this range is narrowed, both in consideration of whatever heating mechanisms are to be used and
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" also so as to 'msur-é that the gradient parameter B is in the raﬁge 1-10 where optimum coupling takes
place. The density scale length, which in part determines 8 might also be adjustable, through the use
of plasma limiters for instance. Fair coupling (|Rl2< 40%) can then be achieved with a modest
- dielectric €,> 3-4. ¢, is an "effective” ..diele_ctric: it could be obtained, for instance, with ridge
waveguides. Finally, the fairly lalrge reflection can_in principle be tuned out, so that all of the
generator power ends up in the plasma. However,on account of the large standing wave ratios there

will be a lot of stored energy in the tuner and waveguides.

4 FIELD STRUCTURE

Field structure is found by evaluating the Fourier integral (7) which now reads:

Efx2)= [, Ef0n,) UE" 8 in ‘dn | (39)

This is valid as long as K, =1, that is not too large densities (we extend eq(39) shortly) . We
evaluate (39) for fairly large x and z (as compared to the source dimensions), by using stationary
phase. For z>0 we deform the contour as shown in fig{2), picking up (if B is small enough) the

residues from the poles on the real axis (the field structure for 2<0 is a mirror image):

13, 1/2 o .
E (x 2)= ZP il g_%ﬂ'_ o-p-1 (p+ ‘::’_.)-1/3 n;}) ] 5213 e ?EP 'H2p+l(5p’2”2) eMzp?

+ I3 E (On Je'het Ula, 8 a‘;fo‘;',z | (49)
where:
EP___2|/25113 (4p+3)-l/8x o (4])

and where the Hy,, | refer to Hermite polynomials. In eq(40) "above™ and "below” refer to { being
evaluated above and béiow the branch cut. The first term in (40) is the surface-wave contribution:
these waves propagate away from the source by multiple reflections between wall and cutoff layer.
They decay rapidly inside the plasma, where their contribution may be neglected. As for the
_ integral, in doing a st?tionary phase estimation for z>0, it is found that the contributions from above

the.branch cut phase mix and may be neglected. This leaves us with:




Efxn)= [T Ef0n) " gg-g-g lbetews 47 (42)

We extend eq{42) to regions where K, # I by using the WKB solution of eq(3):
| Ey(x,z)z IT Egn) n;llz exp( i(nzz+f6 n(un,)du) } dn, (43)

where, to within "slowly” varying phase terms:

e e ~lahn/4 |
Eqin= 2711 a2 -1y /8 o EfOn,) (44)
Ula,0)
Stationary phase integration yields:
L 12
E (x2)= Eg(ng) n{ng) V2 ei"0? _em " (45)
y o\o/ Mg 3z
. | R !1/2
an, "2=10.
where the ng, the n, for which the phase is stationary, is determined from the ray conditidn:
L oy
zplx,np)= zplxny= -fo 57— (un,) du (46)
4

Note that z=2p(x,ng) is the ray trajectory of a wave packet centered at n,=ng. Approximating ny=

Kx/(nf -K‘L)”2 (neglecting the cutoff) we can find an analytic expression for 2. In particular:

2
2plxmg)= 2i2 (‘7’%) ne>>| (47a).
% (-y:c)'/2 ng=l {47b)

Eq.(47) indicates how much the rays spread. The other field components are evaluated in a similar
fashion, using the local polarizations in the WK B solutions. Inside the plasma, where n,>>1, E, is

the dominant component (|E, |>> IE).Iz [ED.

We show in fig.(6) the far field evaluated from (45) (shown for 2>0 only, the fields for 2<0
are a mirror image)..In this example the source is the four—waveguide array of fig(5), with b=2.5,
~ B= 10 and phasing of 180°. We took Bg= 5T, "o( a)= 10" cm™, 2= 10cm and f= 06f, ;5= 14
GHz, for which 8 = 10 and v = 06 . With these parameters, the total width of the array is about
35 cm. Power reflection in the wai:eguides, as read from fig.(3), is about 40%. The maximum

amplitude in each guide, including reflection, is taken as I: E).(z)= tsin(mz/b). In fig.(6) we plot the
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field ampl'itudes,.lEj{x,z)I. as found from eq(45). The radial distance x is fixed, x= 10 cm, so that
we are Jooking at the fields near the center of the plasma..The amplitudes are modulated by

exp(ing(z)z), where ng is determined from eq(46). For much of the field extent, np=1.

