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For lower hybrid current drive and mode sta-
bilization [1] 8 MW of CW 3.7 GHz RF power are to be
injected in TORE SUPRA (Ip = 1.7 MA, a = 75 cm).

This will be done by the use of 2 antennas fed
by 16 TH 2103 500 kW CW klystrons.

The couplers are designed to inject a wave with
a N// of 1.9. This is realized by choosing the distance
and the incident wave phase shift between each neighbouring
waveguide. For TORE SUPRA these values are 10 mm and 90°.
The first one is fixed, the other can be changed because
the phase shift between each klystron can be monitored by
an INTEL 80386 computer. ’

Due to the huge inci@ent power necessary to
drive the current in such a machine as TORE SUPRA, it is
no more possible to have one vacuum window for each waveguide
arriving in front of the plasma because the total number
of waveguides is high. This is due to the multipactor
limitation which implies that the power density under
vacuum must be below 5 kW/cmz. One antenna is therefore
made of 16 modules for which there is one vacuum window
and 8 output waveguides in front of the plasma. They are
set in 2 horizontal rows of 8 modules. That means that in
front of the plasma there is a "grill" of 4 horizontal
rows of 32 waveguides [2] (photo 1).



These modules are not identical. There are 4
main families. The change between them is mainly due to
the whole geometry of the coupler. Due to a lack of space,
the 2 neighbouring modules on the same horizontal line are
reversed. The coupler has also a poloidal shape in front
of the plasma : therefore the electric length of 2 wave-
guides on the same vertical line is not the same.

When the geometry of the antenna is chosen, it
is necessary to know its RF behavior. That means it is
necessary to know the incident and the reflected fields
in each waveguide when some of them are known. To solve
this problem, the relations which link each electric field
to the others are given by the knowledge of the scattering
matrix of the antenna.

There are two ways to find the scattering

matrix :

- The first one is to calculate it. The first
step is to compute the SM of half a module. Then the one
of a module in its entirety. When this has been done for
every type of modules, the SM of the coupler can be deduced.

- The second one is to measure it.

The two methods have been performed for TORE
SUPRA lower hybrid heating antenna. Therefore the expe-
rimental and the theoretical SM can be compared. One can
see further that they are in a quite good agreement.

Then when the SM has been obtained it can be
used for many purposes. Two only have been studied there.



The first one is to use it to really observe
the behavior of the antenna in front of the plasma to see
if no breakdown is occuring under vacuum due to the mul-
tipactor effect. With the knowledge of the electric field
measured at the end of each output waveguide and of the
scattering matrix of the coupler, the reflexion coefficient
at the input of each module can be compared to the expe-

rimental one.

In front of the plasma there is a coupling
between each waveguide and its neighbours. Unfortunately
there are no measurements on each output waveguide. But
there is a bidirectional coupler at the input of each
module to know the incident and the reflected waves.
Therefore the coupling coefficient between each module and
its neighbours can be determined. It can then be compared
to the one obtained by using the scattering matrix of the
antenna and the plasma admittance matrix given theoreti-
cally by the code SWAN (Slow Wave ANtenna) for a given
electronic density and for a given density gradient. The
real N// spectra can then be computed. These two items are

considered further.
1.2 - A module

Each module has one input port and 8 ouput ports
in front of the plasma set in two horizontal 1lines of
4 waveguides [2]. At the input one can find :

First a bidirectional coupler with a coupling
of 50 dB for the incident wave and 40 dB for the reflected
wave. The directivity is better than 40 dB.



Then there is a DC break to insulate the
transmission 1line from the machine whose voltage may

accidentely reach a value of 1 kvV.

It is followed by a water cooled quarter
wavelength pillbox type vacuum window protected by an arc
detector. This item is the boundary between the atmospheric
pressure inside the transmission line and the vacuum inside
the machine.

At last there is the part in the vacuum. Because
the module must withstand 250 kW continuous wave, this one
is made of copper and water cooled at a temperature of
230°.,

The input waveguide is divided into 2 by using
a 3 dB coupler. Then to compensate the 90° phase shift due
to the hybrid junction, a phase shifter (p.s.) is put in
the output waveguide to accelerate the wave which is late
compared to the other output waveguide in order to have
0° phase shift between 2 vertical waveguides at the mouth
of the module. In fact its value is different from 90°
because it takes into account the antenna mouth poloidal

shape.

Then each output waveguide is divided into 2 on
the shorter side. A 180° p.s. is put on the 2nd waveguide
taking into account the direction of the spectra compared
to the plasma current. The incident wave phase value is
decreasing in the direction of the electron velocity. Then
the two waveguides are also divided into 2 and a 90° p.s.
is added. By this way a 90° incident wave phase shift is
obtained between each neighbouring waveguide (fig. 1).



On the balance port of the 3 dB coupler there
is no incident power therefore it will see only the reflected
field. To prevent from RF leakage a short circuit or a
load must be put. The estimated RF reflected power in bad
density conditions for the coupling of the wave with the
plasma has been limited to 50 kW CW. Only a water cooled
load can withstand such an energy. The problem is that it
is difficult to put under vacuum a water load on each
module which can withstand 50 kW CW. It is easier to put
a short circuit, but this choice implies that the coupling
between the two output ports of the hybrid junction is
higher. Another aim of this study is to see the difference

between the 2 soclutions.

Before to realize the antennas 2 first modules
have been made : a module prototype and a module labeled
0. The dimensions of the input port are 34 x 76 (mm X mm).
For the 8 output waveguides the larger size is the same
than for the input port, the shorter one is 6.75 mm for -
the module prototype and 8.5 mm for the module 0. The wall
thicknesses are respectively 3 and 2 mm. For the antenna
the dimensions are the same than for module 0. The phase
shift has been geometrically fixed between 2 neighbouring
waveguides on the same vertical line at 0° and 90° on the
same horizontal line for the incident wave.



To rea;ize the whole antenna there are, as said
previously, 4 different modules labeled 1H, 1B, 2H, 2B.
Due to the poloidal shape the phase shifter on one output
of the 3 dB coupler has a value of 135° for the 1H and 2B
type and 45° for the others. These values are different
from 90° due to the poloidal shape which leads to an
electric length change of 45°. The module 1H total electric
length is different from the module 2B one because the 34
X 76 (mm x mm) part which is between the vacuum window and
the 3 dB is different. It is the same for the modules 1B
and 2H (fig. 2).

Now that the geometry of the module is known
the computation of each component scattering matrix can

be done.

1.2.1 - 3 dB coupl: .

