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RESUME

De nouveaux types d'antennes, utilisant des montages quasi-optiques, sont envisagés
pour les futures expériences de chauffage et de génération de courant, à la fréquence
hybride inférieure, sur les grands Tokamaks (JET, ITER). L'utilisation de techniques
quasi-optiques dans ces antennes, présente un certain nombre d'avantages, permettant de
concurrencer les techniques de guides d'ondes employées jusqu'à maintenant

Dans le présent rapport, différents schémas quasi-optiques, associés à un Grill composé
soit d'un réseau de guides d'ondes, soit d'un réseau de barreaux de diffraction, sont
étudiés. Le calcul montre que l'utilisation d'un Grill en guides d'ondes conduit à des
transmissions trop faibles, tandis que le Grill avec barreaux de diffraction ouvre des
perspectives intéressantes. Ce dernier cas constitue donc l'axe de recherche souhaitable,
mais les études déjà menées sont encore préliminaires et doivent être approfondies pour
valider ou non les solutions envisagées.
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I- INTRODUCTION

Quasi-optical concepts for Lower Hybrid Waves (LHW) launchers on large Tokamaks

(JET, ITER) have been recently envisaged [1] [2]. By comparison to the classical

waveguide-grill type launcher, these new concepts must be better suited to large

experimental devices, with high reliability during a long lifetime, simple and flexible

mechanical structure, high power capability, good power transmission and efficient

coupling to the plasma...

Different quasi-optical schemes are considered in this report and their ability to work well

are evaluated and discussed. All these schemes are based on an optical transmission,

with/without focussing mirrors, between Radiating Antennas (RA) and the Grill, which

couples the beam to the plasma.

Two basic types of LHW launchers are taken into account :

1 - The Radiating Antennas and the Grill are composed of rectangular waveguides

carrying the fundamental TE IQ mode.

2 - The Radiating Antennas launch Gaussian beams and the Grill is made of optical rod

arrays.

The present work aims at determining some devices of interest for which further

calculations and improved conceptual design would be justified. Accordingly, this work

has to be considered as a preliminary study, eliminating what looks like low-capability

devices and, inversely, yielding some schemes and directions of research.



II- BASIC CONCEPTS WTTH RECTANGULAR WAVEGUIDES IN THE RADIATING

ANTENNA (RA) AND THE GRILL

Ha- Description

A basic scheme, simply composed of an array of rectangular guides for the RA, and

an other array of rectangular guides for the Grill is shown in Fig. 1. The

fundamental TEio mode is the one-mode propagating in the RA waveguides. In

order to get an efficient power transmission, the radiated field from RA must be

well directive, and the coupling between the incident wave on the Grill and the TEio

mode of each guide must be strong.

The device is surrounded by an absorbing wall, in order to avoid microwave power

leakage outside. Vacuum would be set inside, making easier the handling of large

beam power in the guides and in free-space.

This device cannot be assumed to work as a cavity with a pattern of reflected waves

between RA and the Grill, because it would lead to very low Q values, and, without

well defined modes.

Actually, it works like a transmission system with some microwave absorption and

stray reflections. The field polarization keep quasi constant in the transmission, as

the TEio mode and then the free-space beam have a well defined linear polarization.

In the present vacuum conditions, the field breakdowns would be avoided. The

wave phase has to be adjusted inside the guides and the Grill, which would not be

difficult to do. The main problem arising from this concept is the power

transmission efficiency, related to the geometry of the device, the radiated beam

directivity and the coupling of the incident power to the TE IQ mode in each Grill

waveguide.

nb- Theoretical aspects

The following calculations aim at determining the transmission of the beam power

from the RA output to the TE JQ mode in the Grill waveguides. Some assumptions
and approximations are made:



The waveguides of the RA have all the same rectangular geometry and size.
The TEio mode is the only one propagating in the guides, and unless it is

expressed (Dolph-Tchebycheff method for instance), the amplitude and phase

are the same in all the output apertures.

- The wave impinging the Grill is a plane wave with an uniform field distribution

at each entrance of the waveguides.

The Grill waveguides have all the same rectangular geometry and size.

- The faces of the Grill and RA are plane and parallel.

The free-space medium is non absorbing and the stray reflections from the

walls, the Grill and the RA are negligible.

The Grill is located in the far-field of the RA. This condition is required in

order to have simple calculations of the field pattern, but one must emphasizes

that it is very constraining for an efficient power transmission. Indeed, let us

consider, for RA, a rectangular array of diagonal length D as shown in

Fig. 2-a.

