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Abstract: Coupling characteristics of the multijunction grill have been studied theoreti-
cally and experimentally by using a multireflection method with the aid of scatter-
ing matrices not only at the junction plane but also at the grill mouth. The global
reflection coefficients in the primary waveguide and secondary wave-guides can
be estimated from the vector sum of reflecting components caused by each reflec-
tion between two scattering planes. The experimental results of scattering matri-
ces and the global coupling agree well with calculated ones. It is shown that the
multiple reflection in secondary waveguides of the four-junction grill for JIPPT-
IIU tokamatk is finished until three or four reflections. The length of the second-
ary waveguides is confirmed to be one of parameters determining the grill effi-

ciency.
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§1. Introduction

In the recent devices for fusion research, high-power microwaves have been increasingly
used in the heating and current drive of plasma. At present, most antennas for RF heating and
current drive adopt the phased array system to improve the heating efficiency of the plasma and
the current driving efficiency by plasma waves where such improvement is in the form of lower
hybrid waves and the ion cyclotron range of frequency. For the lower hybrid current drive
(LHCD) Moreau and N’ guyenl) proposed a new grill coupler with a simple structure, i.¢. the
multijunction grill. This coupler has great advantage to the large tokamak from view point of
cost efficiency. This new launcher was tested on the experiments of lower hybrid ion heating
in the Petula-B tokamak®. The experimental results on both the heating efficiency and power
reflection coefficient are similar to that of a conventional grill. Following experiments® on the
same machine, by using a multijunction-modulus grill, showed the very low power-reflection
coefficient less than 3%; this is known as a self-adaptation property. Recently, high power cur-
rent drive experiments on JT-60 have been performed by exchanging a conventional grill

launcher for a multijunction-modulus grill and encouraging results have been obtained®.

The original theoretical investigation®) on the multijunction grill was presented by
Moreau and N’ guyen with the scattering matrix at the junction plane and the reflection coeffi-
cient at the grill mouth. They assumed the reflection at the grill mouth is approximately repre-
sented by a coefficient with not a matrix but a complex constant, because the number of
secondary waveguides is large enough. According to their theory, Litaudon and Moreau in-
vestigated numerically coupling properties of a multijunction-modulus grill for the LHCD ex-

periments on JET,

Preinhaelter® also studied this subject by other analytical method, not using a scattering
matrix, and determined all forward and reflected waves both in the primary and secondary
waveguides by the continuity conditions of the electric and magnetic fields at the junction plane

and the grill mouth.

For a design of the multijunction grill with small number of secondary waveguides such

as in small tokamaks, it is necessary to calculate all the scattering coefficients including the grill



mouth, when one modifies Moreau and N’guyen’s method. In this paper, we formulate a simple
coupling theory of the multijunction grill for any number of secondary waveguides and compare
numerical calculation with experimental results for a four-junction grill designed for the JIPP-
TII-U tokamak.

In §2, we describe a method to analyze coupling properties of the multijunction grill on the
basis of scattering matrices both at the junction and the mouth, and of a phase shift matrix which
indicates each phase change during a reflection between the grill mouth and the junction. In
§3, we present results of numerical calculation with respect to the scattering matrix at the mouth
facing the plasma with a step and ramp density profile, and to forward and reflected electric
fields, loci of these fields in the complex-coordinates, power spectrum and directivity. In §4,
details of experimental results accompanying the theoretical comparison are described about the
scattering coefficients at the mouth and the dependence of coupling characteristics on the length

between the junction and the mouth. A summary is presented in §5.

§2. Method of coupling analysis

2.1 Global coupling characteristic of multijunction grill

A multijunction grill is schematically shown in Fig.1, which is obtained by dividing the
main waveguide into a given number of secondary waveguides by inserting metallic walls per-
pendicularly to the electric field. The phasing between adjacent secondary waveguides is usu-
ally made by inserting step phase-transformers in the secondary waveguides. By increasing the
waveguide height of the transformer, the phase of a wave passed through the transformer chang-
es owing to a increase of the wavelength in that part. In our experiments described in §4, the
phasing is easily obtained by directly changing the length of each secondary waveguide because
each secondary waveguide has a window. In the analytic treatment, the evanescent modes at
both ends of the secondary waveguides are ignored. Here, we have studied the coupling prop-
erties by calculating the scattering coefficients of waves at the mouth, referring the previous

analysis7) .

Let denote a scattering matrix at the junction plane by S, of which components is given
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in §2.2, incident waves propagating forward to the junction by A%, and scattering waves reflect-
ing from the junction by B™ at k-th multiple reflection. The matrices A™ and B® are related

by a linear transformation®, when the number of the secondary waveguides is #;

Bék) Soo Sou - Son Aék)
BIU‘) S10 511 - S1n A{k)
= 1
Spq (1)
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_Bn ] S”O SOO - Snnj _A” J

where the subscript 0 of B® and AK) indicates the primary waveguide and the subscript p
(=1,..n) refers to the p-th secondary waveguide, as shown in Fig.1. The element Spq shows a

contribution to the p-th waveguide by an incident wave upon the ¢-th waveguide through scat-

tering process.

In the case of k=1, only an incident wave upon the primary waveguide is nonzero, that is,

Aél) #90, A{l) =..= A,El) = (). The above equation is simply written as
] o]
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=1 |4 (2)
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Since the impedance between a power source and the primary waveguide is assumed to be
matched, no scattering wave back to the power source reflects again forward to the junction

plane. After the second reflection, incident waves upon the primary waveguide are all zero,

AP =0 (k22).

For k 2 2, the linear transformation expressed by Eq.(1) is reduced to
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On the other hand, a similar relation is obtained at the grill mouth facing a plasma. We

denote a scattering matrix at the grill mouth by 7, incident waves propagating forward to the
mouth by a®, and scattering waves reflecting from the mouth by 5% at k-th multiple reflection.

