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Abstract 

Approximate analytic theory of the general multijun-

ction grill is developed. Omitting the evanescent modes in 

the subsidiary waveguides both at the junction and at the 

grill mouth and neglecting multiple wave reflection between 

the same places we derive simple formulae for the reflection 

coefficient, the amplitudes of the incident and reflected 

waves and the spectral power density. All these quantities 

are expressed through the basic grill parameters (the 

electric length of the structure and phase shift between 

adjacent waveguides) and two sets of the reflection coeffi

cients describing wave reflections in the subsidiary wave

guides at the junction and at the plasma. The approximate 

expressions for these coefficients are also given.The 

results are compared with numerical solution of two specific 

examples and they prove to be useful for the optimization 

and design of the multijunction grills. For the JET structu

re it is shown that, in the case of the dense plasma, many 

results can be obtained from the simple formulae for two-

waveguide multijunction grill. 



1. Introduction 

At present much attention is paid to the investigation 

of supplementary non-i*>ductive current drive in tokamaks. 

Usually the lower hybrid waves launched by phased waveguide 

structures called grills are used for this purpose. 

The original theory of the wave radiation from the 

grills was given by BRAMBILLA (1976) and it is well suited 

for structures consisting of the independently fed wave

guides. Later, a technically simpler launching structure 

named the multijunction grill was suggested by NGUYEN and 

MOREAU (1982). It is now frequently used as a building 

element of the large antenna arrays for the big contemporary 

tokamaks (GORMEZANO,1985). The same authors gave the first 

theoretical description of these structures (MOREAU and 

NGUYEN, 1983-4). Later, PREINHAELTER (1989,1990) used an 

improved version of the theory of the multijunction grill to 

optimize these structures for the lower current drive. The 

approximate analytical approach turned out also useful for 

practical explanation of the effect of the length and pha

sing of the multijunction grill on the power spectra, on the 

waveguide overloading and the current drive efficiency (see 

also HURTAK, 1990) 

The present paper gives an outline of the analytical 

solution of the problem of the wave radiation from the mul

tijunction grill into the plasma (Section 2). It generalizes 

previous results for an arbitrary A/-waveguide multijunction 

grill and gives also some results for big arrays composed of 

them. 

Similarly as in the numerical solution of this problem, 
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we treat both waveguide discontinuities, i.e. the junction 
and grill mouth, separately. Neglecting the evanescent modes 
in the subsidiary waveguides С the main waveguide is supposed 
to be split into N subsidiary waveguides at the junction) we 
obtain the relations between the incident and reflected 
waves involving only two sets of the reflection coeffi
cients: p' at the junction and R at the grill mouth. 

If we set the thickness of the dividers between the 
subsidiary waveguides equal to zero we get simple formulae 
for p . For R we can derive semi - analytical expressions 
(the coupling between the modes is given by an integral 
which can be evaluated only numerically) and it is better to 
determine them directly from the Brambilla's theory of the 
conventional grill. The tractable formulae for the amplitu
des of the incident and reflected waves at the grill mouth 
can be derived only if we neglect the multiple reflections 
between junction and the grill mouth. The case W=2, however, 
can be solved without this limitation. 

If the incident waves are predominantly reflected back 
to the same waveguide at the grill mouth (i.e. R , 

i=l,2,...N are dominant) it is possible to neglect the coup
ling between the separate multijunction sections in large 
arrays and express the spectral power density in a simple 
form. 

The preceding results are applied to two examples (Sec
tion 3). We use them to optimize the three waveguide multi-
junction grill which is mounted on the small tokamak CASTOR 
(BADALEC et al, 1988) and also to obtain an analytic expre
ssion for the spectral power density of the array installed 
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at JET (LITAUDON and MOREAU, 1990). 
The first example has a rather methodological importan

ce because we mainly estimate the applicability limits of 
the analytic solution comparing it with the "exact" many-
modes numerical solution. 

The second example is more practical and it reveals 
that the JET arrays can be under certain conditions intei— 
preted as 16 two-waveguide multijunction grills. 