The usual criterion for the far-field distance L is written as :

L-*
X (1)

As shown in Fig. 2-b, that leads to an angle 8 given by :

(2)

Which means that for the common case : D » X, the angle 5 is small. From Fig.

2, if the lateral size of the Grill is of the same order as D, the angle 5' becomes

small and the RA array must launch a very directive beam. Better is to envisage a

lateral size of the Grill larger than D.

- Approximations will be detailed in the calculations. These calculations are

managed in several steps : calculations of the reflection coefficient F at the end

of a RA waveguide, far-field pattern of the TE IQ mode, far-field pattern of the



RA array and radiated power within the angles of divergence, coupling of a

plane wave to the TEio mode in a Grill waveguide, and power transmission

from the RA guides to the Grill guides.

Hc - TEtn Reflection coefficient of a waveguide radiating into space

From [8], the equivalent circuit for the TEio mode of a waveguide radiating into

space is given in Fig. 3 with :

B ' - sin t
YO ~ cosh Jtx + cos t (3)

G ' _ sinh Jtx
YO ~ cos Jix + cos t (4)

where :

X8

- Si(1

Xg is the waveguide wavelength,

YO is the waveguide characteristic admittance,

I ((sin S1- J)

and :

X8

b is the waveguide small size (Fig. 7)

e = 2.718 Y=
from this the electric field reflection coefficient F can be determined by

B'2



The power reflection coefficient F2 depends on the waveguide sizes a and b, and

has been plotted on Fig. 4 for a varying from 7 to 13 cm and b from 3.4 to

8.4 cm by 0.2 step (Fig. 7). For a = 7.21 cm and b = 3.8 cm, its value is less

than 8 % at a frequency of 3.7 GHz.

Hd- Far-field radiation of the TE IQ mode

Cartesian coordinates(x, y) are used in the aperture of RA array, and spherical

coordinates (p, 6, xy) are used to locate a point M in free-space, as shown in

Figs. S and 6. From Réf. [3] and [4] the electric field E in the far-field is given by

the following relations, where a constant factor is omitted :

(6)

(j, : magnetic permeability of medium,
e : dielectric constant of medium,

A, : wavelength,

a,b, and the E field direction are defined at a waveguide aperture in Fig. 7.

The characteristic function is defined as the function of the radiated field depending
of 9 and \|/. In Eq. 6, it is f (6,\|0 given by [5] :

/\/
P

l- +COS2XJI

P

cosĵ inOcosy)
._ * r^ __ __ '

' (7)

where:



Free-space phase constant,

TEio mode phase constant,

Reflection coefficient of the TE IQ mode at the end of waveguide.

In the guide aperture, additional fields exist locally, excited by the discontinuity of

the guide. Moreover, some currents are also distributed over the external surface of

the waveguide. These additional fields and external currents are neglected in the
calculation of f(6, y) leading to Eq. 7.

The characteristic function t£ (6, \y) in the E plane is obtained for y = Î", which

gives, with a factor (-2-I omitted :
VRl

«M-
L P

U

X (8)

The characteristic function fn (6, \|f) in the H plane is obtained for y = O :

rie)=
P P .

i x J

(9)

In some situations, the knowledge of the power radiated by the TE IQ mode within
an angle 9 = GQ is of special interest.

Using spherical coordinates, the radiated power is given by :

d\j/

(10)

= Po I I f^Q.v)sin0

Where po is a constant parameter.

The relation yielding the total radiated power PR is :
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PR = 4 po
r

f2(e,v)si
/<H>

sin9 d9 d\|/

and for the power within an angle 60. it comes

Pe0 =
 4Po sin6 dO d\|/

or considering the normalized power

(U)

(12)

£&=
PR

,y) sin9 de i

,y j sine de dy

(13)

He- Far-field pattern of the RA array

Let us consider a rectangular plane array composed of infinitely small size RF

sources units, regularly distributed in the x and y directions, as shown in Fig. 8.

Each of these units works as an isotropic radiating source the amplitude and phase

of all these sources being the same.

Using spherical coordinates as defined in Fig. 6, the characteristic function

F(O, y) or "Array Factor" is given by [3] [4] [6] :

sin(nxpdx sim/ sind) sin (ny|3dy cosy sine)
- r—-. *• r—

x siny sin0) sin(pdy cosy sin6) (14)

Where :

nx number of units along the x direction,
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ny number of units along the y direction,

dx and dy are defined on Fig. 8.