If the losses are neglected, and if the coupling
and the directivity are supposed to be perfect, the
scattering matrix for the 3 dB coupler of the mode TE10

is given by :

incident wave

--------- >
o 1 -j o0 4 3
1 0 o -j
f2s2 -j 0 o 1

reflected wave



This matrix links the electric field of all the
waves which are going into to the ones which are going out
of the 3 dB coupler, therefore
Ery Erg Eiy Eiz to Eiy FiyEr, Erz(i and r stand for the

incident and reflected waves).

rrom the previous matrix, the reduced matrix T

which is a transmission matrix can be written :

T=\2/2 [_1, “1’}

The 4 ports are labeled 1 to 4. The incident
a1d the reflected fields are noted Fi,~», and £r, >, for the
4 ports and ¢ is the value of the phase shifter put in the
output port n° 3 in order to adjust the 2 output incident
phase shifts to 0°. And the reflexion coefficients at the
output are labeled p,.p3p4 From this, one can write :

Ery=,=pp2,Eiy,

Where the port 1 is the input port, the port 4
is the balance port of the hydrid junction. There, a
short-circuit or a load can be put. The ports 2 and 3 are
the output ports.

From the previous definition the following

matrixes can be defined :
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The first one is the reflexion matrix at the
output ports of the hybrid coupler and the second cne is
the transmission matrix which takes into account the p.
S..

Then with the knowledge of the these matrixes
and by using the relations which link the different com-
ponents of the electric field, the matrix M can be defined

as (see annexe 1) :

M=T.F.p.F.T
" The different components of the electric field
are then given by the following relations :

Er, i E"J o Ei, _5 Ei,’
p.Ei, | | Eiy] “" Eig| | Ei,

From this computation it appears that a wave
coming from port 1 sees its phase changing of - 90° on
port 3 compare to 0° on port 2. The behavior at the input
port mainly depends on what is set on the hybrid balance
port and on the reflexion coefficients.

When the electric 1length and the matching
impedance are the same for the 2 output ports 2 and 3 the
whole reflected power is going into port 4 (fig. 3).
Therefore if there is a load, the total reflected power
will be absorbed and the input port sees a very low reflexion
coefficient. If the phase or the amplitude of the reflexion
coefficients are slightly different, the input reflexion
power remains low. It is like an equilibrium state. On the
contrary if there is a short circuit, the reflected power
is circulating once more. And depending on the output
conditions, a resonance can occur.

11



If a 90° p.s. is added on port 3 to do in such
a way that the incident phase is the same for the 2 output
ports, for the same condition the reflected power is going
into port 1. Therefore if there is a short circuit on port
4, it will see no power. But this argument is true only
in one case. That is when all the right conditions are
respected. If they are not, for example due to the wvalue
of the p.s., or due to the reflexion coefficient phases
which have a difference of 1°, the short circuit will see
power. This state is an unstable state.

If the value of the phase shifter is slightly
different from 90°, or if the phase of the reflexion
coefficient of the 2 output ports is slightly different,
a resonance occurs (fig. 4). This underlines the difficulty
of putting a short circuit on the 3 dB balance port.

1.2.2 - Phase shifter

The aim of such a device is to change the electric
length of a waveguide by putting a discontinuity. This can
be done by a capacitive thin window, or by stubs. But due
to the high electric field encountered inside the waveguide
it seems safer to use step transformer phase shifter.

The electric length Le of a waveguide is given

by :

Le=2nl/Ag

With ! the length of the waveguide and Ag the
wavelength which is related to the vacuum wavelength A and
to the larger size of the waveguide a by :

12
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Ag=N/J(1-(A/2a)?)
for the mode TE10.

If the size a is decreased the electric length
is decreased and the phase velocity is increased. It means
that the phase at the output of a straigth waveguide will
be late compared to the one of a waveguide with a p.s. .
To match this change of size, quarter wavelength step
transformers are used. The phase shift between the two
lines is then given by :

A =2nl{l/Ag,-1/Ag,)

Where the change in the computation of the
wavegu..de wavelength is that a is replaced by a; and a..

2 - THEORETICAL COMPUTATION OF THE ANTENNA'S SCATTERING
MATRIX

2.1 - Definition and properties of the Scattering
Matrix (s.M)

2.1.1 - Definition

Considering an electric multipolar device (E)
the scattering matrix S is the matrix which links the
electric field of the wave going out of (E) bi to the
electric field of the wave going into (E) ai. This can be
written for one mode only or for many modes zas :

13
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With 1 to N and N the number of ports of the
multipole (E).

The parameters Sij are complex. In next chapter

|Sij| willbe its modulus and < Sij its phase.

2.1.2 - Properties

The main properties of these parameters are
that :

The output and input powers are proportionnal
to bi.bi* and ai.ai*.

The matrix is symmetric : Sij=S5ji.

The equality of the input to the output power
implies that :

Sij.Sjk*=06ij bij=1 for i=j
6ij=0 for i#j
(when an index is twice there is summation on
it).

2.1.3 - Size of the matrix

For the case of one module there are 10 ports.
Therefore the dimension of the S.M. is 10 x 10. On the 4th
port of the hybrid junction a short-cirucit or a load can
be set then the matrix size becomes 9 x 9. For the whole
antenna which is made of 16 modules its size is 144 x 144.

14
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2.2 - computation of a half 3 module S.M.
Notation :

E is taken to design the electric field. the
indexes i and r mean the incident and the reflected waves.
The number following these indexes are shown on (fig. 5).
The matrixes of the 90° and of the 180° multijunctions are
given by the code SWAN (Slow Wave ANtenna) from MOREAU
NGUYEN [3]. In this code only one dimension is taken into
account to calculate the matrix of the discontinuity. There
the waveguide is supposed to be infinite in the a dimension.
The higher modes are taken into account.

In the following computation, only the TE10- is
considered. And the losses are neglected. For the main
components of the module, the following hypothesis are
taken : the'phase shifters are represented only by there
phase value and the real gevmetry of the phase shifter is
supposed to be perfect, the 3 dB coupler is supposed to
be ideal.

For the following computation the notation will

be as described next :

A vector VV is written as IV when it is written

on one line and ‘T when it is written on one column.

A matrix M is written 'as M.

Every matrix M can be written as :

15
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The term M is representing the VSWR of the

input port for example for the 90° multijunction.

The vector 7 gives the transmission factor

between the input port and the output ports. For the 90°
multijunction the amplitude of each component of T is\ﬁ§/2.
That means that the input power is divided into 2. The
phases of these components are respectively 0° and 90°.

The components of the matrix C are the coupling

coefficients between the neighbouring waveguides through
the cons.dered discontinuity.

For the following.:

The matrix of the 90° and of the 180° multi-
junctions will be noted Sy and S,. The matrix 1 is the
matrix unity of dimensions 2 x 2 and the matrix S,; is the

matrix of half a module.

$; $5. P, are the electric lengths of :

- the distance between the 3 dB coupler and the
180° discontinuity,

- the length of the 180° multijunction,

- the length of the 90° multijunction.

16
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In the annexe 2 it is shown that the matrix of
half a module S;, can be written as :

ol e [S® ol - o [s® o\ L. .
Sh=e s E I¢3320+T49 * [06 MJ(I -C.e 1*s 06 SODD xo !* 'Te *
| 6

00 0o -1
= = -ieseed )| S 0 ST -j2e (36 0 -r2¢g ~
T=T.,e '™ s{,: ] (1-(549 s e "°C,
0o s¥ . o s¢°

Te 00| ;o |Ts 00| _je,
X — e + — e
00 T, 00 T,

Fr-(, 0 00 -1
511‘9-”7 © (i— 4 -NSI:S(S Ooo:D I"sz4 %
0 ‘T 0 S
0
0 00 -1
- -ie,| Tg O = - -2 Se O - 1204~
C, = ; 1-C, s oo c,
o T, 6
_ & 00
Te 001} _js ¢ 00 | -2/s
X _ e 7+ 7
00 T, 00 -
oo ¢

The computation of the whole matrix must take
into account the 2 half module matrixes and the matrix of

the 3 dB coupler.