2. Analytic theory of multi junction grill 
First we give the analytic solution of the problem of 

the wave diffraction on the split of the main waveguide into 
the N subsidiary waveguides. As it was stated, we suppose 
this discontinuity is at a sufficient distance from another 
one and the thickness of the dividers is equal to zero. If 
we also neglect the evanescent modes in the subsidiary wave
guides, than, from the continuity conditions for the tangen
tial components of the electric and magnetic field at the 
split (or at the junction from the subsidiary waveguides 
point of view), we obtain the following set of N equations 
for the amplitude B' of the reflected wave in the main wave
guide (ТЕ mode) and (tf-1) amplitudes a of the evanescent 

IO n 
modes in the same waveguide 
1 

The schematic sketch of the multijunction grill, the 
derivation of the equations and the notation of the electro
magnetic fields can be found in PREINHAELTER (1989). 
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N - l 
B' +1 C n C p J > < Z n = B p * P " l » 2 , . . . , l # . (1) 

n = i 

The coefficients С (р) can be expressed as 

en<p>.(i-^)7!_.to^^(-a-«p-1)). (2' 

where fc =(к 2 - (тг/а) г )^, fc = a>/c, r =[ (n7i/b)*+(rr/a)*-fc*J'*', a 
X V V » n V 

and 6 are height and width of the main waveguide, respecti
vely. We also suppose that the width of the subsidiary wave
guides 6 =6/W. 

p 

From the same continuity conditions we acquire the ex
pression for the amplitudes A' of waves travelling in the 

p 

separate subsidiary waveguides from the junction to the 
grill mouth 

N-l 
A' = A' + У C*Cp>a , p=i,2,...,Af (3) 

N 

Taking into account that £ C Cp>= 0 we obtain from (l) 

for B* following expression 
N 

P?I 

The reflected wave is formed by superposition of the waves 

reflected from a plasma into the separate subsidiary wave

guides (we neglect the reflectior from the faces of the di

viders). This superposition is usually destructive and, 

therefore, the reflection coefficient of the multijunction 

grill is very small. 

To determine a we can use several symmetries of the 

coefficients CJp), e.g. С (p) • (-l)nC CW-p-l,>. The system 
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(1) can than be reduced to several independent sets which 
can be easily solved. Substituting a into (3) and regrou-
ping the terms we have 

N 

•; - * ' + 1 pPJ
fi; . P - 1 . 2 . . . . . N . Аг = Л' + ) О В\ , p=l,2,...,N. (5) 

The amplitude reflection coefficients p display two im

portant symmetry re la t ions 

= (6) 
"pj "(M-p-iStti-j-i). 

It is possible to find out other simple linear relations 
between them thus the total number of independent coeffi
cients is equal Af-i. E.g. for Af=2 we have 

ifc . 

Thus it is clear that the waves reflected from the junction 
both back into the same waveguide and into the adjacent 
waveguide have identical amplitudes l\p..\BV a n d a r e in 

antiphase. 
The reflection coeff icients p for the case W»3 are 

*pj 

given in Appendix and the case N=4 was studied by 
PREINHAELTER (1989). While deriving these expressions for 
N>3, it is worth using some system of algebraic manipulation 
as e.g. REDUCE (HEARN, 1985). 

We assume that the electric field at the grill mouth is 
expressed as 
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£ = У б Cz^expíiA -ot) (л eUvx+ В e-Ucv*+ evan. modes], (8) x péi p P l P P J 

where Л and В are the amplitudes (complex) of incident and p P 
reflected waves in the p-th waveguide at the grill mouth, 
respectively. In the p-th waveguide mouth, в (z)=l and else-

p 
where 0 (z)=0. We choose the same coordinate system as in 

p 

PREINHAELTER (1969). The phase ф = ф +(р-1)Д0, where frp is 
the phase shift between adjacent waveguides and ф corres
ponds to the electric length of the first subsidiary wave
guide in the multijunction grill. 