In the E plarje (y = ?•), the characteristic function becomes

sin(pdx sin6j

In the H plane (y = O), the characteristic function is written as

Then, one considers, for the units of array, identical rectangular waveguides where
the TEio inode propagates and has the same phase and amplitude in all guide
apertures. From the principle of pattern multiplication, the characteristic function of
the array O is given by [4] [6] :

<t<e,\i/)=f(e,v)F(e,\i/)

Where f and F are expressed by Eqs. 7 and 14.

In the E plane (y = ), ̂ e characteristic function &% is writwn as :

and it comes for the characteristic function OH in the H plane (y = O) :

It has to be noted that in all the formulas related to radiations from the array, the
coupling of the fields between the waveguides has been neglected

A special feature of interest is the power radiated by this array within an angle
O = OQ.

Using spherical coordinates, the radiated power is given by :
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PO I J «2(e,v) sisin6 d6 d\|/

(20)

Where PQ is a constant parameter. The relation for the total radiated power PR

is :

f*W sinO

and for the power within an angle OQ, it conies ;

Pe, = 4P0 (0,V) sinO d6 d\|/

or considering the normalized power Pe0^PR

C80

I sin6 de

J *0

I (9,\j/) sine d6

(21)

(22)

(23)

Q f - Coupling of an incident plane wave to the TEin mode

Let us consider an incident plane wave impinging on a rectangular waveguide of the

Grill. This wave is assumed to have a constant amplitude distribution. The

geometrical parameters of the problem are defined in Fig. 9. It results from the

phase and polarization properties of the TEio mode, that the component of Ej

which is taken into account in the calculation of the coupling of the incident wave to

the TEio mode at the guide aperture, must fulfil the following conditions :
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1 - Polarization condition ; the component must be polarized along the x

direction :

E,y = Eiz = O (24)

2 - Phase condition : it has a constant phase in the guide aperture.

3 - Amplitude condition : its amplitude is derived from the flux of the Poynting
vector through the aperture surface of the guide.

In the following calculations, the Ej component fulfilling this three conditions is

determined, then the coupling coefficient of this E| component to the TE IQ mode is

derived.

1 - Polarization condition. The waveguide axis and the TE10 polarization are the

same in the RA and Grill waveguides. However, the polarization changes

slightly in free-space, the wave front being spherical as shown in (Fig. 10)
(Nevertheless, the incident wave front is assumed to be plane on the aperture of

a waveguide of the Grill because this aperture is of small size).

The following relations hold for the wave Vector k and its components kx, ky,

k z :

kx = k sin 6 sin y

ky = k sin 6 cos t|/ (25)
kz = k cos 6

and the amplitude E-a is derived as (Fig. 10) :

• Ej Vl -(sinesir.T,

2 - Phase condition. It is assumed, because of the symmetry, that the phase of the

TEio mode excited in the aperture is that of the incident field Ej at the centre
M of the aperture (Fig. 11).
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The following relation comes :

EM = Eix cos tot (27)

EN = EixCOs(OX-Er) (28)

Or considering E^y, the component of EN with same phase as EM (or the
equiphase component) :

Ejx»p = EU cos{ - Er)

Then, it comes :

Finally, the equiphase component Ejxy is written as :

Eixç = Ei Vl - (sinesinyf cos{k sin^si

3 - Amplitude Condition. The power P6 entering the guide is given by :

P' = nan>t (32)

Where Jt is the amplitude of the Poynting vector and is expressed by :

(33)

Then, Pc is written as:

Pe = - L j-a'b'cos6V U o 2 (34)

Which means that the amplitude E6 of the entering field into the guide is
simply related to Ej by:

(35)



15

Taking into account the conditions 1, 2 and 3, the field E3 in the guide
aperture which is considered in the calculations of the coupling to the TE IQ
mode is given by :

Ej(x,yi8,v) = Ej Vcos9 V 1 -(sin9 sinyf coslk sin8Jsin\|/(x-^j + cosv|/(y-^j|j

(36)

The field E3 is assumed to be coupled to modes in the rectangular waveguides
by the relation :

(37)

Where the phase (pa of E3 is supposed to be null, E and <p are the
amplitude and phase of the TE 10 mode (m = 1, n = O) and Emn and 9mn

those of components of others TEnui and THmn modes (these modes being
evanescent or not).

The following integral relation is derived :

(38)

Which leads to :

9 = 0

and :
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E = - ..
I JmM

(40)

Starting from Eq. 35 it is possible to determine the power coupled from the

incident to the TEio mode.

The power Pg carried by the TE10 mode in a waveguide is given by [7] [8].