For the matrix of the other half module, the
computation is almost the same than before, the only changes
are $¢;-> %3 and 9, $,. Therefore it leads to 2 matrixes
S, and S, of dimensions 9 x 9.

17
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For the 3 dB coupler, the following transmission
matrix is considered with the same hypothesis than in
chapter 1.2.1.

rai(272 [_1,- 1}

=

In the annexe 3 the computation of the matrix
M of the whole module is given. The result is as following :

[ - [s® o ]- - T, 0000 |]
T2 00 T2 le -
0 89 ocooo T,
- o -
T g
M= - -
o |= Ch 0
0 12 - ;
0 0 Cs
0 FF_IZ
L Lo B} J

In this expression one can see easily that, as
expected, the matrix is symmetric.

The matrix 0 is the matrix null of dimension

4 x 4.

If now a load or a short-circuit is added on
the 3 dB balance port which can be represented as a reflexion
coefficient ps which links £ig and £rs as :

Eis=psErs

18
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And if the matrix M is written as :

MOO MO] M
A-/l= M MY M
M WM C

Where : M%® and M'' are the reflexion coeffi-
cients of the module seen at the input port or at the 3 4B

coupler balance port, when all the ports have been matched.

The term M® gives the hybrid junction direc-
tivity. The vector M and M’ give the transmission coef-

ficients between the input port or the 3dB coupler balance

port and the 8 output ports.

7he matrix N of dimension 9 x 9 is given as

MOl pp10 Mo . M®
_ MOO+ M ps p5 +M
N = A A
- { 10 F*mn A4~
tM"' M pSM M pSM +C
A A

With A=1-p M"

If a very good load is put on port 5, this

implies :

ps=0

For this case the expression of N is easier



- MOO "'M—
N = .
‘M C

Thus the matrix N is the same than the matrix

A-/I where the term M® and the vector M and its transposed
vector have been removed when the iocad put cn the 3 dB
balance port is good. It means also that the knowledge of
the module 10 x 10 matrix is sufficient to determine the
9 x 9 matrix of the same module when a perfect load is set
on the 3 dB balance port just by cancelling the line and

the column belonging to this port.

2.3.1 - Remarks

For the matrix M the different parameters have

the following meanings :

- Mg and M, give the VSWR of the matched module

seen from the 2 input ports 1 and 5,

- My, gives the directivity of the 3 dB coupler,

- Moiand M i for i =2 to 9 give the transmission

factor. This one is necessary corresponding to a power
transmission of 1/8 th (if the 3 dB directivity is perfect),

- Mii for i = 2 to 9 gives to the VSWR of the

matched module seen from one output waveguide,

- Mij for i#j and i and j different from 0 and

1 gives the coupling between 2 output waveguides.

20



For matrix N :

= Noo. Nol,Nii ,Nij,i# j(i,j=1to8) have the same

meanings than My Mel, Mim,l#m(l,m=2t09),
- Nij for j= i + 4 gives the directivity.

2.4 - The antenna SM

When the matrix Si of every module i is known,

one can write the matrix of one coupler. In fact there are
4 different families of module. But really every module
is different from the other. This is due to the fact that
the position of the short-circuit put on the 3 dB coupler
balance port is different for 'every module. Then the
scattering matrix of one coupler can be written as :

2.5.1.1 - With a Jload

{(tab. 1).
The different properties described in
chapter 2.1.2 are found. But due to the symmetries of the
prototypes some other properties appear for the matrix N :




- [Ngi|=|Ng|=V1/8 for i = 1 to 8.

- <Npi=<Nyi~-1+90° for i = 2 to 4 and 1 = 6
to 8. This is due to the phase shifter set in each
neighbouring output waveguide to generate the N// spectra.

- |Niil=|N,,| for i = 1 to 8.

- <Nii=<N;+(j—-1)x180° . The 90°p.s. is seen

twice by the wave, first by the incident wave, then by the
reflected wave.

- |Nusl=|Nuland<N,;;=<N,3+90°. These parame-

ters give the coupling through the 180° multijunction

discontinuity.

- |Nyl=|Nis|i=1to4, i =5 to 8. This gives

the coupling through the 3 4B coupler. It eguals to 0 if
the load and the 3 dB coupler are supposed perfect.

- <Nij+1=<Nij+90°.

~ If the 9 x 9 S.M. is reduced to a 8 ¥ 8 matrix
by removing line and column 0, the new obtained matrix is
symmetric compared to its 2nd diagonal.

- Due to all these properties the knowing of
the 6 parameters Ngoo N N N2 N 13 N5 is sufficient to
find the 81 parameters of the matrix N.
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~ For the line or the column 1 to 8 the output
is less than the input. The reason is that 1/8 th of the
power is lost into the load.

2.5.1.2 - Wwith a short-circuit

(tab. 2)
These same properties than before are observed

excepted :

~ The input is equal to the output for every

line and column.

-~ The amplitude of the N ,sparameter is different

from 0. That means that the short-circuit is playing a
role. But if the values of the reflexion coefficient are
the same for the 2 rows of 4 waveguides the input port
will get the total reflected power.

- If the short-circuit is moved the only
parameters which are not moving are :NgandNy,.

When the matrix of one module is known, one can
compute the reflected power at the input of the module.

First we can define :

P2
P3 Y

L . Ps |

as the matrix which gives the reflexion coef-
ficient on each output waveguide.

23
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As before the matrix (9 x 9) of the module is
called N. The reflexion coefficient at the input port p,

is then given by :
_" - - w -1 —
pl=Nll+Tp{l'-Cp} 7
With 1° the matrix unity of dimension 8 x 8.

That means p; is the addition of the module input

port reflexion coefficient to the output ports coefficient

reflexion effect.

The total electric field at the end of each
output waveguide is then given by :

—_— -- - -. - -] —
Ei+Er=<1 .,,}{1 -cp} ‘TEL,
With Fi, the electric field at the input.

The computation of the reflexion at the input
has been done for the prototype with the hypothesis of an
identical reflexion coefficient on every output waveguide.
This has been done for 2 cases : whith a load or with a
short-circuit on the 3 dB balance port. The amplitude has
been ncted p and the phase 0. One can see on fig. 6 that
if the amplitude of the reflexion ccefficient at the output
is p the reflexion coefficient at the input is decreased
to better than p?. And the behavior is sligthly better with
a load than with a short-circuit. For the case whith a
short-circuit the computation has been performed for the

iceal conditions.