To determine the relations between the amplitudes of 
the incident and reflected waves at the grill mouth we apply 
the theory of the standard grill (BRAMBILLA, 1976). It gives 

N 
Bp = J*pieexpii(*-p)^]^ , (9) 

where R is the amplitude reflection coefficient of the Pk 

wave incident upon a plasma in the fe-th waveguide and re
flected back to the p-th waveguide. The coefficients R 

pk 
fulfill the same symmetry rules as О . i.e. R • /? and 

* pk pk Jcp 
R « R pk (N-p*4)(N-k*l)' 

The c o e f f i c i e n t s R can be determined from a numerical 
pk 

solution of the Brambilla's equations or, if we neglect the 
evanescent modes in the waveguide mouths, we can obtain the 
analytic expressions for them. E.g. the set of equations for 
two-grill (N=2) has the form (BARANOV and SHCHERBININ, 1977, 
HURTAK and PREINHAELTER, 1989) 

В (X + b*) + e l ^ B К "A ÍK -ЪП-Ле^ К , 
i l l 2 2 1 1 1 2 2 ' 

Д . д . ( 1 0 ) 
В К + е 1 Д 0 В CAT +bf)—A К -A e ; A 0 (AT- o») , 

1 2 2 2 2 1 2 2 1 2 ' 
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where o'=fc о. The coupling elements К * К (1,1) and i v i f • i o© ' 

К = К (1,2), correspond to the coupling of the fundamental 
mode in the first waveguide with itself and with the funda
mental mode in the second waveguide, respectively. They must 
be calculated by the numerical integration. E.g. К (1,1) is 

oo 
given by 

ш 
r dN (l-cos(W o'))(l-r) 

00 "J tf* Ы (1+r) Z JL о 
where r(N ) is amplitude reflection coefficient of waves 

x 
(-*exp(ifc z - i y t ) , N =k /fc , N 2=l- /^) from a plasma and i t z z x v x z 
depends on the plasma surface impedance p(N ) . I f the plasma 

d e n s i t y p r o f i l e i s l i n e a r piN ) can be expressed with the 

he lp of the Airy funct ions (G0LANT,197l, HURTÁK and 

PREINHAELTER, 1989). i f we compare the s o l u t i o n of (10) with 

(9) we acquire 

X* + b , a - X2 2b*Jt 
* e R = —^ FT » * e R » = " — к - 2 » < 1 2 > 

11 22 D ' 13 21 D ' 

where D*(/C+6,)*-K* and we suppose b = b . For N*3 the e x -
1 1 2 *^ 1 2 

press ions for R are rather complicated and can be found in 
pk 

Appendix. 
Now we must match the solution at the junction with the 

solution at the grill mouth i.e. find out the relation 
between the primed and unprimed amplitudes. The phase of 
wave increases by ф in the p-th waveguide when the wave 

p 
travels a distance L between the junction and the grill 

9 
mouth. If the first subsidiary waveguide has the same height 
throughout then ф e к L . 

i If we omit an unimportant constant factor Ik /(2k ))T 
X V 
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ensuring the conservation of the wave energy flow at the 
transition from the rectangular waveguides (at Junction) 
into the infinite parallel-pi ate waveguides (supposed in the 
Brambilla's theory) we obtain 

А ш A* , В * ехр(-21ф )в» . (J3) 
P P p *P p 

Making use of these relations we get, from (5) and (9), the 
final set of the equations for the amplitudes of waves inci
dent at the mouth of the multijunction grill 

N 

A = „. + е Ч # У р R е""к,Л* A . (14) 

Usually it holds |pR|<l and we can solve the set (14) 
by the successive approximations. In the zero step we put 
A • A* and obtain the solution of the corresponding conven
tional grill. In the next step we consider only waves re
flected once from the plasma and from the junction. Then we 
have 

A - A*I i+ e 4 # f p R .«**** 
1 Jc.»«* 

In this approximation the incident wave in each subsidiary 
waveguide is given by the superposition of the transmitted 
primary wave with the Л/* secondary, double-reflected waves. 
In Fig. 1 these waves are schematically depicted for the 
two-waveguide multijunction grill. 

