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ABSTRACT 

The origin of secondary peaks in power spectrum of a launch

ing structure consisting of multijunction sections is analysed 

generally by means of an approximate formula for the power 

spectrum. Results of numerical optimization of a concrete struc

ture with three-waveguide multijunction sections are given. It is 

shown that the basic electrical lenght of the raultijunction 

section cannot be chosen in such way that both a sufficient 

reduction of the peaks and a favourable power distribution among 

waveguides be achieved simultaneously. The difficulties are 

eliminated by the use of aperiodically excited multijunction 

sections resulting in equalization of phases of incident waves in 

waveguides. 
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1. INTRODUCTION 

The possibility of using the waves with frequency near the 

lower hybrid resonance for plasma heating and non-inductive 

current drive in big tokanaks is now intensively studied 

(FISH,1987; KOLESNICHENKO et. al.,1989). Within the framework of 

the slow wave coupling optimization, the design of the launching 

structure (grill) plays an important role. To obtain a suffi

ciently narrow power spectrum of the waves radiated into plasma, 

the structure must contain tens of waveguides (STEVENS et. 

al.,1988). For reasons of construction and of a small power 

reflection coefficient (GOEMEZANO et. al.,1985), one may, for 

convenience, form the structure of many mult ijunction sections 

(KLIMA et. al.,1989; LITAUDON and MOREAU, 1989). However, this 

conception brings also negative effects, viz. the uneven distribu

tion of power among waveguides and the presence of undesirable 

secondary peaks in the power spectrum resulting in a bad direc

tivity of the power spectrum. The paper analyses the origin of the 

peaks and deals with the reduction of the negative effects by 

means of a proper choice of phase parameters. 

Let us consider a large launching structure consisting of 

M-waveguide multijunction grills (see Fig.l where M=3). The dimen

sions of the structure are chosen so that only the fundamental 

TEQI mode can propagate through the main waveguide of the multi-

junction section. Assuming a sufficient length of the subsidiary 

waveguides (when the evanescent modes excited at the grill mouth 

can be omitted at the junction and vice versa), reflections at the 

grill mouth and that at the junction can be studied separately. 

Denote the incident wave amplitude and the reflected wave ampli-



3 

tude in the p-th waveguide by Ap (p = l,2 N) and Bp (p=l,2, 
...,N) respectively (N is the total number of waveguides in the 
structure). The theory of the structure can then be summarized in 
the set of 2N linear algebraic equations with following matrix 
form: 

A = A 0 L T • L B L B , В = R A , (1) 

where A and В are column matrices with elements Ap and Bp respect
ively. L is a diagonal matrix where Lpp represents the phase 
acquired by the wave during its travelling along the p-th sub
sidiary waveguide (L11=exp{i0o} L(1M=exp{i0o*(M-l >A*} .LM+l ,M+l = 
=exp{i0Q> etc.). The matrix R comprises the amplitude ref-lection 
coefficients at the grill mouth, whereas the matrix R consisting 
of MxM-cells on its diagonal contains the amplitude reflection 
coefficients at the junction. The elements of the column matrix X 
are the amplitude coefficients of the transmission from the main 
waveguide to the subsidiary waveguides with phase factors of the 
type exp{i(1-1)60} included (1 is the number of the corresponding 
section). AQ is the incident wave amplitude in the main waveguides 
and means only a normalizing constant. The set (1) can be re
written to 

A = A0 < L T • L R L R L T • L R L R L R L R L T • . . . ), 
В = R A , (2) 
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where the physical interpretation is more recognizable. The actual 
incident waves A are superpositions of the sequent mouth-junction 
reflections of the primary incident waves A Q L T (MOREAU and NGUYEN, 
1984). 

In this paper the matrix R has been calculated by the 
numerical code based on Brambilla's theory (BRAMBILLA.1976) using 
the model of infinite waveguides in the polodial direction. Two 
evanescent modes have been considered in each waveguide and to the 
computation of the plasma impedance the step and ramp model of 
plasma (STEVENS et. al.,1981) has been applied. The elements of T 
and R have been determined by solving the continuity conditions of 
the tangential components of the electric and magnetic fields at 
the plane of the junction (PREINHAELTER,1989). 

The phase parameter 6# serves to regulate the main peak 
position in the spectrum by its variation in the vicinity of the 
value 6#=МД0. This work limits itself to the fundamental period
ical case, where 60*МД*. 