The matrices ™ and 3™ are related by
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where the subscript 0 denotes a plasma. 'We assume that no wave reflects from the plasma core

toward the mouth, aé ) = 0. Aswe are interested in coupling characteristics of the multijunc-

tion grill, we deal with only components conceming secondary waveguides. Consequently,

Eq.(4) reduces to
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When a wave propagates between the junction and the mouth, its phase increases. The incident

waves & into the mouth and A into the junction are expressed by

i = 2 B =08 (6-1)
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where & is a diagonal matrix defining the phase shift. The phase shift in the p-th secondary
waveguide is given by

®,, =expljlk L+ (p-1)Ad]}, (N

where L is a length of the secondary waveguide, kg is a wavenumber and A¢ is the phasing be-

tween adjacent waveguides. Substituting & and A into Eqs.(5) and (3), respectively, one has

B =138 | (8-1)
B( ) _ S‘Db( )’
(for £k22)
B =[5y, SD}Db()E‘s‘be()
- ’ (8-2)
where BISI) = pOAél) (p20)is given by Eq.(2). All the components can be iteratively cal-
culated by the equations.

The global reflection coefficient in the primary waveguide is calculated by the ratio of to-

tal reflecting wave to the incident one,

(9-1)

Similarly, the reflection coefficient in the p-th secondary waveguide at the mouth is obtained by

-]

0
b,

I‘P = k=l (p=1L.n)

k) :
Y a, (9-2)
k=1

It is worth while to indicate that the summation means vector addition.

2.2 Scattering coefficients

At first, we refer to scattering matrix S at the E-plane junction, whose general expressions

—f —



have been given by Moreaun and N’guyenl). When we consider only the dominant mode both
in the primary and secondary waveguides, theoretical scattering coefficients are simply ex-

pressed as

X-n
S0 = %7 ,
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Spo = Sop = —o > f 0
po = Sop = ~73, . or p# (10-1)
1--2_ -
x+n - °0 P4
Spg = , (102)
- #
x+n °’ for p#q

where x=W/w is a ratio of the primary waveguide width Wto the secondary one w and #n is the
number of secondary waveguides. It is noted that the scattering coefficients satisfy the conser-

vation of energy, 2"|SM|2 = 1.

Second, we calculate scattering matrix 7" at the mouth by a simplified conventional gill the-
ory7) where higher modes are ignored. The grill is assumed to be infinitely high and the grili

edge to be connected with the conducting infinite wall. The density profile in front of the mouth

is modelled by the step(n,,;9) plus ramp( Vn__ ) 9. When an incident wave is injected only

wgd
to the m-th waveguide, a scattered electric field E,,, normalized with the incident field E;,, at the

g-th waveguide is given by

n
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where T, indicates a scattering coefficient which connects the g-th waveguide to the m-th one,

Wp is a p-th wavegnide width and Upm is written by

ARxiwraa or
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where y is the admittance in a vacuum, y; is the surface admittance of a plasma, N, is the re-

fractive index along the magnetic field, {, and {,,, are positions of the p-th and m-th waveguides,

normalized to the inverse free-space wavenumber, respectively. We can write Ypi 88, for

|Nz| <1,

(13-1-1)
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and for |Nz| >1,
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where n, is the critical density of the electron plasma wave with the frequency of the injected
RF, nyeq and Vi, ga A€ the electron density and its density gradient just in front of the mouth.
Here, A;, B;, A'; and B'; are Airy functions and their first derivatives, respectively. Itis worth
while to note that when we numerically integrate Eq.(12) over N,, we can introduce a new vari-

able of the integration u in order to avoid the singularity at N=1: for |N | <1, Nz=l-u3, for

NJi>1,N=1+1.
f 4 4

§3. Numerical Calculation

3.1 Scattering coefficients at the grill mouth

In order to examine antenna-plasma coupling properties, numerical calculations of for-
ward and reflected electric fields both in the primary waveguide and the secondary ones are car-

ried out for a multijunction grill designed for LHCD experiments in the JIPP T-ITU tokamak .
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The grill has four secondary waveguides with the equal widths, whose mouth is the same as
the conventional grill used for the previous experiments7). The width w of the secondary
waveguide is 3.5cm and the thickness 4 of the septum is 0.5cm; the width W of the primary
waveguide is 15.5cm. The RF frequency of the oscillator is 800MHz whose critical density 7,

is 7.9x10%m 3,

Both phase and amplitude of scattering coefficients of the first and second row matrix el-
ements, Tpl and Tp , are plotted as functions of nwgd/nC in Figs.2(a), (b), (c) and (d), respec-
tively, where Vn,, " d:lxlollcm'4. Since the mouth is geometrically symmetry, there are
relations of T13=T4p, T93=T3, T33=T20, T43=T12, T14=T1, To4=T31, T34=T; and Ty4=T1y.

Matrix components of T3 and Tyq are obtained by Tpy) and Tpp.

It is found that both amplitude and phase of self-scattered component T7;( T2,) is sensitive
to the variation of the density in front of the grill. The optimum density, where || (|T5,|) is
minimum and the phase changes considerably, is approximately expressed7) by r,q=n cNf.

As for mutual components Tp; (Tp2) scattered from the launching waveguide, the amplitudes
as shown in Fig.2(b) (Fig. 2(d)) become gradually smaller as being apart from the launching
waveguide; |Ty| >|Ts)| > |Tqyf (|Tyy = |Taa >|Typ|)- The phase £T,; ( £T,,) adjacent to
the launching waveguide is nearly out of phase. Absolute values of the phase decrease as being

apart from the source; £7T,;| > | £T3| > LTy} (|£Ty = [£LT 3| >|£T4))-

It may be worth while to indicate that there is a slight difference between the coefficients

T15(T4y) and T(T3;), which results from the boundary configuration of the griil.

