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ABSTRACT

The propagation of the HEn mode and Gaussian beams in hollow oversized
circular waveguides is analyzed using optical theories. Different types of

waveguides are considered : hollow dielectric or conducting waveguides,
dielectric-lined waveguides, corrugated waveguides. General formulas are derived
which give the power transmission through these different guides. The best wall

materials and structures are determined from a comparison of the waveguide
transmissions, at the infrared and millimeter wavelengths. The question of the
coupling between the HE] i mode and Gaussian beams is discussed and from a
review of coupling coefficients derived before, an optimum value is pointed out.
The problem of matching a Gaussian beam into circular waveguides in order to
achieve the maximum power transmission is analyzed. These results are of interest

for infrared lasers or waveguide applications and for Electron Cyclotron Wave
(ECW) systems at the millimeter wavelength.

Key words : Gaussian beam, 1^n mode, Hollow dielectric waveguides, Conducting
waveguides, Dielectric-lined waveguides, Corrugated waveguides.



INTRODUCTION

The hollow circular oversized waveguides are commonly used in some infrared and

millimeter wave devices such as waveguide lasers or transmission lines for infrared

interferometers and for Electron Cyclotron Wave (ECW) systems. The advantages
of the HEu mode (usually labeled EHu in the optics publications) and Gaussian

beams for propagation in these waveguides are well known : low attenuation,

linear polarization, azimuthal symmetry... By using mostly the Electromagnetic
theory, many theoretical and experimental works have already been done on these

subjects and concern various waveguide wall structures and materials, such as

hollow dielectric or conducting waveguides [1][2], dielectric-lined waveguides
[3][4], and metallic corrugated waveguides [5][6] (Fig. 1). We analyze here, by

optical theories, the propagation of the HEu mode and Gaussian beams in all these

types of waveguides. The calculations result in new formulas and allow to make

fruitful comparisons between the guides.

In Section II for the HEu mode and Section III for the Gaussian beams, the

optical rays configurations in the guides are first presented under some

approximations. Then, within the assumption that the refractive index in the inner

medium of the guide is that of free space, the Fresnel relations which give the
reflection coefficients for grazing incidences on the wall, are expressed. From these

relations, a function G of the wall material and structure, which is called here the

wall function, is derived. The power transmission of the HEn mode and Gaussian

beams is calculated and it results in general formulas where the influence of the

Avails is characterized by the function G.

As an application, the function G is calculated in Section IV for different types of

waveguides : hollow dielectric or conducting waveguides, dielectric lined

waveguides, corrugated waveguides. The minimum Gm of the function G, which
corresponds to the maximum of the power transmission, is obtained for each type

of waveguide. A general comparison between the different types of waveguides in

the range of millimeter and infrared wavelengths is made.

Then, by considering results from previous articles, the question of the coupling

between a Gaussian beam and the HEu mode, at the entrance or at the exit of a

waveguide is discussed in Section V, and an optimal coupling value is expressed.



Finally, the Section VI deals with the problem of matching a Gaussian beam into a
hollow circular waveguide and simple approximate formulas are derived in order to
solve it.

II - HEn MODE

II. 1 - Fields, rays and velocities

Let us consider a HEn mode propagating in a circular waveguide of radius R. The
corresponding free-space wavelength of the mode is X .Assuming that the ratio
VR is small enough so that the terms of order X/R may be ignored, the field

components of the HEn mode have been derived in a simple way by Degnan as

[2]:

un PEp=J0

H -EPH -

sin

Z0

exp J(TZ-cot) (D

where (p, O, z) are the cylindrical coordinates, un = 2.405 is the first root of
the Bsssel function JQ(X) , CD is the radian frequency, y is the propagation

constant of the mode, and ZQ is the impedance of free space. This impedance is
related to the free space dielectric constant EQ and the free space magnetic
permeability JOQ , by :

(2)



The notation e(MR) for a field component along the z axis means that it is

reduced in magnitude relative to the transverse components by an approximate
factor XyR . A constant amplitude factor is omitted in Eq (1),

The phase and group velocities are given respectively by :"

C (3)

Vg= '

where :

X (5)

is the free space propagation constant and C the free space velocity of light.

An optical description of the HEn mode, given by Crenn [7], can be summarized

as follows :

The field components expressed by Eq(I) suggest that the HEu mode is

composed of a continuum of two types of plane waves : one defined by the

components (E$ , Hp , H2) has an electric field Ej. = E<j> perpendicular to the

plane of incidence, and the other defined by the components (H^>, Ep, E2) has an

electric field E// in the plane of incidence. As the optical rays corresponding to

these plane waves are normal to the plane defined by the electric and magnetic

fields, they cross the z axis, making with it a small angle 9 = 6u . From

Fig. 2, where the rays picture of the HEn mode is displayed, the phase velocity

V(p and the group velocity vg can be simply derived as :

(6)
cose" ...