24



2.5.2 - Module 0
2.5.2.1 - 10 x 10 matrix

(tab. 3 and 4)

For this module the 10 x 10 matrix M has been

computed. Some more properties have been seen :

If the matrix M is replaced by the matrix M~

which is defined by :

- M'i=Myi+]l for i = 1 to 7.

- Mo =Moo.

- M'i}=Mi*-1j+1 for i =1 to 7.
- M 59=My,;.

- M5i=Mi+1 for i = 1 to 7.

- M7go=M,y.

M'ij=M"ji.

That means that matrix M’ is almost the same

matrix than M, the only change is that line and column 1
have been moved to line and column 9. The other line and
column have been moved to complete.

25



It can be observed that :

- The reduced matrix M” which is the matrix M~

minus line and column 9 has the same properties than matrix
N for the module with a load on the 4 th balance port.
Therefore what has been seen theoretically is verified.

- M’g9=M"y. The SWR of the matched antenna is

the same seen by the 2 input ports.
- M’9i=M’°i=\f1/8 for i = 1 to 8.

- The only new parameter is M . Therefore to

determine the 10 x 10 matrix the knowing of 7 parameters
is necessary. These parameters are
M‘OO'M'OX’M'll'M’XZ'M'lalels'M'W'-

2.5.3 - The antenna scattering matrix

First there is to determine the 10 x 10 matrix
of the 4 different modules M (1H),M'(1B), M (2H), M (2B)
(tab. 3, 5, 6).

The modulus of the parameters of these matrixes
are the same than for module 0. For the phase it is dif-
ferent. That is mainly due to the fact that the phase
shifter + 45° or + 135° which is put to compensate the 90°
phase shift of the 3 dB coupler and the poloidal shape is
just between the 3 dB coupler and the 180° multijunction
(fig. 2). Therefore for the phase the matrix A-/I is dis-

symmetric.
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) The main difference is that the reduced matrix
8 x 8 P obtained when the lines and the columns 0 and 9
are canceled is no more symmetric. But all Fhe other
gelations are still true. The geduced matrix P(1H) and
P(1B) are equal to respectively P(2H) and ;"(23). The main
difference between the 2 kinds is that one kind is the
symmetric of the other compared to the 2 nd diagonal.

But in the antenna the input port of a 1H or 2B
module type is respectively port 1 and 5. It is the same
for module 1B and 2H. Therefore the behavior of module
1H (resp. 1B) is the same than module 2B (resp. 2H). On
the antenna the short-circuit has not been put at the same
place for all modules. But the matrix of modules of the
same type are slightly different.

To obtained the matrix 9 x 9 of each module the
position of the short circuit has been taken into account.
For each module this position is different in order to be
far from a resonance. This difference can be explained by
geometric imperfection. The matrix for the module 1H and
1B are given in tab. 7, 8. One can see that the amplitudes
of the S parameters are highly changed and that they depend
on the module. A few examples are given in the following
tabula :

Module 1H Module 1B |Matrix 9 X 9
with a load
N 1] 0.391 0.612 0.5
[N 12| 0.6329 0.612 0.62
|N i3] 0.347 0.206 0.25
[N s 0.126 0.121 0.
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One can also observe that from the phase point
of view the matrix is no more symmetric compared to the
second diagonal of the reduced matrix obtained by canceling
the first line and the first column. The transmission
factor and the global standing wave ratio seem to be

unchanged.

To obtain the parameter Sij of the scattering
matrix of a module, the waveguide j must be excited and
all the others matched whith good loads (VSWR < 1.05). By
this way the powers and the phases Pi , Pj , ¢i and ¢/ are
measured. The parameter Sij is deduced following the given

relation :

~ |Sijl=(Pi/P)),

-~ <Sij=di-dj.

therefore to realize the measurement the main

components which are needed are :

~ A coaxial waveguide‘adaptator to excite the
input waveguide. It can be used for only the ports which
have standard sizes. In fact for the module input the sizes
are 76 X 34 (mm x mm). A little higher than the WR 284
waveguide. Thus a linear taper has been used to adjust the
2 sizes. For the output waveguides this can't be used.
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The sizes are 76 x 6.75 or 8 mm and it is difficult to
realize a taper which can be in good contact with the wall
between the small output waveguide which has a thickness
of 2 mm. Therefore a new technic has been used which will
be explained further.

Load with good VSWR. The problem is the same
than for the previous item. Therefore carbon cone type
load set on a short-circuit which sizes are the output
waveguides ones has been developped.

Bidirectional couplers for the measurement of
the phase and the amplitude of the incident and the reflected
waves. The same remark can be done. For the smaller size

waveguide a coupler has been developped.

All the measurements have been performed by
using a Hewlett Packard network analyser.

3.1.1 -~ Exciting magnetic probe
(Fig. 7) Photo n® 3

To excite non standard waveguides it has been
decided to realize a magnetic loop, the end of the loop
is on a short-circuit. Its surface is of Ag/4x4mm? and
is set in the E plane. Once the probe is put inside the
waveguide the VSWR seen by the generator is not good.
Therefore it has been imprcved by putting a SOQ load at
the end of the loop. The loop is set perpendicularly to a
short-circuit which can enter inside the smaller wave-
guides. The good contact between the waveguide and the
short—-circuit is obtained by using Beryllium copper spring.
Finally the coupling and the VSWR are 2.5 dB and 1.38.
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3.1.2 - Smaller size waveguide coupler
(fig. 7) Photo n° 4

Due to the geometry of the module the measurement
of the electric field has to be done on the smaller waveguide
size. Therefore the designed coupler has to use magnetic
loops. To reach a good directivity 2 loops distant from
Ag/4 are set on the waveguide. Then they are linked to a
coaxial 3 dB coupler. A variable phase shifter and a
variable attenuator are used to adjust electric length of
the coaxial wires and of the loop from one to the other.
The coupling of such a coupler is around 30 dB and its
directivity around 25 dB.

Looking at (fig. 7) it appears that probe 1
measures the incident wave with a phase ¢ and probe 2 with
¢ - 90°. Therefore :

- Half of the power from probe 1 goes to port
3 with a phase ¢ .

- Half of the power from probe 2 goes to port
3 with a phase ¢ - 180°.

- Half of the power from probe 1 goes to port

4 with a phase ¢ - 90°.
- Half of the power from probe 2 goes to port
4 with a phase ¢ - 90°.

Thus on port 4 only the incident wave is seen.
It can be shown the same way that the reflected wave is

seen by port 3.
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The probes are set at 138 mm from the module
mouth. Thus after the measurement, corrections must be
done to have the true S parameters for the module beginning
at the vacuum window till the module mouth.