In Section 2, we analyse the origin of the secondary peaks 
in the power spectrum generally. Section 3 gives numei ical results 
of optimization of a concrete launching structure with three -
waveguide multijunction sections. In Section 4, we introduce a 
modification of the multijunction grill that helps to cope with 
difficulties of optimization. In Section 4 conclusions of the 
paper are summarized. 
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2. SECONDARY PEAKS IN POWER SPECTRUM 

The origin of the secondary peaks in the power sp ctrum can 
be explained by the analysis of the formula for the power spec
trum. Omitting the reflected waves and all evanescent modes in 
waveguides and putting the width of waveguides equal to the 
dimensionless periodicity of the structure b (divided by c/oj ), we 
obtain the approximate expression for the power spectrum (the 
precise formula can be found in BARANOV and SHCHERBININ, 1977): 

4 N„b Re? 
P ( N« ) = ~~ZT sln2 ~"; T^TT l)_ A p exp{-iN,,(p-l)b}|2, (3) 

where *? is the plasma surface impedance and N„ is the index of 
refraction parallel to the external magnetic field in plasma. In 
the case of the conventional grill, where Ap^expfi&0(p-l)}, 
formula (3) gives: 

P(N|<>, __!_ sin2 JJSL J I ? «t,";W4#-»,b)/2> 
u ^ЙН(Г 2 IV!2 sin2{U#-N,,b)/2} ' {q) 

that shows the positions of the peaks in the power spectrum: 
M *(Д0+2пп)/Ь, n»0,±l,... The main peak is at NN=A0/b. 

In the case of multijunction sections, the multiple reflec
tions of waves in subsidiary waveguides set up new amplitudes (2). 
Due to the geometrical periodicity, these amplitudes are peri
odical in the following way: 
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A1=A1« A2 = A2 exp{iA#}. Аз=Аз exp{2i&0} 
AH=AM exp{(H-l)4#}, Ан*1»Л1 exp{MiA#} (S) 
AN = AH exp{(M-l)éi0}-

The amplitudes А1.А2,...,Ац assume values close to one (in the 
convential grill Ai=A2=...=Лц»1) and depend, in particular, on the 
electrical length 0Q. Owing to the fact that the interaction 
between waveguides at the grill mouth quickly decreases with 
increasing distance between waveguides (HURTAK and PREINHAELTER, 
1989), the periodicity (5) fails essentially only in a few 
waveguides at both ends of t.ie structure. In our approximation, we 
neglect this edge effect. Inserting (5) into (3) we obtain the 
following approximation of the power spectrum: 

f»} 2 (<5 |2 sin2{MU*-N,,b>/2} 
xlA^Aa exp{i(A#-N,,b)}*A3 exn{2i(A#-N„b)>* .. .• 
•AM exp{(M-l)i(*0-N4b)}|2. 

<6) 

The expres ion (6) implies the peaks 

д# 2nn N.» • , n*0,tlti2..., (7) " b Mb 

where the peaks of the conventional grill spectrum correspond to 
n=lM, 1=0,±1,12 , ... . Thus the use of multijunction sections leads 
to the formation of many secondary peaks that deteriorate the 
power spectrum. 

It should be mentioned that consideration of secondary peaks 
in the spectrum can be easily generalized for other values of the 
parameter 60. In this case, it is only necessary to replace the 
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phase shift Д# by a modified phase shift A#"=6*/M where 6# lies in 
a reasonable vicinity of the value 6#=M&#. 

3. NUMERICAL RESULTS OF OPTIMIZATION 

Here we present the numerical results of optimization of a 
concrete structure. Let us consider the launching structure with 
30 waveguides distributed among ten three-waveguide multifunction 
sections (M*3), and with the following parameters: frequency 
4.6 GHz, the width of waveguides 8 mm, the thickness of walls 

between waveguides 2 mm, the thickness of walls between sections 
4 mm, ó# = -ii/2 (b=1.028). Let the surface plasma density be 

5.3x10*2 си-3 (i.e. 20 ncr, where ncr=m£eW
X/e2) and the gradient 

of plasma density 2xl012 cm"4. 

To evaluate the quality of spectra we use the directivity 

defined in (MOREAU et. al., 1987): 

1 

Ч*рх (1-RT) Itfp^ f JN;2 р(М||) dN. - |N;2 p(N, ) dN,,}, (8) 
1 "• 

which includes the potential current drive efficiency proportional 
to N^2 Nupeafc is the position of the main peak in the power 
spectrum (in our case N„ реак*1.55) and R? is the total power 
reflection coefficient. P(N, ) is the normalized spectral density 
of the power radiated from the grill into plasma. 