2

v = C cos 611= C 1 -̂ 11I (7)8 u \ 2 /

and the comparison between Eqs (3)-(4) and Eqs (6)-(7), yields the 611 value :



II.2 - Optical boundary conditions

From Eq (1), the amplitude of the HEi 1 mode is null on the wall, except for the z
axis components, and the polarization keeps linear along the guide. For decreasing
values of K/R , the angle 6 = BH , as expressed by Eq (8), and the HEi 1

mode attenuation, go to zero [1] [2] [5].

The two set of plane waves (E* , Hp , H2) and (H* , Ep , E2), defined in
Section ILl, must keep the same phase (modulo 2rc) and amplitude values after
propagation along a distance z = X^ , where X(p is the phase wavelength, which

corresponds to two reflections on the wall. Accordingly, the E// and Ej. fields of
the waves have to fulfil two conditions :

- the phase difference between E// and EI after one reflection must be close
to Tt,

- the amplitude of the reflection coefficients must be close to 1 .

Let us consider the complex reflection coefficients r// and f j. of the fields E// and
EI . The corresponding moduli and phases are defined by the relations :

r// = r//exp(j(p//) (9)

Fx = rj_exp (J(PJ.) (10)

In most cases, the Fresnel relations for grazing incidences, i.e. for a small
angle 6 , can be written in a first order approximation as :

r// = (l-G//e)exp<Jay 6) (11)

r + gi9) (12)

with (for absolute values) :
G//6«l (13)

l (14)
8 « 1 (15)

gl8«l (16)



The coefficients G//, g//, GI and gj. depend only on the wall structure and
materials, and in some cases, of the wavelength.

If the inequalities (13)-(16) are satisfied for 9 = 6n , the two conditions before,

for propagation of the HEn mode are valid. Then, the set of inequalities (13)-(16)

gives the optical boundary conditions for propagation of the HEu mode.

The conditions (13)-(16) are generally fulfilled in oversized waveguides, as shown
in Section IV. An important exception, concerns the smooth metallic waveguide of
large conductivity o, for which the G// and g// values become very important,

which results that, even for grazing incidences, the conditions (13) and (14) are not
achieved, at least at millimeter wavelengths (see Section IV.2 and Appendix A)

and, accordingly the HEn mode cannot propagate.

II.3 • Power transmission of the HEu mode

The power transmission of the HEn mode is optically calculated here by the same

model as given by Crenn in the restricted case of hollow dielectric or low

conducting waveguides [7]. Let us consider a HEu mode of power P. After one
reflection of the beam rays on the wall, the power becomes tiP, where the

transmission ti is given by:

.-i/Jo

,2*

sin2 O + r| cos2 o) d 4>

(17)

and, from Eqs (9) to (12), with 0 = 811, it comes :

= exp(-2G6n) (18)

where we have introduced the function G as :

(19)



This function G , which depends on the structure and materials of the wall, is

called here the wall function.

The number n of reflections of the HEi i mode along a length L of the

waveguide is fitted by the linear function :

-W <20)

and the transmission T of the power is derived from Eqs (8), (18) and (20) as :

k2R3 / (21)

We define an attenuation constant a of the beam power by the relation :

T = exp (- <xL) (22)

and, from Eqs (21) and (22) it comes :

<23)

For the calculation of the transmission T or the attenuation constant a , one has

to determine the wall function G of the different types of waveguides where the

HEn mode can propagate (see Section IV).



Ill - GAUSSIAN BEAMS

III.l - Basic relations

The intensity I of a Gaussian beam propagating along a z-axis, is given at any
point of radial coordinate p by:

(24)

where r is the 1/e intensity radius.

The 1/e field amplitude radius W is also usually considered [9]. These two radius

are simply related by the formula :

W = rV2~ (25)

The changes in the intensity radius r along the z-axis is written as [9] :

Z \2| (26)

The beam contracts to a minimum radius ro at the beam waist (z = O) (Fig. 3).

The beam contour r(z) has asymptotes inclined on the axis at an angle :

which is called the angle of divergence of the Gaussian beam. This Eq (27) is

obviously valid only under the paraxial approximation, generally assumed in

Gaussian beam propagation.
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IH.?. - Power transmission of a Gaussian beam

Let be P the power of the Gaussian beam before entering the guide, and PS the
beam power at the guide exit The transmission is defined as :

= Ps (28)

For the calculation of the Gaussian beam transmission T through hollow circular

waveguides, we use an optical model given by Crenn in the restricted case of
smooth waveguides [8] [1O]. In the usual case of low-loss transmission, this
optical model is consistent with the modal expansion theory of Roullard and Bass

[1 1] and with experimental values [12].