3.1.3 - Accuracy

The accuracy is mainly function of the VSWR of
the load and of the directivity of the directional coupler.
For the first the VSWR is better than 1.08. For the second
the directivity D is 24.9 4B. Noting a the ratio of the
amplitude of the electric field of the opposing wave to
the one of the measured wave, for the amplitude the relative

error is given by :
AE/E=a.10*¥*(D/20)
And for the phase by :
A4’=arag(;.lo**(D/20))

By applying these relations to the case of the
measurement it appears that :

- A[S|/]|S| is generally less than 4 %,
- A<S<3°,

If the results of the measurement are taken into
account and if the equality of the S parameters described
in chapter 2.1.2 is supposed. By taking into account the
mean value and the discrepancy the results are that :

- AlS|/7!151<18%,
- A<S<20°.
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This have been done for the module prototype.
For the other measurements the discrepancy has been reduced
to less than 10 % for the amplitude and around 10° for the

phase.
3.2 - Results
3.2.1 - 2. x 9 S.M. of the prototype
3.2.1.1 - With a load
(tab. 9)

For the prototype the measurement has been done
for the module with its RF window. The results are following.

The general properties defined in chapter
2.5.1.1 are verified :

- The power conservation is find 0.877+0.09.
This is less than 1, because 1/8 th of the total power is
going into the load.

-~ The matrix is symmetric.

On the tab. 7 one can find the main S parameters :

N oo which gives the reflexion of the module at

the input. The value is corresponding to a VSWR of 1.18.
This value is mainly due to the thickness of the inside

walls.

The directivity of the 3 dB coupler given by
the parameter N,s is of the order of 17 to 20 dB.
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The transmission factor between the input port
and the output ports N, in not far from Vv1/8(0.354)

The reflexion coefficient of the module seen at
each output waveguide is high. The value for the /A
parameter is 0.498. One must remember that the theoretical

one is 0.504.

The coupling through the 90° multijunction is
N, equal to 0.63, and through the 180° multijunction it
is N,; equal to 0.277. The theoretical values are res-
pectively 0.612 and 0.247.

One can also see that the different relations

of phase are verified.

If the short-circuit is put on one output
waveguide, for the simulation of .a multipactor breakdown,
the S parameters of the neighbouring waveguides are changed.
For example if a short-circuit is put in the port 6 (0 is
the input port) the only parameters which are changing
are :Ne, Nz, Ngs. The more astonishing result of this
experience is that the reflexion coefficient at the module
input is unchanged, therefore it means that a breakdown
can occur inside a small waveguide without to be seen at
the input port. That can be very dangerous for continuous
wave due to the thermal heating by an RF plasma.
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Parameter With a short- without
circuit on the
output port 6

3.2.1.2 - With a short-circuit
(Tab. 10)

Compared to the previous chapter only one
parameter is highly changed N ,s which is increased from
0.015 to 0.11. That means that the short-circuit has an
effect on the reflected power, it increases the coupling
between the waveguide from one level to the other by a

factor 10.

The general properties of the scattering matrix
are verified : the power conservation is also found

0.99+£0.127 and the matrix is symmetric.

The effect of moving the short-circuit on the
6 main parameters has been observed. It has been shown
that only N, Vo stay unchanged. The amplitude of N s Qoes
not move too much. But for the others it is very important :
N2, N3N (fig. 8 and 9).




3.2.2 - 10 x 10 S.M, of the the module 0

(Tab. 11 and 12)

For the measurements of the module 0 and of the
modules of serie only the copper part of the module has
been taken into account. The measurements have been per-
formed using the same method than previously. It leads to
the following results.

The matrix M' has been considered in these
tables. One can see that the coefficients of transmission
from port 0 to 1 and from port 10 to 1 are the same. This
is due to the fact that the behavior of the module is the
same seen by port 0 or by port 10 which are in fact the 2
input ports of the 3 dB coupler.

One can see that the seven S parameters necessary
to define the module have an experimental value very close

to the experimental one.

Theore- |Experimental|Theoretical| Experi-
tical amplitude ° phase mental
amplitude phase

0.03 116 177

0.35 - 137 - 145

139 140

4 3




Now that the matrixes of the antennae are

obtained one can see what can be done with.

On some module, RF probes will be set near the
plasma to measure the total electric field Vi'+Vi"=Vti
(i -> 1.8) for each output port. The incident and the
reflected electric fields measurement of each module's
input port is also done. Therefore it gives the incident
and the reflected fields 'y and V"y (0 is for the input
port and 1 to 8 are for the output ports). As seen previously

the knowing of the scattering matrix gives the relation :
Ve=NT

Which can be written as :

_ N Tl_
V"=[ _oo -]V’
T C

Therefore the reflected electric fields on each

output waveguide are given by :

e\l o =
Lyxg+C) (TL-TV7g)

And the incident electric fields are given by :

7’1_)8=(

Vi 2g=ViE-V" 24
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Then the incident and the reflected fields for
each output port are known. And the behavior of the antenna
can be observed. The incident wave and the reflected wave
electric values obtained experimentally will be compared
to the theoretical ones given by a computation using the
plasma admittance matrix given by the code SWAN and the
antenna scattering matrix. This will be done to see for
example if breakdowns are occuring under vacuum due to

multipactor.

4.2 - Computation of the coupling coefficients and
the real N// spectra

When the antennas are in front of the plasma,
the main part of the power is going into the plasma and
the other is going back into the waveguides. For one part
the power reflected of the waveguide i is coming from tlie
same waveguide but for the other part it can come from
other neighbouring waveguides j. The coupling can be defined
as a S parameter. In fact for N waveguides the plasma is
like a N poles. The power is going into and out.

The code SWAN from MOREAU-NGUYEN gives for the
32 horizontal waveguides of one antenna the matrix
admittance P, of the plasma. The electronic density and
its grandient at the mouth of the antenna must be known.
The measurement of these parameters will be given by
Langmuir probe set at the antenna mouth.
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During the experiment the acquisition gives the
input and the output powers and phases of each module. And
we can't know what is going on at the antenna mouth. The
number of measurements are not sufficient. Therefore the
problem of determining the coupling coefficients at the
mouth is translated to its determination at the input of
each module. Due to the construction of the antenna if one
considers only the coupling on the horizontal direction,
that means that the coupling in the poloidal direction is
neglected, we have to take into account 2 x 32 waveguides.
Therefore we must build a plasma matrix } as :

[~ - - - - -
M., 0 My, O ... My O

p_| o M, o
MSI MBB

Build from :

r- - -
Ml] Mlz IIIIIII MlB
Py=
| Mg, M gg |

With the hypothesis that the coupling is
neglected in the vertical direction.

The matrix Mij is giving the coupling from the

module i to the module j through the plasma.
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The matrix O is the matrix null with a dimension

of 4 x 4.

As said previously one considers only 2 rows of
waveguides, it means one row of modules. Therefore the
matrix of the half antenna has to be considered :

N gg |

And the incident and the reflected electric
ficlds at each module input must be taken into account V',
and V'', which are link together by the relation :

Vi =TV,

V' module n° 1

With V', =

The term V', gives the incident electric field

at the input of the module 1, the other terms V", », give
it at the outputs of the module 1.
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In the annexe 4 it is shown that the reflected
fields at the outputs of the modules are given by :

L) - =1 (=1 P
V727 c., : T V'

1
|
Bl

- =
C o . Tes

With here 1 is the matrix unity of size 64 x 64.