3.2 Coupling characteristics

The amplitude and the phase of forward and reflected waves at the mouth in the No.2 sec-
ondary waveguide are plotted as functions of n,,,4/, in Figs.3(a), (b), (¢} and (d), respectively.
Those of the reflected wave at the junction plane in the primary waveguide are plotted in

Figs.3(e)and 4(f). Here Ap=90°,Vn 1><10“cm‘4, and thin solid curves show results for

wgd =
k,L=30° and broken curves for k,L=150°. The parameter koL is the length of the secondary
waveguide normalized to the inverse wavenumber in the waveguide. The subscript 0 of £ in-

dicates the primary waveguide and 2 does the No.2 secondary waveguide. The subscript i and
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r indicate the forward and reflected wave, respectively.

The forward electric field at the primary waveguide is 2.20° and corresponding forward
waves for the equivalent conventional four-waveguide grill are 1.£0°, 1.£90°, 1.£180° and 12
270°. Thick solid curves shown in Fig.3(d) and (f) indicate amplitude of reflected waves for
the equivalent conventional grill, where the amplitude to be compared with |Eg! is calculated

from the square root of the total reflected power in the conventional grill,

In Fig.3(f), |E,| in the primary waveguide has a minimum value for kgL=30° near n,,q/
n.=20 where £E,, changes remarkably as shown in Fig.3(e). On the contrary, in Fig.(d), amin-
imum |Epi in the No.2 secondary waveguide is obtained for kgL=150° near n,,q4/n =5 where £
E., undergoes a considerable phase change as shown in Fig.3(c). These results indicate that the
coupling property of the multijunction grill strongly depends on koL and that the length of the

secondary waveguide is one of important parameters for grill design.

In Fig.3(b), {E;5| for both kgL=30° and 150° are larger than unity for almost whole range
of ny4/n.. This behavior is quite distinct from the equivalent conventional grill. In Fig.3(a),
Z£E has a value of -250° ~ -215° for kgl =30° and -125° ~ -140° for kol=150°, which is con-
siderably different from that imposed by phasing, -270° (=360°-Ad): phasing is scrambling by

multiple reflection between the mouth and the junction.

The thick solid curve in Fig.3(f) indicates that the reflected field corresponding to the
equivalent conventional grill has a large value compared with those of the multijunction grill.

The feature known as a self adaptation propertyl) is found in Fig.3(b), (d) and (f).

In order to understand coupling characteristics of the multijunction grill clearly from the
view point of multiple reflection, we plot the loci both of the forward and reflected ficlds at the
mouth in each secondary waveguide in the complex co-ordinates. Forward and reflected fields
are plotted in Fig.4(a) and (b), where the number written in a square box indicates the secondary
waveguide number, kgL:90°, Ap=90°, nwgd/ncz3l.6 and V Mped =1x10Mem ™, Vectors
marked with 1st, 2nd and 3rd show the first, second and third forward {reflected) components
for (from) the mouth. The forward electric feld at the primary waveguide is 2.20° and corre-

sponding forward waves for the equivalent conventional four-waveguide grill are 1.£0°, 1.290°,



12180° and 1£270°. Here, it is worth while to note in Fig.4(b) that each 1st vector corre-

sponds to a reflected electric field of each waveguide in the conventional grill.

In Fig.4(a), each tip of 1st forward vector is located closely on the unity circle and the an-
gles are separated by 90°. The amplitude and phase of each 1st vector of the secondary
waveguide , scattered from the primary waveguide at the junction, are calculated at 0.95 and
0° from Eq.(10-1). Its phase in the p-th waveguide at the mouth is done at 90°p from Eq.(7) for
koL=90° and A$=00°. It should be noted that the phasing of the 2nd vector or 3rd vector no
longer satisfy A¢=90°, since forward vectors into the mouth are reflected according to complex
scattering coefficients with different values. Therefore, the power spectrum which may not

contribute a current drive is excited by these components.

It is seen explicitly in Fig.4(a) and (b) that variations of the forward and reflected fields in
the secondary waveguide are caused by multiple reflection. The waves are considerably dimin-
ished by launching the power to plasma and disappear after 3rd or 4th reflection at the mouth.

When the plasma load is not so matching with the antenna, however, enhanced reflections oc-

cur.

Let consider the effect of the length of the secondary waveguide, koL, on the loci of the
multi-reflected waves. Loci of forward fields in the No.2 secondary waveguide at the mouth
and of reflected fields in the primary waveguide at the junction plane are shown for various koL
in Fig.5(a) and (b), respectively, where AG=90°, myyosn =316 and Vn,, , =1x10"em™. In
Fig.5(a), a vector of the 1st forward componeﬁt rotates proportionally to the amount of the angle
koL, but those beyond 2nd components do not behave as the 1st component; each vector rotates
by a various angle on the tip of each mother vector. Therefore, it is found that the discrepancy
among rotation angles of higher reflected vectors causes the field variation in the waveguide
with respect to koL. An enhanced or suppressed field in comparison with the field in conven-
tional grill is excited in the secondary waveguides according to koL. If we consider precisely
the phase change of a reflected wave through a trip as to koL, wekg_eg that the angle of 2nd vector
changes to the amount of kgL+2Ich and k-th one does to koL + z 2mkgL. The result shown
in Fig.5(b), which presents the behavior of the reflected wave fgz:tlie primary waveguide at the

junction plane as to koL, can be also understood by the above-mentioned interpretation. But the



starting point of the vectors is different from that in Fig.5(a), which is marked by a open circle.
As Eq.(10-1) indicates, it comes from that an incident wave departing from a wave source is
reflected by the septum of the junction. It should be mind that the reflection coefficient in the

primary waveguide varies depending strongly on k,L.