4 (41)

or: Pg = < Ig>a 'b ' (42)

Where <Ig> is defined as the mean intensity of the TE IQ mode in the

waveguide.
In the following, we will consider a coupling coefficient G(G, y) defined

b y :

Pi Ii (43)

Where Pi is the power of a beam crossing an area S = a' b' with normal

incidence, and Ii the corresponding intensity. They are given by :

Pi=,/Ma'b- = IiaV ^

and from Eqs. 36,40, 41,42, and 44, G(G, \\t) is expressed by :

G(e,v) = pS- = -̂ - Y l-jArJ cos9 [l-tsinBsimi/)2]

I I

/»- ^

x i l \ i\ 2 ' 1 V Z / 1J/ a' *i j^\
(45)

The coupling coefficient G(G, y) is easily derived in the case of normal

incidence. By making 6 = 0 in Eq. 45, it comes :
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7 °'811 " •"— (46)

The coupling coefficient is always lower than 0.811.

Hg- Power transmission from the RA waveguides to the Grill waveguides

The beam power P6 entering the waveguides of the Grill is given by the flux of the
Poynting vector through the Grill surface ZG or the spherical surface Zs as

shown in Fig. 12.

PE is expressed by :

),\|f ) sin6 de d\|/

(47)

or :

PE = PO I I 49>V)cose dx' dy1'P 01 I i(e,\p)
J Ji0 (48)

The factor cos Q vanishes in the integral over DS as the Poynting vector is normal

to the surface. In the following, the constant parameter P0 will not be expressed.

From Eq. 43 it comes :

(igjle.v) = c(e,v) ii(e,v) =gfe,v) cose ij(e,v) (49)

With:

cose (50)

Calculating the power PQ of the TEio mode in the Grill, it is more convenient to
use the integration over ZS (Eq. 47) than over ZQ (Eq- 48). That yields :
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i(9'V) gfa.v) sine de d\|/

(51)

or from Eqs. 20 and 51 :

PG >,\|f) g(e,\|/) sine de dy

(52)

Where a constant parameter is omitted, and <ï>(6, y) is given by Eq. 17.

From Hg. 12, the limits of integration over £§ can be easily determined, leading

to the following relation for PG :

PG =

.y) g(e,\i/) sine de+

,v) g(e,v) sine de

(53)

When deriving this Eq. 53, two main approximations have been assumed :

The thickness of the guide walls of the Grill are neglected, which gives no

reflection of the incident beam.

- The diffraction by the guide edges and the field coupling between the guides of

the grill are not taken into account.

Let us consider the total power Pj in the guides of RA. It is related to the reflection
coefficient of the amplitude F, at the end of the guide, and to the total beam power

PR radiated from RA by the relation :

(54)i-r
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Which can be written as :

r.
PT=-^- 1' ^e,v) si

i-r2 I L
JMI

sinô d6 d\|/

(55)

Where <I>(9, \|f) is given by Eq. 17.

Finally the power transmission T in the TE IQ mode between the guides of RA and
the guides of the Grill is given by :

(56)

DI- APPLICATION

Numerical applications of formulas derived in Section II, are achieved for two
frequencies : f = 3.7 GHz (case of JET and Tore-Supra) and f = 8 GHz (maximum
possible frequency for ITER). The size of the rectangular waveguides is defined by
(Fig. 7).

a = a' = 72.1 mm
b = b' = 38 mm

Where (a, b) corresponds to RA guides and (a1, b1) to Grill guides.

These values of a and b come from a preliminary design of a quasi-optical antenna for
JET. The same values are arbitrarily considered for a' and b'. In fact, the following
applications are only examples and cannot be looked as specific values for a given
Tokamak.

Considering the RA array, the calculations are made with the following parameters
[Fig. 5 and Eq. 14]

nx - 8 2 dx = 45 mm
ay = 6 2 dy = 80 mm
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For the power transmission from RA to the Grill, four different values of A and B are
taken into account [Figs. 2 and 12].