And the reflected field at each module input is
given by :

Vo sy, 0 Vi Ty, 0 V2=

Vo V'a . Ta ||V 2

From the previous relation the conclusion is :

The code SWAN delivers the plasma matrix of
scattering. Therefore with the knowing of the antenna
matrix of scattering and the knowing of the incident
electric field of each module one can compute the reflected
field of each module.

This can be then compared to the experimental
value. The total electric field at the end of the modules
is also known therefore one can compute the real N//
injected into the plasma.
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If only one module n® i is fed, one can compute
the coupling coefficient between each module j and this
module i by the relation :

Ve jIVii=S(j,i)
The determination of the coupling coefficients
has been done during the first experiments with the hybrid

heating on TORE SUPRA. This work has been done with the
help of X. LITAUDON.

The theoretical values have been obtained as

said previously. The experimental ones have been given by.

feeding one klystron only and by measuring the reflected
field at the input of each module.

On fig. 10 there is the variation of the amplitude
of the 5(i,i) parameters for the modules 6B and 6H depending
on the position of the antenna compared to the position
of the limiter. The theoretical and the experimental values
are given. The hypothesis to calculate the theoretical

values are :

- a density at the limiter of 2.102Zm™3,

- a density decreasing length of 1.3cm.

One can see that the shapes are the same for
the experimental and the theoretical curves. The experi-
mental values are a little higher than the theoretical
ones. If now fig. 11 is observed one can see that for the
phase of the S(i,i) parameters there is a quite large
discrepancy. This is done for the modvlie 3 and the module 2.
That will be improved in future experiment by increasing
the accuracy of the measurements.
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The fig. 12 gives the amplitudes of the S(i,i)
parameters for the modules type H and type B for a given
position of the antenna. One can observe that the values
are higher for the modules at the top. But for the 2 kinds
of modules the experimental value is higher than the
theoretical one. The theoretical values seem to be inde-
pendant of the module. For the experimental ones there is
like a side effect. '

As told previously it was also possible to
compare the theoretical and the experimental reflected
electric fields when every klystron delivers a power. On
fig. 13 the experimental value is between the theoretical

value obtained with an electron density at the mouth of °

the cutoff density or twice the density cutoff. For the
phase of the reflected field the agreement between theory
and experiment is till now less good (fig. 14).

Finally on fig. 15 there is the experimental

spectra due to the low row of modules for one shot on TORE

SUPRA where every klystron was fed.

These results are preiiminary results. But due
to the guite bad conditions of experiment for these first
measures one can see that the theoretical and the expe-
rimental values are in a quite good agreement. For next
experiment on TORE SUPRA these measures will be done with
a better accuracy and better experimental working condi-

tions.
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5 - CONCLUSION

The main property of the multijunction used in TORE
SUPRA Lower Hybrid antenna is the self-matching of the
output reflexion coefficient. This has been measured and
computed. The result is that if the reflexion coefficient
is p at the mouth of the multijunction, it becomes p? at
its input. This has been seen also for a module of one
antenna with a load or a short-circuit on the 3 dB balance

port.

The effect of setting a short-circuit on the 3 dB
balance port of the hybrid junction is not too annoying
if the module is symmetric and if the reflexion coefficients
are low. But this can be dangerous for CW RF wave because
it can occur that a breakdown would not be seen at the
input. For the modules of serie of the type 1H, 1B, 2H,

2B which are not symmetric, the short-circuit does not
play a too important role if the reflexion coefficients
at the output are low. If not, it will see approximately

half the reflected power.

This study has also proved that there is a quite good
agreement between the measurements and the theory for the
achievement of the antenna scattering matrix, despite the
fact that there have been some problems during the mea-
surement, especially when the amplitude of the S parameters
was too low for the determination of the phase with a good

accuracy.

The determination of the scattering matrix has allowed
us to determine the coupling coefficient of the modules
in front of the plasma in a previous experiment of plasma
shot of TORE SUPRA. This work will be done one more time
to have a better accuracy.
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For the next experiments, a few modules have some RF
probes from which the behavior of the antenna will be
observed.
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The matrix of the 3 dB coupler is used to write the

relation :

Er, 1 - [
Ei, | [ 1 o o -j]\ Er.|J2
Eiy | \ -7 0o o v )\ Ery |2
Er, 0 -j 1 Ei,

()20 E)-(E)

Eiy"\ (e o Eig
Ery) \ o e )\Ery’

Ei,"=Fi,
Er,"=Fr,
We want :

Er,,Fi;",Ei;" function of :

Ery,"=p Ei,” (Er'p\ (p’a O Ei’,
Ery =py Eiy” \Er-;) \ 0 p'3J\Fi’,

Er, _7'_ Er, _7'_1;_' E’i,
Er, Ery) " TP E 4,
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Noting Er,=p,Fi,
Ei,\
Ei,

PaEiy=My Eiy+ My Ei,y

This gives the reflected electric field at the input
port.










By taking into account the numerotation given in fig. 5
the different relations at the main planes are :

(Er24.25,26.27)_,;. (Erl6.l7.l8.19)
. = 7 .
Eliyg 25.26.27 El617.18.10

ET 213 . Elyz13
Eijg18 [=S¢| ET 618

Eiyz 19 Erz,.19
(Er12.13)=7-. (E"a.o)
Eijp 3 ° Eiggq

Er, Fi,
Eis =S4 El‘s
Ei,

Ery

Er - (Er
(&) 7(5)
Ei; Fi,

With S4 and S, the scattering matrixes of the 90° and

180° multijunctions and T,;,7T5,T; given by :

- qu,i 0
T= AL

The S.M. of the lower half module can be called S,;.

Generally S can be written as forward :

- SOO T
S=( -)
T ¢



For example for Sg :

S%° is the reflexion coefficient of the input port ;

T¢ gives the transmission coefficient and C the coupling
between 2 near waveguides and the reflexion coefficient
seen from the output waveguides.

The sizes of S, is 5 x 5. S, can be given by :

( Er, ) :;‘ ( Ei, )
Elpg 25.26,27 H ET 24,25, 26.27

-l = (Erg
=e  ° 520E17+T4(E,_9)]

-j® -ity . = -ivg[ ET 12
=e¢ 3| SPe "Ei,+T,e "
£r,3

g Sy = -ivg[ ET g
=e¢ | S¥e "CFEi,+T,e ' °
Er,,
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or :
Erg
(Er,z) s¥® o (Eilz) T, 00\l Er,,
= + ——
Er, 0 S /\Eiyg 00 T, Erig
Erg
Ery,
- Sgo 0 (Ei12)+ T6 00 e_,'q;7 Erzs
0 S°/\Fip 00 T, ET
Er,,
And :

Eiyp)  -jegf Elg)  -jo f = - (£Ts
= = T,Ei,+C
(Eila) ° Fi,) ° ST ek,

| = ) ~ e (Er ]
i® iPy L. j® 12
=e 5[“7'@ 3Ei+ C 4e S(Erla)

|
Eray
. R - s® o0 \/Fi T, 00Y) . Er
- *s qu j’aEiq"’CAQQ f*s ¢ 00 ( .]z)"' ¢ - e 1+ =
0 S Ei 00 T, Er
Ery
Therefore :
Ery,

f 00 -1 -

- -2, ° sb [¢] \\ - —_ ~i® - - T° 00 -je E"zs
={1l,,-¢ °C e f|tT,e *Fiy+C,e'* = e’