Fig.6(a) illustrates schematically how a multijunction-grill field E changes with k,L,
where we assume E is roughly expressed by vector addition of only 1st and 2nd components,
EV and E@ for simplicity. When the value of k,L changes by k,AL , the phase of ED changes
by the same amount of angle, but that of E® with a initial phase 9 does by 3 k,AL. For in-
stance, if E! is rotated clockwise by 90°, E® by 270°. Therefore, the amplitude of E is mod-
ulated nearly sinusoidally by the change of k,L, as shown in Fig.6(c), whose curve is dependent
on ¥. Furthermore, it is found in Fig.6(b) that if the amplitedes beyond 2nd components are
not so small compared with that of the 1st one, the phase of E does not change proportionally

to the variation of k,L and its curve is dependent on 8.

The items of criteria of optimization for launcher design are the directivity of the antenna
and the global power reflection coefficient in the primary waveguide. The maximum electric
field generated in the secondary waveguides is also important for power transmission without a
breakdown. Reflection coefficient in the primary waveguide and the directivity of the power
spectrum radiated from the mouth are plotted as functions of phasing between adjacent second-
ary waveguide for various k,L in Fig.7(a) and 7(b), respectively, where a bold solid curve is cal-

culated from the equivalent conventional grill, n,,,4/n:=10 and V Myed =1x10Mem ™,

Here,
directivity of launching wave is estimated byJ’P (N)dNJ J' P(N}dnN,; strictly speaking, the lower
limit of the integration should be determined lfrom the a_;cessibility condition. Fig.7(a) pre-
sents that the amplitude of the reflection coefficient in the primary waveguide is always small
for any pair of k,L and A¢ in comparison with the one in the conventional grill, which indicates
the self-matching property of the multijunction grill. In the same figure, Iyl oscillates at a fair-
ly regular interval with respect to A¢. For instance, Iyl becomes very small for A¢=45° and
135° ink,I=0. This result can be explained as follows. As described in the numerical results

(Fig.5(b)), a field reflected for the primary waveguide is roughly determined by the 1st and 2nd

forward waves onto the junction plane. So, we consider only these components,ie. A p(l) and



A;z) shown in Fig.1. We assume that the scattering at the grill mouth is simply expressed by
a reflecting coefficient in order to understand the result qualitatively. Then, at A§=45° and
135°, components of the 1st vector, 4 I(,l) {p=1,..4), have a same amplitude and 90° phase dif-
ference between adjacent components. The values of A ;2) (p=1,.4) have a same amplitude
and 180° phase difference between adjacent components. It is found from Eq.(10-1) for 5,
that the total scattering wave into the primary waveguide is zero for both A ;1) and AISZ) )

Therefore, we get a very small reflection coefficient at Ag=45° and 135° for k,L=0.

Fig.7(b) indicates that the directivity of the launched power spectrum is not always im-
proved as compared with the one of the conventional grill, though the power launched into a
plasma increases by virtue of the reduction of the reflection coefficient in the primary
waveguide. The directivity becomes 0.5 for A¢=0° or 180° because of power-spectrum sym-
metry for N;. The directivity changes remarkably with kL at a relatively small A9, where pow-

er spectrum variations are examined as shown in Fig 8.

Power spectra of waves radiated from the multijunction grill into the plasma are shown
for Ap=30° in Fig.8, where a solid curve is the calculation for the conventional grill and other
parameters are the same with ones in Fig.7(a) and (b). The integral value of P(N,} over whole
N, becomes always large as compared with that of conventional grill owing to the increase of
the launched power for any k,L and A9, as indicated in Fig.7(a). Itis seen thatas kpL increases,
P(N,) extends to a large positive N, region, then P(N,} has parasitic peaks both in wide positive
and negative N, regions. These variation in P(N,) leads to the change in directivity, as shown
in Fig.7(b). The reason why P(N,} extends to large N, region and has parasitic peaks as the in-

crease in k,L is that the phasing among multi-reflected components at the mouth increases.

§4. Experiments

4.1 Method and device

The experiments are carried out in the JIPPT-IIU tokamak by injecting the low power (<
1W) RF of 800MHz via the multijunction grill. Any phasing between adjacent secondary

waveguides is adjusted by directly changing the length of each secondary waveguide, which is



thought to be a suitable experimental method to investigate in detail the effect of the phasing
and length on the coupling property. Two kinds of extra waveguides are inserted into each sec-
ondary waveguide by using waveguide-bends; one is for a phasing which is consist of four
waveguides with different lengths comresponding phasing to be set, and the other is waveguides

with equal length to examine the coupling effect of koL.

To measure amplitude and phase of forward and reflected fields with the frequency of
800MHz, four special directional couplersw) are installed on each secondary waveguide. To
monitor indirectly those in a primary waveguide, the coaxial directional coupler (HP778D) are
inserted before the primary waveguide. The every element of scattering matrices both at the
junction and the mouth are directly estimated by the method of wave packet injection! D) which
was designed for directly determining the scattering coefficients. The wave packet with typi-
cally 10ns duration of 800MHz frequency is applied to one of the primary or secondary
waveguides, then the wave packets scattered into every waveguide are detected by the above di-
rectional couplers. Since the detection is finished before the reflected wave packet at the end
of the outlet arrives again, this wavepacket-injection technique needs no matched termination at

any waveguides as conventional methods!?.

4.2 Scattering coefficients

Table I shows the first and second column elements of the scattering matrix at the junction
plane, which are measured by the wavepacket method! " and calculated by Egs.(10-1) and (10-
2), respectively. We find a good agreement between the experimental and theoretical values.

It is worth while to indicate that since the sign of Spg and $14(S39, S45) are minus, their scat-

tered waves are out of phase to the incident wave.

Amplitude and phase of the first column elements of the matrix 7" at the mouth facing a
plasma whose density is an order of magnitude larger than a usual LHCD experiment are shown
in Fig.9(a) and (b), respectively. Those of the secondary column are shown in Fig.9(c) and (d),
where open circles indicate experimental values, dots are theoretical ones which are connected
by lines for convenience. Experimental results agree well with the calculated values estimated

at ryyin =316 and Vi, =5x10°-1x10em . Itis exhibited experimentally that an ampli-



tude of a scattered wave becomes small as apart from the launching waveguide and the phase is
almost out of phase. Here, we should be noted that the phase of a self-scattering component

T11(Ty) has a opposite sign to Sy, at the junction.