1-
2-
3-

2
2
2

A
A
A

=
=
=

938mm
1876mm
3752mm

2
2
2

B
B
B

=
SS

S

456
912

1824

mm
mm
mm

The values of the case 1 have been chosen because they fitted well the Grill size of the

JET. The values 2 and 3 are multiple of values 1, in order to scale the sensitivity of the

transmission with the Grill size.

in a - JEio mode

The far-field pattern % (6) and fo (9) of the TEio mode in the E and H planes
are shown in Figs. 13 - 16. The normalized radiated power Pft/PR , (Eq. 13),
within an angle 0 = 80 is shown in Fig. 17. The results emphasize the weakness
of the directivity of the TE 10 mode, even for f = 8GHz and oversized guide.

fflb- RA array

The far-field pattern in the E and H planes are shown in Figs. 18, 21. The
normalized power within an angle Q = Qo is shown in Fig. 22. By comparison to

a single waveguide radiation, the directivity is clearly improved. Nevertheless, an

important level of power is always lost in the secondary lobs, which limits the

interest for this type of array.

fflc- Coupling

The coupling coefficient G (6) is displayed in Figs. 23 and 24 for different values

of \y. In Figs. 25 and 26 a space representation of G (O, y) is shown. The main

result is that G (6) is very sensitive to the angle 6 and decreases quickly for 6

larger than 10-20 d°, which means that the incident beam must be very directive.

ffld- Transmission

The power transmission T, defined by Eq. 56 is displayed versus the distance L in

Figs. 27 and 28. The calculation is valid only in the far-field region, i.e. for
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L > 4.500 mm (full line). In the near-field region (L < 4.500 mm) the
calculation is no more exact but gives an indication of the variation of T. As the

main result, the transmission T is always small in the far-field, even for large size

Grill, while some improvements are expected in the near-field region.

IV- IMPROVEMENT OF WAVEGUIDE ARRAYS DIRECTIVITY BY THE DOLPH

METHOD

For an array of 2n sources which are distant from a distance 2d the radiated electric field
can be written as (Fig. 29).

E = AI ei*/2 + A2 ci3*/2 + .... +An ei<2n-Ds/2 +
AI e-Js/2 + A2 e-J38/2 + .... +An e^2"-1)5/2 (57)

if the sources which are symmetric are fed with the same power and with :

s = 27t£ + 2|3d sin9 cos\|/

where p = 2ic/X, X is the wavelength and 6 and y are defined in Fig. 30.

2iiC is the phase shift supposed constant between each source.

E can be also written as :

E = 2 [AICOS s/2 + A2COS 3s/2 Jr .... + Ancos (2n-l)s/2] (59)

If we note T2n-i the tchebychev polynomial of order 2n-l, E can also be defined as
follow :

E = 2 [AiTi(COS s/2) + A2T3(cos s/2) + .... + AnT2n..i(cos s/2)] (60)

The Dolph method allows to choose the different amplitude An to fix the ratio R of the

main lobe to the one of the 1st secondary lobe. For this one has to compute the value XQ

which is given by :

(61)

The polynomial T2n-i (x) can be defined as :
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with

Tan-I = (ai , 32 , ..... , a2n-i)

and

X7Is the column vector transposed of X.

The coefficients AI, A ...... ,.A2n-i are then computed using the following relation

with :

M the squared matrix build with

In our case for which we have 8 sources along the x direction and 6 ones along the y

direction, the Dolph method can be applied separately. First the coefficients Al, A2, A3,

A4 and Bl, B2, B3 have been calculated depending on the ratio R. On Fig. 31 the ratio

of the different coefficients on Al (Bl) are plotted versus the ratio R.

For example for 8 sources and with a ratio R = 50 the coefficients Ai are :

Al = 1

A2 = 0.78
A3 » 0.47

A4 = 0.20.

On Fig. 32 the ratio 1\ of the power in a given cone of half angle 6 to the total radiated

power is plotted versus the value of O for 2 case :

the first one for an equally fed network.

the second using the Dolph method where a value of R = 100 has been taken.
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It may be observed that there is a large increase up to an angle of 15 degrees where TI

reaches 0.57 in the first case and 0.7 for the second one.

In order to improve the efficiency TI, the distance dy separating the source in the vertical
direction has been changed from 40 mm to 35 mm. On Fig. 32 it can be seen that r\
reaches 0.8 for the equaly fed case and 0.93 with the Dolph method where R = 100 has
been taken.

On Figs. 33 and 34 the electric field radiation pattern had been drawn depending on 6
and y for dy = 35 mm. The secondary lobe amplitude decrease can be shown very
well when the Dolph method is applied.

V- OTHER CONCEPTS USING RECTANGULAR WAVEGUIDES BUT ADDING

FOCUSSING DEVICES

As the calculations result in low power transmission between the RA and the Grill in the
basic scheme, other concepts are qualitatively described in the present section, using
focussing devices in order to improve the directivity and the transmission of the system.

V a - The free-space between RA and the Grill is surrounded by an ellipsoid mirror with
a circular symmetry as shown in Fig. 35. The focus FI and FZ of the mirror are
located on the axis of the system and in the aperture of RA and the Grill.