In the same approximation the amplitudes of the reflec
ted waves are given 

(15) 
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M T v U k t p ) ^ í1 + 
k = * N ч (16) 

e 
q, * = 1 

Neglecting terms proportional to pff in the bracket on the 
right hand side of (16) we obtain the amplitudes of the re
flected waves in the conventional grill. 

If we use (13) and (16) we can derive, from (4), the 
formula for the amplitude of the reflected wave in the main 
waveguide 

N 
t4 * 

x> 

p , Je = l 

N ( 1 7 ) 

The contribution from the multiple reflections in (17) can 
be omitted as it is usually comparable with the neglected 
reflections from the faces of the waveguide dividers. 

To estimate the effect of the multiple rr fleet ions of 
waves we bring up the exact solution of the set (14) for the 
two-grill (N-2). The expressions are relatively simple and 
for A we obtain p 

\гА'{1* Ы1^ }» (18) 

where q - Zp (R cos Аф - R )et2^o*^ . If we set <7»0 in 
(18) we consider only the double reflection. It is seen that 
the contributions from multiple reflections forms the geome
trical series with the quotient q. 

The amplitudes of the reflected waves for A/=2 are 
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В = *L. \R + R е1*Ф + 2p (К* - К* ) e a v ^ o ^ ) l , i 1 - g (_ 11 i2 ^11 i 2 i i J ' 

( 1 9 ) 

г 1-е? ^ l i i s ^ i i 12 l i J . 

Finally, for the amplitude of the reflected wave in the main 
waveguide we have 

l-q e ° x (20) 

xf/? cosM>+ R + 20 (/?2 - K2 ) e t < t ^ e * ^ ) l 
(_ 11 "* 12 ^11 12 11 J . 

3. Comparison of analytic and numerical solutions 
As an example we present here the results of the opti

mization of the three-waveguide multijunction grill 
2 

installed at small tokamak CASTOR . This grill works at a 
frequency of 1.25 GHz and it is used in the experiments in
vestigating the lower hybrid current drive (BADALEC et al. 
, 1988). 

The geometrical dimensions are: the main waveguide 
height a=16cm, its width b=4.6cm, the width of the subsidia
ry waveguides b =1.4cm (p«l,2,3), the thickness of the divi
ders d =0.2cm and tne length of the structure L =95cm (it 

P 9 
corresponds to ф =45°). The measured plasma density in front 
of grill and its gradient are n =30n (n =2xi010cma) 

0 erlt crtt 
and dn /dxe8xl011cm"* ,respectively. 

Three multijunction grills were used at this tokamak: 
the four-waveguide grill which was optimized by PREINHAELTER 
(1989), the three-waveguide grill described here and seven-
waveguide grill. All are described by 2ÁCEK et al. (1990). 
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The numerical results are obtained by the solution of 
the full set of equations as it is described by PREINHAELTER 
(1989). We choose 7 modes in each subsidiary waveguide and, 
at the junction, we add one mode on each divider face. Thus 
in the main waveguide we take 23 modes. These results are 
then compared with those following from the approximate foi— 
mulae in Appendix. 

In Fig. 2 we compare the powers travelling to the grill 
mouth in the successive subsidiary waveguides P* i-~\A \гЬ ) 

p p p 
computed numerically with the same powers determined on the 
bases of the analytic formulae. The dependence of P* on the 

p 
phase shift Д0 is demonstrated here. If we use the approxi
mate values of Q and R the full agreement of the numeri-

•p* p" 

cal and analytical solutions cannot be reached even if we 
take into account the multiple wave reflections between the 
junction and the grill mouth. If we take, for p , and R . 

the precise values given by the full numerical treatment of 
the problem and if we consider the multiple wave reflections 
the agreement is good (see Fig. 3). 

In Fig. 4-6 we depicted the dependence of the powers 
travelling back to the junction and the phases of the waves 
incident on and reflected from the plasma on the phase shift 
Д0. The large differences between the numerical and analyti
cal solutions in Fig. 6 arise for those Д0 for which the 
powers P" are practically zero and the phases of the reflec-p 
ted waves are undetermined. 