We shall optimize the secondary peak at N„=-2.55 (n*-2 
in (7)). From (6) we obtain the following condition for the 
reduction of the peak: 
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l*l*A2 exp{(4/3)in}*A3 exp{(2/3)ín}|
2 »0 (9) 

It should be mentioned that the same reduction condition holds for 

the smaller peak at K,=3.55 (n*l in (7)). The secondary peak for 

n«-l in (7) lies in the region where the waves are reflected from 

the plasma and, therefore, it does not appear in the power 

spectrum. 

The power by which the structure can be fed is limited by a 

certain critical value of electric field in the waveguide that 

causes a breakdown. Thus the total power must be decreased when it 

is distributed among waveguides unevenly. For optimization of the 

distribution we introduce the following parameter (cf. KLIMA et. 

al.. 1989): 

where P is the average power (the power of the generator divided 

by the number of waveguides) and P* and R are the actual incident 

power and the power reflection coefficient in the critical (the 

most loaded) waveguide. Parameter "*]?, expresses the power trans

mission ability of the structure and 1\n =«100* corresponds to an 

ideal structure without any reflection and with entirely even 

power distribution among waveguides. In our approximation the 

demand for a proper power distribution leads to the condition: 

|All2*|A2|2*|A3|2. (11) 
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The conditions (9) and (11) are fulfilled simultaneously 
accurately only if А^Я^Аз, as it is in the case of the conven
tional grill. However, the studies of the mulv.ijunction grill (see 
e.g. PREIMHAELTER. 1988) indicate that if the condition (11) is 
fulfilled approximately, the amplitudes %1,A2,A3 have different 
phases and, therefore, they do not satisfy condition (9). Thus the 
two demands of optimization (an even power distribution among 
wavegvides and the reduction of the secondary peak) appear to con
tradict each other. 

Problems of optimization, following from the foregoing 
apt oximatг considerations, have been confirmed by numerical 
calculations. In Fig.2, the dependences of *| , T^and Rj> on the 
parameter #n are given. The best power transmission ability" of the 
structure ( У\п =35») is obtained for *Q=Q.7II. Fig.3 shows the 
corresponding relatively even power distribution among waveguides. 
However, the secondary peak contains about 7.5% of the total 
spectrum power (see Fig.4) as a result of the fact that amplitudes 

Aii0.72*i0.23,A2=0.48-i0.28, A3~0.88+i0.11 do not conform to 
condition (9) well. It causes the bad directivity of the spectrum 
( ^L e =51%) although the power reflection coefficient is rather 
small (RT=6.5*). The thorough study of the influence of the 
parameter #Q on the secondary peak has revealed that the peak 
almost disappears only for #o=0.2n (see Fig.5). when amplitudes 
Ai^O.51-10.15. A2=0.61*10.27. A3i0.93-i0.15 fulfil the condition 
(9). On the other hand, the uneven power distribution (see Fig.3) 
results in the half power transmission ability of the structure ( 

^0*16.5%). Moreover, the big power reflection coefficient 
(Rr*17.5%) prevents the directivity from being improved essen
tially <\0'56%). 
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As to parameter 1\ , the worst case is 0g=O when the 
resulting power flows even in the opposite direction (back to the 
junction) in some waveguides (see Fig.3). 

4. APERIODICALLY EXCITED MULTIJUNCTION SECTIONS 

The preceding Section implies that it is impossible to 
choose such value of the parameter 0Q that would ensure both a 
high power transmission ability of the structure T]^ and a good 
spectrum directivity TJ simultaneously. The problem can be solved 
by the use of aperiodically excited multijunction sections. The 
aperiodicity consists in a certain modification of the electrical 
length of the central waveguide in each section. It brings an 
additional phase parameter to be optimized, denoted by &0 in 
Fig.l. 

We present only the final result of the optimization. The 
optimum case has been found for parameters #о=0.55тт 4$í*+0.25ii when 

the amplitudes AJÍ0.73+Í0.19. X2«0.67*i0 .17, A3i£).76 + i0 .19 satisfy 

both the condition (9) and (11) well. The disappearance of the 

secondary peak in the power spectrum (see Fig.6) together with the 

small power reflection coefficient (RT-2.2%) result in the good 

spectrum directivity ( <rltp
s67X>. Fig,7 shows the favourable power 

distribution among waveguides that causes the power transmission 

ability of the structure ^ « З З * . In Fig.8, the phases of incident 
waves in waveguides of this structure are compared with the phases 
of incident waves in the case of periodically excited multi-
Junction sections with 0o»O.?.u, A0>O. It is obvious that the use 
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of aperiodically excited sections results actually in equalization 
of the phases. 