Advantages : Most of the power radiated from RA impinges on the Grill. The
device is rather compact

Disadvantages : Some rays have a large angle of incidence on the Grill, which

result in a low coupling to the TEio mode in the Grill.

V b - A large ellipsoid mirror reflects the beam from RA to the Grill, the focus FI and

F2 being located in the middle of the Grilland RA apertures, as shown in Fig. 36.

The grill and RA apertures have the same size.

- Advantages : Most of the power radiated from RA impinges on the Grill. For

beams radiated from RA with a good directivity, the angle of incidence on the
Grill keeps small.
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Disadvantages : The mirror and all the device must be large in order to achieve
a good transmission.

V c - In the present concept, RA does not work as an array : the beams radiated from

each waveguide of RA are independently considered (Fig. 37). A focussing mirror

is associated to each waveguide (ended with/without a horn) in order to achieve the
same beam section recovering all the Grill aperture. Moreover, the distances are

adjusted so that the beams have the same phase on the Grill.

- Advantages : By comparison to the array systems the launching aperture of

each guide is larger, the mirror M smaller, and the far-field region nearer.

Disadvantages : For a large number of emitting waveguides, the RA size

becomes large. In fact, this concept may replace the array concept for a small

number of RA \ 'aveguides.

V d -The theoretical designs of the preceding concepts show that a good power

transmission would be difficult to achieve, even with focussing devices, large size

systems... The use of metallic lenses instead of mirrors would not change

drastically the situation. An improvement would be gained by putting the Grill in

the near-field of the emitting array, but that seems not to be sufficient, mainly

because of the rather bad coupling of the incident wave to the TEjo mode in the

Grill.

VI- CONCEPTS BASED ON GAUSSIAN BEAMS AND OPTICAL ROD ARRAYS

In order to improve the beam directivity and the coupling to the Grill, Gaussian beams are

considered as well as a system of rod arrays for the Grill (Figs. 38 and 39).

The main advantages of Gaussian beams are :

Low divergence is achieved if the beam waist diameter is large enough.

The field has the same linear polarization in all the beam.
The beam is circularly symmetric.

The laws of propagation and focussing are well-known.
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The Gaussian beam is launched from a circular oversized waveguide where a HEn

mode propagates. Thus, a mode conversion is needed after the sources in order to obtain

the HEn mode in the RA.

VH- WAVEGUIDES FOR HEi i MODE

In this section, some waveguide structures and size, well fitted for the HEi 1 m°de in the

LH frequency range (3.7 - 8 GHz) are determined. Three types of circular waveguides

are used for propagation of the HEu mode :

The smooth waveguide with dielectric or low-conducting wall material. This type of

guide is largely used in laser systems [9] [10] [U].

The dielectric lined waveguide, also experimented in laser and infrared

transmission [11] [12].

- The corrugated metallic waveguide, scheduled for some Electron Cyclotron

Experiences at mm wavelength [11] [13] [14].

À power attenuation constant a of the HEu mode in a guide is defined by :

P dz (62)

where P is the mode power.

In smooth oversized waveguides, with dielectric or low-conducting wall material, tlie

attenuation is given by [10] [H].

vi (63)

•'•V
where : "V"

(64)

(65)
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Er and o are respectively the relative dielectric constant and the conductivity of the
material, E0 the free-space dielectric constant, UH the first root of the first kind Bessel

function JQ(X)I (UH - 2,4OS), k the free-space propagation constant (k = *&• ) and D,
A.

the guide diameter.

In order to achieve lo,v-loss transmission, the optimal theoretical material characteristics
are derived as [10] [H] :

Er = 1
o = 2eoo> (66)

and from Eqs. 63 to 66, it comes :

a = 2.344 -̂ - nr1

D3 (67)

where X and D are expressed in mm.

Eq. 67 is plotted versus D for the frequencies f= 3.7 GHz and f = 8 G H z in
Fig. 40.