Roughly speaking, the approximate expressions for A 
p 

and В give a good qualitative picture of the dependence of p 
these quantities on Д0 and ф (the dependence on ф is less 
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pronounced and the corresponding figures are not given 
here). A better agreement is obtained by the expressions in 
which the multiple reflections are included, namely if the 
exact values of p and R are taken. In the last case the 

"p* pk 

results are practically undistinguishable. 
The reflection coefficient of this grill is extremely 

small for a broad region of the phase shifts round Д^=90°. 
It is confirmed by Fig. 7. It is also seen here that the 
expression (A4) gives good estimate of R .The inclusion of 
the triple reflected waves in R gives the same results as 
the inclusion of the multiple reflections and the difference 
between the numerical and analytical solutions is given 
mainly by the imprecise values of R 

The effect of the evanescent modes on A . В and R 
p' p t 

manifest itself only through the values of p and R The 
shape of the spectrum, however, depends strongly on the num
ber of the evanescent modes which we consider at the grill 
mouth. We demonstrate this in Fig. 8 where the spectra of 
our structure are given for different numbers of these 
modes. If we consider only the fundamental mode (the curve 
with the longest dashes in Fig. 8) we obtain only a crude 
estimate of the spectrum. The full line correspond to the 
'exact' solution based on the fundamental and 6 evanescent 
modes. The parameters of the structure (Д0«126° and ф =45°) 
were chosen so that the spectrum contains a prominent peak 
for N >i. At the junction we take always proper number of 
the evanescent modes to obtain 'exact' solution. It is im
portant that the position of the peaks in the spectrum is 
approximately given by the fundamental mode alone. To deter-
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mine the heights of peaks precisely we need the solution 
with at least two evanescent modes. 

The grill which was used in the experiments had Д0=9О° 
and ф =45 . Its spectrum is shown in Fig. 9 together withthe 
spectra for ф =90° and ф =162°. 

As a second example we show that, in some cases, the 
analytical results for the two-waveguide multijunction grill 
can be applied to the JET lower hybrid antenna (LITAUDON and 
MOREAU, 1990). 

This grill is composed of eight multijunction sections 
in one row and each section consists of four waveguides. The 
main waveguide of the section is narrowed at the junction 
and the central dividing plate between the second and third 
waveguides is extended so that the excitation of the higher 
modes is suppressed. Thus the structure consists of 16 two-
waveguide multijunction grills which can have, for Дф=90°, 
very small coupling at the corresponding central dividers. 

This was verified for ftp =0° (the phase shift between 
the four-waveguide sections). In this case the reflection 
coefficient of the structure is very small for all ф (it 
corresponds to 1 in (LITAUDON and MOREAU, 1990)) and the 
spectra computed for the structure consisting of 16 two-
waveguide multijunction grills (Аф =180°, n =5n . 
d/dx(ln n )=1 cm"1, /=3.7 GHz) coincide exactly with the 
spectra of the real JET structure. The dependence of the 
spectra on ф is very weak in this case. 

Similar results can be obtained also for £ф =-90° and 
ф >90°, where the reflection coefficient is also small. 

An interesting situation arises when we investigate the 
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radiation of the JET structure into the dense plasma. In 
this case the reflections of waves back into the same wave
guide plays the most important role, at least, in the cen
tral waveguides. E.g. for n =20n and the other parame-

O crtt 

ters being the same as in the preceding case we have 
R =-0.4-0.021, R =R =-0.23-0.131 and R 

16,16 ' 17,16 15,16 18,16 

R =-0.04-0.087i. Therefore, we can neglect coupling 
between remote waveguides (\R \«\R |) . If 6Ф =0° the 

• n+2,n ' ' n,n ' V T » v 

waves reflected from a plasma into the adjacent waveguides 
cancel mutually (we suppose that Ду=90° all the time) and 
the structure behaves as 16 independent two-waveguide multi-
junction grills with R =0. 