Note that there are no resonance cones as found for slow wave penetrétion: the rays have
spread and dispersed power. This dispersion reduces the arr.lplitudes of Ey and E,. For E,, the
dominant component, the change in impedance of the medium more than comApensates for dispersion,
and the field amplitude is quite large. We havel.w't mentioned the effects of confluence of slow and
fast waves . The confluence layer reflects waves with n<n_,, where n =~ Ll is tf\e accessible wave
number ( Eq(3)). This cuts off the part of the spectrum which contributes to much of the spreading
of the fields in real space. This effect is indicated qualitatively in the ﬁgufe: the dashed line
indicates roughly the maximum extent of the fields when that part of thé spectrum which is below
accessibilify is removed from’ the integration in eq(43) (we simply cut off the fields in z> zg(n,,) ).
Everything to the right of the line would in fact be converted, to slow waves, with possible multiple
reflections in the outer plasma layérs. These "surface waves” (different from those excited near the

edge when 8<1/3) carry about 257 of the transmitted power (fig.(5)).

5. CONCLUSION

Fast wave coupling by a wavegﬁide array appears at least’ marginally possible.The array
may need to be fairly large, to concentrate the spectrum at low n, values for which the cutoff layer is
small, and also to avoid Landay damping which in a hot plasma will damp both slow and fast
waves with even moderate n,. To avoid in addition the |n <] evanescence, the complication of ridge
waveguides or waveguides filled with dielectric must also be considered. Also, some tuning sy-stem
will be needed to 'compensate the fairly large reflection (IR!2= 20-407), and large standiné wave
ratios will exist in the waveguides. Finally, for'very gentle density gradients (8<1/3), there is the

danger of resonance effects which couple energy to surface waves.

Fast waves do not form resonance cones. Rather, energy is dispersed in a large region of

plasma and the amplitude of the waves is diminished in proportion. This feature is an advantage in
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avoiding too localized heating and may also prevent nonlinear effects such as filamentation. The
other advantage was pointed out in the introduction: fast waves can penetrate with n, very close to 1,

_ and may avoid excessive Landau damping in very hot thermonuclear plasmas.

Our analysis of the coupling problem was greatly simplified by ignoring finite y dimension,
higher order madés, etc. Also, nonlinear effects, always present at the high power levels needed to
heat plasmas, may modify considerably the linear picture. Finally, with their large spatial dispersion,
fast waves may fill the entire toroidal cavity. A proper.tfeatment would then require us to find the

coupling to the cavity modes and in effect solve a resonator problem.

6. ACKNOWLEDGMENTS

This work was supported by U.S. Department of Energy Contract ET 78-S-02-4682.




7. EIGURE CAPTIONS

FIG(1): Geometry for the Fast Wave Excitation.

FIG(2): Contour for the Fourier Integral. Here 1/7< 8< 1/5 so that ther e are two resonances in O<

n.< L

FIG(3)- Power reflection [RJ? for a four-waveguide array. B is the gradient parameter, eq(7). The

waveguides are filled with dielectric €,=4, which reduces the cutoff width to b = /2. Phasing is

180°.

FIG(4): Power reflection R for an infinite array. The array produces a single n,,=m/b. The

waveguides are filled with dielectric €,=4 and phasing is 180°.

FIG (5): Power spectrum for a four-waveguide array. We have = 10 and b=2.5 . The dashed

line (P;) is power in the absence of reflection, the full line (P,) power transmitted with reflection.

Total power reflected is about 357.

FIG(6). Field structure for a four-waveguide array. Here By= 5T, nyfa)= 10" cm™3 and = 06
fr (@)= 1.4 GHz, b= 9 cm. We are looking at the fields in the center, x= 10 cm. The rays to the

- right of the ray z= zp(n,,) have converted to slow waves.
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