Let us consider a dielectric lined waveguide as shown in Fig. 41. The attenuation a
has been derived by an optical model in Ref.fll], for oversized waveguides. That
yields :

k2DV [(v2 - l\l - cosy) 1 + cosy] (6g)

Where v is the refractive index of the dielectric, v' is the modulus of the complex
refractive index of the metal v', related to the conductivity a by:

V1

'" • " ' (69)

and the angle \p is given by :

v=2kdV^T (70)
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In Eq. 68 the refractive index i> is assumed to be real (losses in the dielectric are
neglected). It is shown in Réf. 11, that the minimum theoretical value of a is achieved
for :

=
2kd = ± COs-1Ji-) ±(2p+l)re

(71)

and assuming the wall made with copper, the conductivity o has the following typical
value in the microwave range :

0 = 4 H)'7 mhos (72)

From Eqs. 68,71 and 72, the minimum value a is derived as :

2
O = 4.794 -*-= nr1

D3Vx (73)

where D and X are expressed in mm, Eq. 73 is plotted versus D for the frequencies
f = 3.7 GHz and f = 8 GHz in Fig. 42.

In corrugated oversized waveguides, the attenuation is given by : [13]

(74)

where :

ai=-

Kf
02« 1

d = ̂
(T5)

The parameters d, t and h are defined in Fig. 43. Let us consider a corrugated
waveguide defined by the following parameters :



28

4 H)'7 mhos

(76)

From Eqs. 74 and 76 the attenuation is written as :

a = 2.682 -^= m-1

D3U . (77)

where D and X are expressed in mm.

This Eq. 77 is plotted versus D for the frequencies f = 3.7 GHz and f=8GHz in
Fig. 44.

From Figs. 40, 42 and 44 it is shown that the HEn mode can propagate in oversized
dielectric lined or corrugated waveguides with very small losses, even for long
waveguide. The choice between the dielectric lined waveguide and the corrugated
waveguide depends mainly on some problems as : manufacturing, breakdowns, vacuum,
cost...

VET- GAUSSIAN BEAM RADIATION FROM HEi i MODE

The HEi l radiated field can be well approximated by a Gaussian distribution in the far-
field and even in some part of the guide aperture near-field [16]. The main advantages of
the Gaussian beams, compared to other mode radiations are :

A low divergence may be achieved (the beam waist diameter must be large enough
for this purpose).
No secondary patterns exist
The Electric field has the same linear polarization in all the beam.
The beam is circularly symmetric.
The laws of propagation and focussing are well known.

The Gaussian beam intensity is given by :

(78)
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Where z is the abscissa along the propagation axis, p is the radial coordinate, and r
defined as the beam radius is the value of p for which the intensity is 1/e times the on
axis value (Figs. 45 and 46). In some papers, the radius w of the field amplitude is
considered and is defined as the value of p for which the amplitude is 1/e times the on
axis value. Hence, the following relation holds :

(79)

The radius r depends on the abscissa z, according to the relation :

(80)

The beam contracts to a minimum radius r0 at the beam waist (z = O). Far from the
waist, within the condition z » kr§, Eq. 80 becomes :

and, an angle of divergence of the Gaussian beam is defined as :

(82)

This definition is valid only for the usual case of the paraxial approximation : 60 « 1.
The beam power Pa through a circular section of radius p = a is given by :

pdpdx/

J? (83)

Where PT is the total be-im power.

For z » kr$, Eq. 83 can be written as :

(84)
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Where Pe is the beam power within the angle 6. Eq. 84 is plotted in Fig. 47, showing

that for 6 > 29o, most of the power locates inside the angle 6. The Gaussian beam

radiated by the HEn mode has a fictitious waist located at the guide aperture, and its

diameter do is simply related to the diameter D of the guide by the relation [16] :

do = 0.42 D (85)

Let us consider the value 6 = 2,2 60 for which :

Jk » 0.99 and 6 = 1.8 60 for which ̂ - = 0.96
P r " P T

These values of 6 are plotted versus the waist diameter do and the guide diameter D,

for the frequencies f = 3.7 GHz and f = 8 GHz in Fig. 48. This Figure shows that

small angle of divergence can be achieved for large guide diameters. In any case, for

small guide diameters, focussing systems can be added resulting in low divergent

Gaussian beam, before impinging the Grill.

IX- QUASI-OPTICAL GRILL

A quasi-optical Grill has been proposed by Petelin and Suvorov [1] and by Kovalyov et

al. [2]. This system is composed of a metallic rod array. In order to improve the

transmission, theoretically up to 100 %, a two layers Grill structure is considered. This

system looks to be attractive by comparison to the classical waveguide structure. In order

to achieve a good transmission, a low diverging incident beam is required, and

accordingly an adequate solution is to use a suitable Gaussian beam for this incident

beam.

X- CONCLUSION

Two types of LHW launchers, based on quasi-optical propagation between Radiating

Antennas and the Grill have been considered.