For comparison, the results for the same launching structure 
constructed as the conventional grill give ''L =40.5%, RT=17.5* and 
У] *56x. In this case, the incident power is the same in all •со 
waveguides and, therefore, the power transmission ability cf the 
structure is very high. The parameters ^ and R-j are not much 
better then in the case of the structure with multijunction 
sections with *o-0 2n,A0sO. The spectrum is practically the same 
as in Fig.6. 

5. CONCLUSIONS 

The use of multijunction sections brings about setting up 
the modified amplitudes of incident waves in waveguides (in 
comparison with the conventional grill). The amplitudes are 
approximately periodical with the width of the section (except for 
a few waveguides on both ends of the structure). As a result, the 
secondary peaks appear in the power spectrum. This phenomenon has 
been explained with the help of the approximate expression (6) for 
the power spectrum. This expression gives also positions of all 
peaks (7). 

The optimization of a concrete structure with three wave
guides in each multijunction section has been perforraed. As the 
criteria, the power transmission ability of the structure 1] (10), 
depending on the power distribution among waveguides, and the 
spectrum directivity V\ (8), depending on the power reflection 
coefficient and on the magnitude of the secondary peak, have been 
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chosen. It has turned out that for the basic electrical length of 
the structure 0g an optimum value cannot be selected. On one hand, 
00 = 0.7-n is optimum from the standpoint of TJ , while the power 
spectrum contains the big secondary peak and has the bad direc
tivity. On the other hand, if 0o=O.2n, the secondary peak van
ishes, but owing to the big power reflection coefficient (the same 
as in the conventional grill) the spectrum directivity is improved 
only slightly. In addition, the parameter V\ is very low in this 
case. 

The change of the electrical length of the central waveguide 
in each section offers the new parameter of optimization Д0. It 
was shown that the adjustment of this parameter (0n=O.55-r?, 
Д0=+О.25и) causes the complete disappearance of the secondary peak 
and along with the small power reflection coefficient (RT=2.2%) 

result in the good spectrum directivity V) =67*. The power 
transmission ability of the structure remains high ( 4] =33%) at 
the same time. This improvement consists in the effect that, 
though the multifunction sections are excited aperiodically, the 
phases of the incident waves are in fact equalized and the 
amplitudes are similar to the amplitudes of the conventional 
grill. 

The idea of the aperiodically excited multijunction section 
in the launching structure for LHCD can make the grill desictn more 
effective also for other values of Д0. It can be probably applied 
to the optimization of four-waveguide multifunction sections as 
well. 
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FIGURE CAPTIONS 

Fig.l The model of the launching structure consisting of three-
waveguide raultijunction sections (top wiev). 0Q JS the 
electrical length of the first waveguide in each 
section, Д0 is the phase shift between adjacent wave
guides in the same section and 60 is the phase shift 
between the incident waves i . adjacent sections. The 
fundamental periodical case is 60-3&0. Л? is the phase 
parameter of the aperiodically excited section (A0=O for 
conventional multijunction grill). Bg is the external 
magnetic field in plasma. 

Fig.2 Directivity t| , power transmission ability of the structure 
and power reflection coefficient Rj versus the basic 
electrical length of the structure 0o. 

Fig.3 Dependence of the incident power P+ and the reflected power 
P" (hatched bars) in waveguides normalized to the 
generator power on the basic electrical length of the 
structure 0o. only the first, the second, the sixth (as 
a representative of the structure centre) and the last 
sections are given. The asterisk denotes the critical 
waveguide. 

Fig.4 Power spectrum for 0O»O.7TI: 'ГЦ =51*, 1]řr=34X and RT*6.5*. 

Fig.5 Power spectrum for 0O»O.2TI: Т|{|)«56*, ?)рт»16.5* and Rj-17.5%. 



16 

Fig.e Power spectrum with f\t9 =67», *) --33*. Rx=2.2*. The aperiodi-
cally excited multijunction sections with *Q**0.5ZH% 

Д#**0.25п are used. The spectrum is similar to that of the 
same structure constructed as the conventional grill. 

Fig.7 The incident powers P* and reflected powers P" (hatched 
bars) in waveguides normalized to the generator power in 
the case of aperiodically excited multijunction sections 
with parameters #o-0.55it, A#«*0.25. The asterisk denotes 
the critical waveguide. 

Fig.8 Phases of incident waves in waveguides (without the factor 
exp{i(l-lU#} where 1 is the waveguide number} in the case 
corresponding to Fig.4 (a) and in the case corresponding to 
Fig.6 (b). 
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