) { 202 '( 0 s;"')} ‘ e 00 T, Ery

Era,



Ery,
. - 0 | . T
(E’ '2)= 5 0 La-e e | > 00 o™ F o Mgiye o 10 W)
Ery) {0 87 0 s¥ 00 T

. Ery
Ery
Er,,
Te 00\l Eras | -se,
-+ — e
00 T, Ery,
Erg,
00 00 -1
Eriz)_(Ss 0 1yup=C .0 2% %S¢ O ALl JPRALY Y
E 00 2x2 4 00 4 4
Er,
s® oY- - s® o0 \]"' - (T, 00 Te 00 Er‘
- 6 1 -c -2ey 3 -ZI°;C 6 'I°7+ 6 “iby 25
oo 2x2 +€ 00 e . = |€ = /e E
0 S o s} 00 T, 00 T, T2
Ery,

Therefore :

- — -efS® o[- = s o\ e.— -
Er,=e “’{S?+ T.e ”’( 06 sw)[lm_c‘e '2"( 06 S P ALY
6
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Eig, Eiy,
Eiys | | Eiv | -
Eizo)—e (Eiw =€
Ei,, Eiy,

;00 ET 4
. ¢ 00 e-j1>7 Eros
00 & Er,
00 6 Er27

S,; can be written as

00 _ -i%s) -it3. 00 = _-i%
S¥=¢ ’{e 80 +T,e s

- - g%
29 6
|:12x2_c491 5( 0

00
- ETCIY S S
; “= 149 i« 3 5)<( 6

00
36

0
o S

-j2e. " Ts 00Y ;
o2 X[ 1o _0 o 17
00 T,

'To g
0
0
T T,

T )
o)l
|

N T -i2ég
1 2x2 C 49 (

Ts oo) -,.4,7}
e

00 T,

-jd -j®
X e 55F4e 3}

S
0

00
00

00
Se

00
00

)

Ei
Fi,
Eig
Ei
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'Té 00 -1
-j® 0 - = .jzef S o e -jd
T,=e'" o, [IZXZ—C,,e 5( 0 Soo):, e ST o'
T 6
0 6

Tz 0 t
6 00 -
- - 0 - - i Y 0 _ - _
C, =e’% o [12,2—C4e ’“5( (: Soo)] e 'tsc et
]
0

(Tﬁ 00) -je, Ce 00 | -zj%,
= Je 7+ 4o - e
00 T, C,






For the half upper module the computation is the same
than before. There is just to change the index :

4 -> 3 13 -> 15 24 -> 28
7 -> 6 16 -> 20 25 => 29
8§ -> 10 17 => 21 26 -> 30
9 -> 11 18 -> 22 27 => 31
12 -> 14 19 -> 23

And Ta") TB and T7") Tg-

Knowing S,;, and S,; there is to calculate the matrix

M (10 x 10) which is given by :

Er, Fi.
Frg =M Fig
Eiza,a Er 4.3

In the previous chapter the following relations can
be deduced : ’

( ) 1 ( ‘ )
Ei24427 E‘ 2427
( ) ( l )
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Taking into account the 3 dB S.M. :

Er Et,
Ers _ é Els
Ei, 2l Er,
Eij Er,
With :
00 -
- OO T2
S2= . g9
LE 00
aAnd :

N

- __j 1)
T.=2=
2 2(1 -

Therefore :

(Erl) = s® o (Eh) T, 0000 . )
= A - T oy
Ers) “*\\ o s%/\Eis) 0000 T 24231
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Then :
(Erl) z s® o = (Ei,) 5 T, 0000 E )
= + — Toal
Erg 2.0 8%/ %\Eis 2\0000 T,, 24231
aAncé :
0
0
-
Tll O . .
: 0 Ei, Cii Ouxa
(Elizgaz)= 0 (Ei )* - . > (Ergas30)
0 3 04)(4 ClZ
T
0 12
0

Then M can be written as :

[- (8% o\- - (T, 0000Y]
T, wlT2 T, -
0o S9% 0000 T,
0
0
T
11 0 . .
0] =, Cii Ouxa
0 2 - -
0 Ouxa Ci2
0 T,
| \ O ]

on the 3 dB coupler balance port a short-circuit or
a load can be put. Noting :

Fis=psErs and N the 9 x 9 module.
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Mo po! M
A./l= MIO Mll M
M M C

M is given by :

Er, Ei,
Elizg,a ) ET 3443

Ers and Eis must be eliminated.
Erg=M"YEi, + M Eig+ M (ET 2453)

1

=i—_m-r,(Ml°Eil + M (ET 34031}

Erg

Er =M%Ei,+ M pgErg+ M(ET 54,3)

MOlMlO Mol M' _
Ero=| Moo gy B g Er )
l-psM l-psM

aAnd :

(Eizgaz)= ﬂEil+tM‘pSEr5+C(Er24-v3l)

IMPS

m[MwEh + M (Erza,3)]

= MEi, +

+C(Er4.31)

61



IM' tM7 . -
(5524431)=[%‘+"—PS—M10:’E“ +<1___p—%457M'+C>(ET”24-.31)
5

The matrix N~ can be written as :

MO o Mmp M.
00+1-p M“ps l_p L“+M
S s
R MopgM™® ‘M'psﬁ'+
]-_pSM“ ]-_pSM“

M

Remarks :
the anten S.M.

For each module i the scattering matrix is now known

Si , the antenna S.M. is given by :
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Notation :
As in the previous chapter N is the matrix of 1 module.

The antenna is made of 2 rows of 8 modules therefore
matrix of half the antenna T can be defined as :

The electric fields are definied as V', and V",. They

linked together by the relation :
v =TV,

With :

V' <= input port

module n° 1




1st module

8th module

With the code SWAN (Slow Wave ANtenna) the plasma
matrix can be deduced for one row of 32 waveguides. The
incident field, the density and the density gradient must
be known. Therefore the matrix Po is corresponding to one
half of 8 modules. If the coupling in the poloidal direction
is supposed negligible to have the matrix corresponding

to the 8 whole modules P , the relation which give P is :




P:
MBI
With :
M]l M12 MIS
Po-
MS] M88
The size of M and O are (4 x 4). Therefore the size

of P is 64 x 64.

The following relation then .can be written

W"Z—-‘PW"Z
T can be written as :
Sll Tll
0
tTll C12
812 T22



<l

<i

It can be deduced that :

T 0 Vo Cy o Vi 2ae 7o aas
+ : =
0 17-68 V7 4] &es 7'5 249 7"5 2+9
We have also :
l/’l 299 V"l 259
V‘8 299 V"8 299
Therefore :
V”l 2.9 7H 7'11 Cll l/:Tl 249
- ) . P )
V"s 29 $ag V‘Bl C.SB V‘-'B 2-9
It can be deduced that :
- -1
v c .
V" 2 1" ‘Tn Viu
. . 0 . .
- 1 gaxes = P .
w 0 ' 3
14 B 249 7854 14 81

88

Whe have also :

1 299 v 1 249

it

8 249
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The total electric field at the end of the antenna in
front of the plasma is given by :

¢

Vlz-»9 V1249

VBZ-»9 VBZ-&Q

The reflected field at the input of the modules is

given by :
V'll Sll V'll Tll 7’1 2-3
= +
Ve Sa Via/. Ta ZP

From the previous relation the total electric field
can be injected into SWAN to comput the N~ spectra.
Therefore durinyg the experiment, knowing :

- The density and the density gradient at the mouth

of the antenna.