The first type, using rectangular waveguide arrays for RA and the Grill, leads to low

power transmission values. In the best case 70 % of the total incident power is radiated

in a beam within a divergence angle of 20 degrees .An improvement of the emission

pattern by feeding the waveguides with different amplitude according to the Dolph

Tchebycheff method gives only a small increase. The best improvement is obtained when
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the periodicity of the waveguide is changed .In that case more than 90 % of the total

power is radiated within an angle of emission of 10 degrees. The coupling of the incident

wave to the TElO mode in the grill waveguides is shown to be always lower than 81 % .

The fact that the grill is in the far field from the source explains the low transmission

factor. The transmission can be improved by putting the grill in the near field region and

by using oversized waveguide in the grill to increase the coupling coefficient, but the

computation of such a structure is quite a difficult task.

In the second type, Gaussian beams are launched by RA in order to have a smaller angle
of divergence and therefore to improve the emission . The Gaussian beam would be
radiated from circular corrugated waveguides propagating the HEl 1 mode . More than 95
% of the incident power can be radiated in an angle of emission of less than 5 degrees if
the waveguides are highly oversized. The Grill is composed of rod arrays which.could be
easily water cooled and therefore which could withstand the thermal flux due to the
plasma better than the grill with waveguides . This concept looks to be attractive as a
good transmission and directivity are expected. But for the grill one has to use 2 rows of
rod array in order to decrease the standing wave ratio due to the sizes of the rods used to
excite a good N// spectra leading by this way to a structure highly resonant. However,
more thorough theoretical and experimental studies are needed, in order to make this
concept more precise and to compare it to LHW launchers based strictly on waveguide
concepts.
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Fig (13) Far-field pattern fE(9) of the TE10 mode
in E plane f-3.7 GHz a-72.1 mm b-38 mm
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Fig (H) Far-field pattern fn(9) of the TEio mode
in H plane f - 3.7 GHz a - 72.1 mm b - 38 mm
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Fig (15) Far-field pattern fnO) of the TEio mode
in E plane f-8 GHz a-72.1 mm b-38 mm
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Fig (16) Far-field pattern fnO) of the TEio mode
in H plane f-8 GHz a-72.1 mm b-38 mm
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Fig (18) Far-field pattern OE of the RA in E plane
f-3.7GHz a-72.1mm b-38 mm nx=8 ny-6
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Fig ( 19) Far-field pattern OH of the RA in H plane
f-3.7 GHza-72.1mm b-38 mm nx=8 ny=6
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Fig (20) Far-field pattern <frE(6) of the RA in E plane
f-8 GHz a-72.1mm b-38 mm nx =8 ny-6
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Fig (21 ) Far-field pattern OH(O) of the RA in H plane
f-8 GHz a-72.1mm b-38 mm nx =8 ny-6
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Fig (22) Normalized power Pe0/PR within angle 0o
a - 72.1 mm b - 38 mm nx - 8 ny - 6 dx - 22.5 mm

d y - 4 0 m m (a) f -3 .7 GHz ( b ) f - 8 G H z
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Fig (23) Coupling coefficient G(B)
a - 72.1 mm b - 38 mm f-3.7 GHz
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Fig (24) Coupling coefficient G(6)
a - 72.1 mm b - 38 mm f-8 GHz

(a) y-0 degree (b) y»45 degree (c) y-90 degree



8

Fig (25) Space representation of G(8,y)
f»3.7 GHz a=72.1 ran b-38 mm

Fig (26) Space representation of G(0,\|/)
f a 8 GHz a =72.1 mm b = 38 mm
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Fig (27) Power transmission T
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Fig (28) Power transmission T
f=8 GHz dx=22.5 mm dy=40 mm

a=72.1 mm b=38 mm nx=8 ny=6 T=O
(a) 2A=938 mm 2B=456 mm
(b) 2A=1876 mm 2B=912 mm
(c) 2A=3752 mm 2B=I 824 mm
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Fig(31) Ratio of the amplitudes of 8 A (resp 6 B)
equally spaced and symmetrically fed sources
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depending on the ratio R of the main lobe vs
the first secondary one
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Pe,Fig (32) Normalized power -%*• within angle QQ
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e

fig(33) Far-field pattern of RA when each waveguide
is fed with an amplitude different computed by Dolph

method . f=3.7GHz a=72.1 mm b=38 mm
dx=40 mm dy=35 mm

90

90

fig(34) Far-field pattern of RA when each waveguide
is fed with the same amplitude
f=3.7GHz a=72.1 mm b=38 mm

dx=40 mm dv=35 mm
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Fig (42) Attenuation of dielectric
lined waveguide HEi i mode
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