4.3 Coupling characteristics

The coupling property is examined by launching a long RF pulse (~1usec) into the mult-
ijunction, whose results can be regarded as CW; our analytical results expressed by Eq.(9-1) and
(9-2) is applicable to CW. The experimental and calculated results of reflected amplitude |E )
at the junction for the primary waveguide are shown as functions of koL in Fig.10(a) and (d),
respectively and those of the amplitude of forward waves |Eipl and reflected waves |Et,! in the
secondary waveguide at the mouth of multijunction are shown in Fig.10(b, (c) and (e), (F), re-
spectively, where A¢=30° and each amplitude is norma:ized to the amplitude of forward wave
in the primary waveguide |E;gl. To compare the results from experiments with calculations, the
value of k,L in experiments is set to zero where the |E;| is minimum. Theoretical calculations
are made under the same conditions as those in Fig.9. In Fig.10(b).(e),(c) and (f), open and sol-

id circles, asterisk and triangle correspond to p=1, 2, 3 and 4 of secondary waveguide number.

The experimental results agree well with calculated values. Deviation of observed am-
plitudes from the calculated ones is considered to be resulted partly from the small disagreement
between the observed scattering matrix at the grill mouth and calculated one. It is seen that al-
most all the amplitudes vary nearly sinusoidally with koL, whose mechanism is explained sche-
matically in Fig.6(a) and (c).

Fig.10(a) and (d) indicate that reflection for the primary waveguide reaches a minimum
when we choose the optimum length of secondary waveguide. It shoutd be noted in Fig.10(b)
and (¢) that the amplitude imbalance of forward waves in the secondary waveguides occurs and

that in the certain kL the amplitude has the value higher than 0.5 which is the value in the equiv-

alent conventional grill.

We have measured not only the amplitude but also the phase of each observed wave as
showninFig.11. Good agreement between the experiment and the calculation is also obtained.

It is worth while to point out that the phase in every waveguide does not shift linearly with in-



creasing length of secondary waveguide, as one qualitatively understood in Fig.6(a) and (b).
When the 1st reflected vector at the mouth has a large amplitude as compared with ones of the
other multi-reflected vectors, the phase change with respect to koL becomes almost linear as the

recent numerical results”.

§5. Summary

We have developed a general analysis of the multijunction grill by using the scattering ma-
trices both at the junction and at the grill mouth. The coupling properties estimated numerically
have been compared in detail with the results obtained experimentally for the four-junction grill

in the JIPPTTI-U tokamak.

The scattering matrices at the junction and the mouth measured by the wavepacket method
are in good agreement with the results calculated numerically. By examining numerically the
loci of multi-reflected waves in the complex co-ordinates, we indicated explicitly that coupling

variation is caused by the difference in the vector addition of each multi-reflected wave.

We have investigated the dependence of coupling characteristics on the length between
the junctibn plane and the mouth. The results obtained by both numerically and experimentally

are as folows:

(a) There exists a optimum length at which the reflection coefficient in the primary
waveguide is minimum. (b) In stead of the reduced reflection in the primary waveguide, elec-
tric field intensities in some secondary waveguides increases fairly as compared with ones in the
conventional grill. (c) Though a launched power to a plasma increases generally, the power
spectrum changes from the one in the conventional grill and has clear parasitic peaks at a certain

condition. The power directivity change drastically for small phasing.

The above results should be taken into consideration in designring a multijunction grill

with small number of secondary waveguide.
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Table I Elements of scattering matrix S at junction plane, where CAL denotes
theoretically calculated results from Eqgs.(10-1, -2) and EXP does experimentally

measured ones.

Soo Spo Soz $12=532=S42 S22

CAL | -0.039 0.499 0.499 -0.239 0.76

EXP | -0.05~-0.1 | 0.5~0.55 0.55 -0.27~-0.33 0.77




Figure Captions

Fig.1: Conceptual drawing of a multijunction grill.

Fig.2: The 1st and 2nd column elements of the scattering matrix T at the grill mouth facing
the plasma as functions of edge density Iy,gq normalized with critical density n,. as param-
cters of waveguide number p. (a) phases £Ty,; and (b) amplitudes ITP2I of 2nd column,
{c) phases ATpl and (d) amplitudes ITpll of 1st column. Here, w=3.5¢cm, d=0.5¢cm,

W=15.5¢m, f=800MHz and V n 1x10em™,

wgd
Fig.3: RF electric fields in primary and No.2 secondary waveguides as functions of normal-
ized density ny,p4/n for two secondary waveguide lengths of kpL=30° (solid curve) and
ko,1=150° (dashed curve). (a)phases and (b) amplitudes of forward electric fields in No.2
secondary waveguide, (c) phases and (d) amplitudes of reflected fields in the same sec-
ondary waveguide, (e) phases and (f) amplitudes of reflected fields in primary waveguide.,
Here, forward field in the primary waveguide |E;g! is set to 2.£0° and bold solid curves
indicate the results for the equivalent conventional grill. Here, w=3.5¢cm, d=0.5cm,

W=15.5¢m, f=800MHz and V n 1x 10 em™.

wgd

Fig4: Loci of multiply reflected electric fields of secondary waveguides at the grill mouth in
the complex co-ordinates: (a) forward fields, (b) reflected fields, where vectors denoted by
Ist (2nd, 3rd) indicates an incident component arrived at the grill mouth for the first (sec-
ond, third) time and waveguide number is written in a square box. Since we define |Ejgl=
2 £0°, forward vectors for the equivalent conventional grill takes their positions on a circle
with a radius of 1 in figure (a). Here, w=3.5cm, d=0.5cm, W=15.5¢m, f=800MHz,
kgL=90°, AG=90°, nyoifn=31.6 and V.= 1 x 10" em™.