- The incident field at the input of each module the
real N// spectra injected can be computed.

- And the computed reflected field can be compared to

the measured one.
- The coupling coefficient at the input of each module

can be deduced when one module alone is fed by the klystron.
The coupling coefficients are then given by :

Sy=V" V',
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0 1 2 3 4 5 6 7 8 10
030,35 }0,35| 0,35 | 0,35 | 0,35 | 0,35 | 0,35 { 0,35 [7.10"5
5 | 0,62 | 0,25 | 0,25 0,35
5 [ 0,25 | 0,25 0,35
5 | 0,62 0,35
5 0,35
5 | 0,62 | 0,25 | 0,25 | 0,35
s | 0,25 | 0,25 | 0,35
5 | 0,62 | 0,35
5 | 0,35
03
TAB_ 3
THEORETICAL 10 X.,10 MATRIX
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o 1 2 3 4 5 6 7 8 10
+ 116 |- 137 -~ 49 | + 47 [+ 133 |- 137| - 49 | + 47 |+ 133 + 6
+ 139 - 4 |~ 144]| - 54 + 158
~ 44 | - 54 | + 38 - 112
+ 139 - 4 - 20
- 44 + 70
+ 139] -4 |- 144} - 54 |} - 20
- 44 | - 54 + 38| + 70
+ 139 ~ 4 |+ 164
- 44 | - 106
- 10
IAB 4
THEORETICAL 10 x- 10 MATRIX









IAB 7

THEORETICAT, AMPLITUDE AND PHASE OF THE 9 x 9
SC. RING MATRIX OF MODULE
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0,03 0,35 { 0,35 0,35 0,35 0,35 | 0,35 0,35 | 0,35
0,612 | 0,612 { 0,206 | 0,206 | 0,221 { 0,121 | 0,121 | 0,121
0,612 | 0,206 | 0,206 | 0,121 | 0,121 | 0,121 | 0,121
0,612 | 0,612 | 0,121 | 0,121 | 0,121 | 0,121
0,612 | 0,121 | 0,121 | 0,121 | 0,121
0,471 | 0,739 | 0,168 | 0,168
0,471 | 0,168 | 0,168
0,471 | 0,739
0,471
+ 1 -101 )] -11 | +79 | +169 )| -101| - 11 | + 79 | + 169
-8 ~171 | +95 | - 175 | - 169 | + 79 + 11 | + 101
+ 171 { - 175 | -85 | - 79 | + 11 | + 101 | - 169
-8 -~ 171 | +# 11 | + 101 | - 169 | - 79 |
+ 171 | + 108 | - 169 | - 79 + 11
- 86 | + 108 | - 50 + 40
+ 94 + 40 | + 130
- 86 | + 108
+ 94
IAB 8

THEORETICAL AMPLITUDE AND PHASE OF THE 9 x 9
RING MATRIX OF A 1B MODULE
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0 1 2 3 4 6 7 8 10
0,03 | 0,37 (0,31 {0,37| 0,33(0,37| 0,3 | 0,38 0,33 | 0,05
0,34 | 0,44 | 0,63 | 0,29 | 0,26 0,36
0,32 { 0,65 | 0,46 | 0,27 | 0,25 0,36
0,35 ] 0,27 | 0,26 | 0,43 | 0,67 0,37
0,32 | 0,27 | 0,25 | 0,66 | 0,43 0,35
0,35 0,05 | 0,69 | 0,27 | 0,25 | 0,37
0,34 0,6 | 0,43 | 0,26 | 0,23 | 0,36
0,35 0,26 | 0,24 | 0,5 | 0,68 | 0,34
0,33 0,24 | 0,22 | 0,68 | 0,51 | 0,33
0,05 | 0,33|0,35 | 0,32 0,34 |0,33({0,33|0,32{ 0,324 0,08

IAB 11
EXPERIMENTAL 10 x 10 MATRIX
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() 1 2 3 4 5 6 7 8 10
+ 177°| - 145 = 51 | + 44 |+ 134 |- 141) - 46 | + 37 |+ 135| - 13
- 149+ 140 + 3 - 129 - 36 + 159
- 52 + 6 - 28 - 29 | + 61 - 10
+ 37 (- 130] - 38 |+ 154 | + 12 - 13
+ 134 | - 35 + 57 | + 19 | - 27 + 79
- 133 + 154 -6 |- 119 - 25 - 11
- 40 + 12 - 29 - 25 | + 68 + 76
+ 40 - 116 - 22 |+ 1507 - 2 + 166
+ 134 - 24 | + 69 + 14 - 27 |- 101
- 13 {+ 156 | - 108 -7 + 79 - 2; + 75 |+ 171 |- 110( ~ 63°
IAB 12
EXPERIMENTAL 10 X 10 MATRIX

PHASES FOR THE MODULE "Q%
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THE DIFFERENT TYPES_OF MODULE

+90° +180° +135°
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N . . 93,‘
0 T T3 W 2W3 3 W

Reflexion coefficier:t seen by the klystron depending on :

-The ampiitude of the output ports reflexion
coefficient

-The phase shift between the 2 output ports
reflexion coefficient

Fig. 3
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(deg)

PHASE S{ i,i )

Fig. 11
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MODULE NUMBER
Fig. 12
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MODULE TYPE H

E (ref) 7/ E (inc.)

0.0

0.4 .

0.3 4

0.2 -

0.1 -

-

\

A

Exp.

TS 1532

Rigr.)- R{lim.) = 2 cm

Th ne = 2nico) .

Fig. 13

v L 4 . ol

2 L 6 8

MODULE NUMBER




MODULE TYPE H

3606
TS 1532
1
2704
Exp. \
'3}
.E
L .
a. 180 4
e
—
@
&=
L
Q.
. 904
0 v
0 8

| MODULE NUMBER
Fig. 14

- 98,\,/:



Lo

.90
VA
80
60
!

(1)
A

S €0

70
S0

aN!
Tl
€1
7l
<l
91
A

rrtJrryrrrrrrrrryrry

ooy

L r ¥ L LR T

Ll L) T L S )

'] 1 L 1 ] ] L ' L

| HEE TSI DIy e N TN T T N TR DU U A N B N T

' ¥3MOJ G3LLIWSNVYL / VHLI3dS ¥3IMOd

VH193dS TV.INIWNIIXI

00
10
0
€0
70
S0
9'0

. L0

80
60
0l

Vi
A
£l
7l
Sl
9l
L1

g1 bi4