To determine approximately the amplitudes of the inci
dent and reflected waves we can use the formulae (18) and 
(19) where we set R =0: 

12 
A =A* f 1 ± 2e81^o R О 1 , В = R A (21) 

1,2 I l l ^ l l j ' 1,2 11 1.2 

In Fig. 10 we depicted the powers travelling to the 
grill mouth in the subsidiary waveguides of the fourth sec
tion of the JET structure as functions of é . We can see 

that the exact results for the first two-grill of the sec

tion (the 13th and 14th waveguides) coincide very well with 

that of the second two-grill (the 15th and 16th waveguides). 

It confirms their independence. It is also clear that the 

approximate values (dashed and dotted lines) based on (21) 

3 
In the rarefied plasma it is not true: e.g. for n «5n 

r 0 crtt 

and the same other parameters R =-0.106-0.0751t 
r i6 , i6 * 

R — 0.28-0. 175i and/? =-0.048-0.1471. 
17,16 18,16 
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yield a good estimate of the real quantities. A better 
agreement can be achieved if R is used instead of R 

16.1* 11 
in (21) (in Fig.10 it corresponds to the dotted lines). If 
we use the approximate value R = -0.44-0.17i, given by 

4 (12) , the agreement with the exact solution is worse. In 
(21) we use the value p =0.32+0.38i, given by (7) (a=7.7cm, 
6=2cm) which slightly differs from p =0.4+0.33i, 
p =-0.35-0.33i resulting from the exact theory of the two-
waveguide multijunction grill. The exact powers travelling 
to the junction are equal to a half of the expected value 
Iff |V. 
1 11 ' к 

If we neglect the evanescent modes at the grill mouth 
we obtain the following expression for the spectrum 
(PREINHAELTER, 1989; HURTÁK, 1990) of 16 independent two-

waveguide multijunction grills in array (Дф=90°, $ф =180°, 
R =0) 
12 

s i n a f i 6 ( i n - f e Co +d ) ) ] sin2(4fc Ь ) 

iin (*TH*2Сb±+dt) J N[ 
PÍN )~16\A* Г S - £ i " * * l l+g | 2 x 

z 

| c o s ^ ( t e 2 ( b i + d i ) ) - i n j - 2 i p i i / ? i i e 2 t ^ o c o s ( i C f e ^ + c M )+*n] 

Re p . 
1 p l a i m t t 

2 
X 

IP I* 
" p U t m a ' 

(22) 

where p (N ) i s the plasma s u r f a c e impedance (BARAN0V 
•ploema z 

and SHCHERBININ, 1977). The spectrum p r a c t i c a l l y does not 

4 

Here The values К =1.3+0.91 and К =0.1+0.871 are determined 
1 2 

from (11) for n =20n , d d n n ) / d x = l cm"*, b =0.9fe and 
O cr l t О ' i v 

k = 0.775 cm"1. 
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depend on ф because, in the peaks where 
sin|.|fT-fe (5 +d ) 1=0, one of the cos terms in the absolute 
value on the right hand side of (22) is always equal to 
zero. 

Fig. 11 shows the spectrum (22) and Fig. 12 represents 
the same results of the exact numerical calculation of the 
JET structure. As it is to be expected the agreement is not 
very good. The omission of the short-wavelength evanescent 
modes leads to an increase of the the long-wavelength part 
of the spectrum (N=±1.8). 

4. Conclusions 
The approximate analytic theory, based on the omission 

of multiple mouth-junction reflections, provide tractable 
formulae for parameters of multijunction grill consisting of 
two or thr«?e waveguides. The comparison of analytic and 
numerical results show that these formulae express, at least 
qualitatively, the role of phase parameters Дф and ф and are 
useful in preliminary grill design. If the evanescent modes 
at the junction and the thickness of dividers are neglected, 
simple formulae-for reflection coefficient p at the junction 
are obtained. However, the neglect of evanescent modes at 
the grill mouth leads to a relatively worse approximation of 
reflection coefficients R 