Fig.5: Variation of locus of multiply reflected field with the normalized Iength kgL of second-
ary waveguide: (a) forward electric fields of No.2 secondary waveguide at the grill mouth,
{(b) reflected field of primary waveguide at the junction, where w=3.5cm, d=0.5¢cm,

W=15.5cm, f=800MHz, AG=90°, nyen/n=31.6 and V n,, ;=1 x 10" cm™.

Fig.6: Schematic model to explain how a multijunction-grill field E caused by multiple reflec-

tions changes with k,L. (a) variation in locus of E when the value of koL changes by




kgAL we assume E is roughly expressed by EV+E@ where E ) ]E ) l Ak AL and
E® = |E®|£(8+3k,AL). (b) phase £E and () amplitude |El versus k,AL for
9=45° (solid curve) and 135° (dashed curve), where IEV1=1 and IE?)I=0.6.

Fig.7: (a)Electric field reflection coefficient of primary wavegnide as functions of phasing A¢
for various normalized length L of secondary waveguide. (b) Directivity of power ra-
diated from the grill mouth into plasma as functions of A¢ for various k,L, where direc-
tivity is calculated by GP (N) a‘NZ) [ j P(N)dN, + j P(N,)dN, :l w=3.5¢cm, d=0.5¢cm,
W=15.5cm, f=800MHz,1 Mygdn=10and Vn d_1 x10%em .

Fig.8: Power spectra of waves radiated from the grill mouth into plasma for various values of
koL, where bold solid curves are for the equivalent conventional grill, and w=3.5¢cm,

d=0.5cm, W=15.5cm, f=800MHz, Ap=30°, n,yeg/n=10and Vn, =1x 10" cm™

Fig.9: Elements of scattering matrix T atthe grill mouth. (a) amplitude and (b) phase of first
column elements. (c) amplitude and (d) phase of second column elements, where open
circles denote experimental values and dots, connected with lines for convenience, does
calculated ones under conditions that w=3.5¢m, d=0.5cm, W=15.5cm, ~800MHz, nwgd/

n=31.6and V n,, ,=5x10° ~1x 10" em™

Fig.10: Amplitude of electric fields both in primary and secondary waveguides versus normal-
ized length k,L of secondary waveguide, where all values are normalized to the amplitude
|E;ol of forward wave in primary waveguide. Here, EXPERIMENT and CALCULA-
TION denote experimentally measured results and theoretically calculated ones: (a), (d)
reflected wave |E gl in primary waveguide. (b), (e) forward waves lEipl in secondary
waveguides. (c), (d) reflected waves E | in secondary waveguides, where dots, open cir-
cles, asterisks and triangles indicate the results for 1st, 2nd, 3rd and 4th secondary
waveguide, respectively. Here, w=3.5cm, d=0.5cm, W=15.5¢m, f=800MHz, A$p=30°,

Pygaln =316 and V=1 x 10" em™,

Fig.11: Phase of electric fields both in primary and secondary waveguides versus koL, where
all phases are plotted as the difference from the phase £ E;; of forward wave in the primary

waveguide. (a), (d) reflected wave £E in the primary waveguide. (b), (¢) forward



waves éEip in secondary waveguides. (c), (d) reflected waves AErp in secondary

wavegnides. The parameters are the same as those in Fig.10.



F

STV N
) savaveas i
H hnsaenn :
,\ Peenve e h
¢ PPN H
v
' St '
oy v {
[ 1At |

/.!-\'\v.-.\.b‘.axv\\ !
b
brac st av :
[ .
FPae s €4 % v v 5 w1
Ceavaovorrax H
A, .
Lo o v nat s
i e H
R '
fenovicarens :
Lean L ay v
e v i N
A e v e
nramean aeal
PO “ e s
e ey as]
Grerievarvoveansea
P P R
P I
Crataimecmertanal
L A |
P
Cadramnbe ns £ Dot
P T T
cwssvaveavaneew f
L

’J}-\‘ba-\)#\}a@b&\)a‘l
N R R TR T
H

Bo(k) -

19

1

Junction

B E ot v s
P
-
. .
PR .
PR K
e .
L B “
Ch e e e v i
RSV S IET ST L
v e smv eyl
Ganvaonata.aas]
Csiiereariwan)
R I B R )
Varvatesriave
e hvr e
B N
eiiaderveriana
Cr AT ATT AT AT AR
P T R R ]
vEEERSE S e il x o]
MO BNV
auwi-vnv-».vavonvn;
Yirenteasr g e
P N
P S
s e s tanbavaew oA
P
e evaemcsres i
D v evain
L
Borvtsncss
Bootree
| S Lt
1

Grill mouth



1 2 4 6 10 20 40 60 100
nwgd/nC



—— —

e

.l || o |..
)
[ %)
)
ll oo Sy ——
__ 1
M \ o~ T
O N
|| —f- i I
| a._.m. \
| T
lw 4 N __ 41
| o | -
_/nm\n_u [ o S
o Q L -] (-] (-] (Tg]
g 8 § - F 8 3
1 1 1 !
l 1
(Bop) ©'37 (6op) 37 1“3

2 46 10 20 4060100

04

nwgd/ N,



WAVEGUIDE
3rd

2nd\ Im E

(a) Forward 1.0;

1st

(b) Reflected




1500 |
(b) Reflected (PRIMARY WAVEGUIDE)



Fig.6

(@)

(b)

ZE (arb. unit)

-

|El {(arb. unit)

0 kgALlrad] T



120% —————.
150°; —--—--— -

me ey —
o ~ ]
- T \._--? as -
S

e
Sz zawl
.. _5-'..—-;-:_‘_-, ...... P
Fe. an e T -
, - -

T TR T ST
~
--------

-

o
o

..
-

Directivity

0 a0 180
A¢ (deg)



ol

2[NS [BUONUBAUOD
....... —1,081}

111111 002}

||||||| 006

........... ‘09

OL-

e o e et i i

(uun qre) ()




_ _ _ <+
. — ™
Q.
—t —
—
O
w
o)
]
4
I | I i
- ® O o} — ™
i o o
< X
- QO w o) — N
—
8
| _ _ —
= N 3 o
o o ™ D
1 LL

119 |



EXPERIMENT CALCULATION

|E, o/ 1E;q




LE, -~ LE;, (deg)

AEip -~ £LE;, (deg)

AErp - LE;, (deg)

180

EXPERIMENT

90

I I
(a)

CALCULATION
180 |
(@)
90—
ol—
90—




NIFS-94

NIFS-95

NIFS-96

NIFS-97

NIFS-98

NIFS-99

NIFS-100

NIFS-101

NIFS-102

NIFS-103

NIFS-104

NIFS-105

NIFS-108

Recent Issues of NIFS Series

H. Sanuki, K. ltoh, K. Ida and S. - 1. ltoh, On Radial Electric Field
Structure in CHS Torsatron | Heliotron,; Jun. 1991

K. ltoh, H. Sanuki and S. - I. ltoh, Influence of Fast lon Loss on
Radial Electric Field in Wendelstein VII-A Stellarator; jun. 1991

S. - I ltoh, K. itoh, A. Fukuyama, ELMy-H mode as Limit Cycle and
Chaotic Oscillations in Tokamak Plasmas; Jun. 1991

K. ltoh, S. - L. ltoh, H. Sanuki, A. Fukuyama, An H-mode-Like
Bifurcation in Core Plasma of Stellarators; Jun. 1991

H. Hojo, T. Watanabe, M. Inutake, M. Ichimura and S. Miyoshi, Axial
Pressure Profile Effects on Flute Interchange Stability in the
Tandem Mirror GAMMA 10; Jun. 1991

A. Usadi, A. Kageyama, K. Watanabe and T. Sato, A Global Simulation
of the Magnetosphere with a Long Tail : Southward and Northward
IMF; Jun. 1991

H. Hojo, T. Ogawa and M. Kono, Fluid Description of Ponderomotive
Force Compatible with the Kinetic One in a Warm Plasma ; July
1991

H. Momota, A. Ishida, Y. Kohzaki, G. H. Miley, S. Ohi, M. Ohnishi

K. Yoshikawa, K. Sato, L. C. Steinhauer, Y. Tomita and M. Tuszewski
Conceptual Design of D3He FRC Reactor "ARTEMIS" ; July
1991

N. Nakajima and M. Okanioto, Rotations of Bulk lons and Impurities
in Non-Axisymmetric Toroidal Systems ; July 1991

A. J. Lichtenberg, K. Itoh, S. - 1. Itoh and A. Fukuyama, The Role of
Stochasticity in Sawtooth Oscillation ; Aug. 1991

K. Yamazaki and T. Amano, Plasma Transport Simulation Modeling
for Helical Confinement Systems, Aug. 1991

T. Sato, T. Hayashi, K. Watanabe, R. Horiuchi, M. Tanaka, N. Sawairi
and K. Kusano, Role of Compressibility on Driven Magnetic
Reconnection ; Aug. 1991

Qian Wen - Jia, Duan Yun - Bo, Wang Rong - Long and H. Narumi,
Electron Impact Excitation of Positive lons - Partial Wave
Approach in Coulomb - Eikonal Approximation ; Sep. 1991



NIFS-107

NIFS-108

NIFS-109

NIFS-110

NIFS-111

NIFS-112

NIFS-113

NIFS-114

NIFS-115

NIFS-118

NIFS-117

NIFS-118

S. Murakami and T. Sato, Macroscale Particle Simulation of
Externally Driven Magnetic Reconnection; Sep. 1991

Y. Ogawa, T. Amano, N. Nakajima, Y. Ohyabu, K. Yamazaki,

S. P. Hirshman, W. |. van Rij and K. C. Shaing, Neoclassical
Transport Analysis in the Banana Regime on Large Helical Device
(LHD) with the DKES Code;Sep. 1991

Y. Kondoh, Thought Analysis on Relaxation and General Principle to
Find Relaxed State; Sep. 191

H. Yamada, K. lda, H. lguchi, K. Hanatani, S. Morita, O. Kaneko,
H. C. Howe, S. P. Hirshman, D. K. Lee, H. Arimoto, M. Hosokawa,
H. Idei, S. Kubo, K. Matsuoka, K. Nishimura, S. Okamura,

Y. Takeiri, Y. Takita and C. Takahashi, Shafranov Shift in Low-
Aspect-Ratio Heliotron | Torsatron CHS ; Sep 1991

R. Horiuchi, M. Uchida and T. Sato, Simulation Study of Stepwise
Relaxation in a Spheromak Plasma ; Oct. 1991

M. Sasac, Y. Okabe, A. Fujisawa, H. Iguchi, J. Fujita, H. Yamaoka
and M. Wada, Development of Negative Heavy lon Sources for

Plasma Potential Meastrement ; Oct. 1991

S. Kawata and H. Nakashima, Tritium Content of a DT Pellet in
Inertial Confinement Fusion ; Oct. 1691

M. Okamoto, N. Nakajima and H. Sugama, Plasma Parameter
Estimations for the Large Helical Device Based on the Gyro-
Reduced Bohm Scaling ; Oct. 1991

Y. Okabe, Study of Au~ Production in a Plasma-Sputter Type
Negative lon Source ; Oct. 1991

M. Sakamoto, K. N. Sato, Y. Ogawa, K. Kawahata, S. Hirokura,

S. Okajima, K. Adat,, Y. Hamada, S. Hidekuma, K. ida, Y. Kawasumi,
M. Kojima, K. Masai, S. Morita, H. Takahashi, Y. Taniguchi, K. Toi and
T. Tsuzuki, Fast Cooling Phenomena with Ice Pellet Injection in
the JIPP T-11U Tokamak; Oct. 1981