In special regimes, when the JET-launcher behaves as 16 
independent juxtaposed two-waveguide multijunction sections, 
the formulae for two-waveguide multijunction grill can be 
used to estimate the power distribution among subsidiary 
waveguides. The one-mode approximation of the formula for 
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the power spectrum yields precise positions of all peaks. 
However, the short-wavelength components of the spectrum are 
reduced as they are predominantly formed by evanescent modes 
in subsidiary waveguides. 
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Appendix 
The approximate expressions for the coefficients Q 

describing the reflection of waves from the junction in the 
three-waveguide grill can be derived from (l)-(3) and (5) in 
the following form 

Р*±я ?зз= ~Г Z ПГТ "5" " IF (-х) ('-а 
ÍAl) 

( ' - -ŤT) 

^ i 3 ~ " 3 1 " "ii " 1 2 ' " 2 2 " " 1 2 ' 

If we e v a l u a t e preceding formulae tak ing i n t o account the 

geometr ica l parameters of the three-waveguide mul t i junct ion 

g r i l l de scr ibed in Sec. 3 we obta in p «0 .6+0.29Í 

( 0 . 6 3 + 0 . 2 4 Í ) , О = - 0 . 3 2 - 0 . 0 8 i Г-0. 3 1 - 0 . 0 6 1 ) , 0 «0.65+0.17Í 
' ~12 ~22 

(0.67+0.13i) and 0 =-0.27-0.2i (-0.28-0.171). The values in 
' 13 
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the parentheses follow from the numerical solution of our 
problem where 7 modes are used in each subsidiary waveguide 
and where we consider the finite thickness of the dividers. 
We see that the expressions (Al) gives the values which 
agree with the numerical solution well. 

The coefficients R describing the reflection of waves 
pk 

from a plasma have, for the three-waveguide grill, the form 

(6 '+X ) ( X * + 6 » * - X*)-2X*CX + X ) 
' i i 3 3 D ' 

26 'X 
R ж R = R = R =- i _ l 

12 2 1 2 3 3 2 D 
1 

(A2) 
2 6 ' [ X - (O '+X )X ] 

* = * = - i Z ' ' 3 , 
13 s i D * 

(Ь'-Х MX + Ь' + К )+2X* 
p l i s i i a 
* « - Ď » 

where D=(X + 6' - X )D and D =(X + b* + X )(b» + X )-2X*. 
1 1 3 1 1 3 1 1 1 1 2 

To compare (A2) with the numerical solution we need the 
values of the coupling elements of our structure. The nume
rical integration yields: X±=0.63+0.271, X =0.29+0.37i, 
X «0.06+0.35Í. Because the assumption of the zero thickness 
of dividers brings about no simplification we consider here 
the real grill dimensions. The reflection coefficients have 
than the following values (in parentheses the values based 
5 

These values do not fulfill exactly the simple rela
tions between the components of p (e.g. p *-2p ) which 
are true only for the approximate expressions where we 
assume the thickness of the dividers is equal to zero. 
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on the numerical solution are given): R =-0.27-0.03i 
(-0.22+0.051), R =-0.28-0.131 (-0.31-0.181), R =-0.05-0.11 

* 12 ' 13 
(-0.07-0. 15i) , a A? =-0.19+0.06i (-0. 08+0.15i). The evanes-

' 22 

cent modes at the grill mouth are more prominent than those 
at the junction and thus the agreement between R given by 
(A2) and the values determined fully numerically is worse 
than that for Q 

fpk 
If N-=3 the general expressions for A and В are very 

p p 
complicated and we state here the formulae for A which 

p 

inc lude on ly the double r e f l e c t e d waves 

, 4 i = > l ' / l - e 2 U ^ o + ^ > r i ( 2 p i i + p i 2 ) / ? 4 j s i n 2Д0 + p± tf^cos 2Д0 + 
+ P « 2 í / ? 1 3 - * 2 2 ) + Í ( 2 P l l + P l 2 ) , ? 1 2 S Í n A* - P l 2 * i 2 C ° S H } ' 

> 4 2 = > i ' | i + 2 p i 2 e * l ( ^ o ^ ) [ / ? i i c o s 2Д0 + * I 3 -* 2 2 -* 1 2 COS Д0 ] } , (A3) 