K. ltoh, H. Sanuki and S. -I. tteh, Fast Ion Loss and Radial Electric
Field in Wendelstein VII-A Stellarator; Oct. 1991

Y. Kondoh and Y. Hosaka, Kernel Optimum Nearly-analytical
Discretization (KOND) Method Applied to Parabolic Equations
< <KOND-P Scheme>>; Nov. 1991



NIFS-119

NIFS-120

NIFS-121

NiFS-122

NIFS-123

NIFS-124

NIFS-125

NIFS-126

NIFS-127

NIFS-128

NIFS-129

NIFS-130

NIFS-131

NIFS-132

T. Yabe and T. Ishikawa, Two- and Three-Dimensional Simulation
Code for Radiation-Hydrodynamics in ICF;, Nov. 1991

S. Kawata, M. Shiromoto and T. Teramoto, Density-Carrying Particle
Method for Fluid ; Nov. 1991

T. Ishikawa, P. Y. Wang, K. Wakui and T. Yabe, A Method for the
High-speed Generation of Random Numbers with Arbitrary

Distributions; Nov. 1991

K. Yamazaki, H. Kaneko, Y. Taniguchi, O. Motojima and LHD Design
Group, Status of LHD Control System Design ; Dec. 1991

Y. Kondoh, Relaxed State of Energy in Incompressible Fluid and
Incompressible MHD Fluid ; Dec. 1991

K. Ida, S. Hidekuma, M. Kojima, Y. Miura, S. Tsuji, K. Hoshino, M.
Mori, N. Suzuki, T. Yamauchi and JFT-2M Group, Edge Poloidal
Rotation Profiles of H-Mode Plasmas in the JFT-2M Tokamak ;
Dec. 1991

H. Sugama and M. Wakatani, Statistical Analysis of Anomalous
Transport in Resistive Interchange Turbulence Dec. 1991

K. Narihara, A Steady State Tokamak Operation by Use of Magnetic
Monaopoles ; Dec. 1991

K. ltoh, S. -I. ltoh and A. Fukuyama, Energy Transport in the Sieady
State Plasma Sustained by DC Helicity Current Drive ;Jan. 1992

Y. Hamada, Y. Kawasumi, K. Masai, H. lguchi, A. Fujisawa, JIPP T-

HU Group and Y. Abe, New Hight Voltage Parallel Plate Analyzer
Jan. 1992

K.Ida and T. Kato, Line-Emission Cross Sections for the Charge-
exchange Reaction between Fully Stripped Carbon and Atomic
Hydrogen in Tokamak Plasma; Jan. 1992

T. Hayashi, A. Takei and T. Sato, Magnetic Surface Breaking in 3D
MHD Equilibria of I=2 Heliotron ; Jan. 1992

K. ltoh, K. Ichiguchi and S. -L. ltoh, Beta Limit of Resistive Plasma
in Torsatron/Heliotron ; Feb. 1992

K. Sato and F. Miyawaki, Formation of Presheath and Current-Free
Double Layer in a Two-Electron-Temperature Plasma ; Feb. 1992



NIFS-133

NIFS-134

NIFS-135

NIFS-136

NIFS-137

NIFS-138

NIFS-139

NIFS-140

NIFS-141

NIFS-142

NIFS-143

NIFS-144

T. Maruyama and S. Kawata, Superposed-Laser Electron Acceleration
Feb. 1992

Y. Miura, F. Okano, N. Suzuki, M. Mori, K. Hoshino, H. Maeda,

T. Takizuka, JFT-2M Group, S.-I. ltoh and K. ltoh, Rapid Change of
Hydrogen Neutral Energy Distribution at L/H-Transition in JFT-
2M H-mode ; Feb. 1892

H. Ji, H. Toyama, A. Fujisawa, S. Shinohara and K. Miyamoto
Fluctuation and Edge Current Sustainment in a Reversed-Field-
Pinch; Feb. 1992

K. Sato and F. Mivawaki, Heat Flow of a Two-Electron-Temperature

Plasma through the Sheath in the Presence of Electron Emission;
Mar. 1992

T. Hayashi, U. Schwenn and E. Strumberger, Field Line Diversion
Properties of Finite § Helias Equilibria; Mar. 1992

T. Yamagishi, Kinetic Approach to Long Wave Length Modes in
Rotating Plasmas, Mar. 1992

K. Watanabe, N. Nakajima, M. Ckamoto, Y. Nakamura and M.
Wakatani, Three-dimensional MHD Equilibrium in the Presence of

Bootstrap Current for Large Helical Device (LHD); Mar. 1992

K. Itoh, S. -L. Itoh and A. Fukuyama, Theory of Anomalous Transport
in Toroidal Helical Plasmas; Mar. 1992

Y. Kondoh, Internal Structures of Self-Organized Relaxed States and
Self-Similar Decay Phase; Mar. 1992

U. Furukane, K. Sato, K. Takiyama and T. Oda, Recombining

Processes in a Cooling Plasma by Mixing of Initially Heated Gas;
Mar. 1992

Y. Hamada, K. Masai, Y. Kawasumi, H. Iguchi, A. Fijisawa and JIPP T-
U Group, New Method of Error Elimination in Potential Profile
Measurement of Tokamak Plasmas by High Voltage Heavy Ion
Beam Probes; Apr. 1992

N. Ohyabu, N. Neda, Hantao Ji, H. Akao, K. Akaishi, T. Ono, H. Kaneko,
T. Kawamura, Y. Kubota, S. Morimoto. A. Sagara, T. Watanabse,

K. Yamazaki and O. Motojima, Helical Divertor in the Large Helical
Device; May 1992