Л з = / l ' • j l + e 2 l ( # o * ^ , Гк2р 4 1 + p i 2 ) / ? i i s i n 2Д0 - p i2ff ^ o s 2Д0 -

-P (Л -Л ) + i ( 2 p +p ) # s i n ДА • p R cos An*] I . 
^12 13 22 r l l ^12 12 ^ ^12 12 J J 

Finally we give a useful and simple expression for the 
amplitude of the reflected wave in the main waveguide (in 
the zero approximation) 

В'М'е'И^^Гг/г^сов 2Д0 +4/?i2cos Д0 +2R
i3

+R
g2}/3• ( A 4 ) 

It is seen that for Дф=90 the leading term drops out and 
thus the reflection of the three waveguide multijunction 
grill is than very small. 
6 

They can be handled by REDUCE and expressed in a 
compact form suitable for the numerical calculation. 
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Figure captions 
Fig. 1 Schematic sketch of the two-waveguidi multijunction 

grill. Four partial double reflected waves and the 
direct one, the superposition of which gives the 
incident wave in the first waveguide, are shown in the 
form of rays. 

Fig. 2 Powers travelling to the grill mouth in the 
successive subsidiary waveguides normalized to the 
power incident in the main waveguide as functions of 
&ф. The electric length of the structure ф =45°, the 
dimensions of grill and the plasma parameters are given 
at the beginning of Sec. 3 . Full lines correspond to 
the numerical solution (7 modes). Dashed lines include 
only contributions from the double reflected waves to 
P*. The multiple reflections are taken into account in 
dotted lines. In the last two cases used the approxi
mate values of p and R , given by (Al) and (A2), are 

~pJc pk' 

used. 
Fig. 3 Same as Fig. 2 only for О and R we take the 

"pk pk 

values derived from the numerical solution. 
Fig. 4 Powers travelling to the junction in the successive 

subsidiary waveguides normalized to the power incident 
in the main waveguide as functions of Дф. For the rest 
see Fig. 2. 

Fig. 5 Phases of the incident waves in the successive 
subsidiary waveguides as functions of Дф- For the rest 
see Fig. 2. 

Fig. 6 Phases of the reflected waves in the successive 
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subsidiary waveguides as functions of Дф. For the rest 
see Fig. 2. 

Fig. 7 Reflection coefficients of the three-waveguide 
multijunction grill as a function of Дф. Dashed line 
corresponds to the single reflection formula (A4). 
Dotted line is based on the approximate formula where 
the multiple reflections are taken into account. In 
these both cases the approximate values for p and R 

are used. Full line is given by the numerical solution. 
Fig. 8 Dependence of the power spectra on the number of the 

evanescent nodes taken into account at the grill mouth. 
Full line corresponds to the numerical solution with 7 
modes (a fundamental and 6 evanescent). The line with 
the longest dashes is given by the fundamental mode 
only. We add one or two evanescent modes to obtain the 
remaining two dashed lines. 

Fig. 9 Power spectra of waves radiated from the 
three-waveguide multijunction grill into the plasma for 
&ф=90° computed numerically. Full line corresponds to 
ф =45°, dotted line to ф «90*, dashed line to ф «162°. 
'0 'в '0 

Fig. 10 Powers travelling to the grill mouth, normalized to 
the total power incident in the main waveguides in one 
row of array, in the 13th up to 16th waveguides of the 
JET structure as functions of ф for Д0«9Ов and 
M> =0°. Plasma parameters are n »20n , and 
v^4v О crlt d/dxCln n )=lcm_1. Full line is given by the numerical о 
solution, dashed and dotted lines follow from formula 
(21) with R given by (12) or with R *R a . 

Fig. 11 Power spectrtjun of the grill composed of sixteen 
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two-waveguide multijunction grills computed according 

to (22) with é =160°. Plasma paran.eters are the same as 
~o 

in Fig. 10. 

Fig 12 Power spectrum of the JET grill for Д0=9О°, ф =160°, 
$ф =0°. Plasma parameters are the same as in Fig. 10. 
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