First, let us consider the diffraction of a Gaussian beam of waist radius ro ,
through a circular aperture of radius R (Fig. 4). The aperture and the Gaussian
beam have the same axis, and the waist is located at the aperture. The beam power
PE passing through the aperture is related to the total incident power P by :

(29)
1SIJ

Under the condition TQ < 0.6 R , usually fulfilled and which means that the
diffraction keeps small, the beam in the far-field can be assumed to be a new

Gaussian beam of fictitious waist radius TQ, related to ro by:

The angle of divergence BO of this diffracted Gaussian beam is derived from

Eqs(27) and (30) as:

(31)
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Then, by application of the geometrical optic approximation, all the beam rays are
assumed to come from the center O of the aperture and give in the far-field the
Gaussian beam of power, waist and angle of divergence defined by Eqs (29), (30)

and (31).

If a circular waveguide, with the same radius R, is set just behind the aperture, the

axes being coincident, the rays which all come from the center O are reflected by

the walls. The moduli r// and rj_ of the reflection coefficients are given by

Eqs (1 1) and (12), and the conditions (13) and (15) are assumed to be valid for all

the beam rays of non negligible intensity.

For an elementary beam corresponding to the small angle range (9, 6 + d9), the

power transmission ti after one reflection is derived in the same way as shown by
the Eqs (17) and (18), for the HEn mode, which results m :

t i (e)«exp(-2G6) (32)

where G is given by Eq (19).

The number n of reflections of this elementary beam (6, d6) along the guide is

given by :

(33)

and the power transmission of the elementary beam (6, do) through the guide is
obtained as :

(34)

From this Eq (34), the beam power is derived by the same calculations as given in

Section V of Réf. [8] or Section III of Réf. [10], which results in :

T (35)
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In this Eq (35), the numerator corresponds to the truncation losses of the beam at
the guide entrance, and the denominator to the losses inside the guide.

Combining Eqs (31) and (35), the transmission T can be written versus two
parameters p an q only :

l-exp(--U
T Uîl (36)

where

P=f (37)

and :
rs i

(38)

IV - WALL FUNCTION OF DIFFERENT TYPES OF WAVEGUIDES

It is shown by Eqs (21) and (35) or (36) that the transmission of the HEn mode
and Gaussian beams depends on the wall material and structure through the wall
function G and that it increases for decreasing values of G . In the present
Section, the Fresnel formulas are given at grazing incidences, for different types of
guide walls (Fig. 1), under the conditions (13)-(16), where one makes O = 611

in case of the HEn mode. Then the wall function G is derived from Eq (18).

IV.l • Hollow dielectric waveguides

The Fresnel relations have been derived by Crenn [10] as :

(39)

<p//=0 (40)
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-1

91= TC

where v is the refractive index of the wall material.

The function G is obtained as :

This function G has a minimum value Gm = 2.83 for v = •

IY.2 - Conducting waveguides

The Fresnel relations have been derived by Crenn [8] as :

i^2
* I - 9

= - l+-pf=e
Vv2-!

where v is the complex refractive index of the wall material.

After some algebra, that leads to :

v?

1- v?

2 sin <pi
= rc +

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)
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where the parameters Vi and 91 are related to the complex refractive index v

b y :
^27^ = Vi exp(j<pi) (50)

and are expressed by :

1/4
(51)

=i- Arc tan g r (52)
2 E0O(I-ET)

where a is the conductivity and er the relative dielectric constant of the wall.

The calculation of the function G yields :

i (53)

This function has a minimum value Gm = 2 for (fi = 7t/4 and VI = V2~

Let us remark that the conditions (13) and (14) which are assumed in Eqs (46) and
(47), are not always achieved for large conductivity a . These conditions are

analyzed in Appendix A for the HEu mode, and have been already discussed for

the Gaussian beams [8].

For this type of waveguide, an extensive study of a function N = 2 G has been
presented by Crenn and Belland [13].

IV.3 - Dielectric-lined waveguide

From the calculations in Appendix B, the following relations are derived :

,
Z0(V2- I)(I -cosx|f)
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2 V2 sin v rt* 6 (55)

4RS
— TT a T
Zo(I +cosy) (56)

2 sin w
Jt+-=== Ï 6

V2- 1 (1 + COSV)
(57)

where the parameters are defined in Appendix B.

The function G is derived as :

G = v4

[(v2-l}(l-cos\|r)
(58)

9 RaThis function has a minimum value Gm = ̂ =-*- for

cosy-

IV.4 - Corrugated waveguides

From Appendix C, the calculations leads to the following results ;

(59)

2RS

Z0
6

(60)

(61)

(62)

(63)
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where the parameters are defined in Appendix C.

The calculation of the function G yields :

(64)

This function has a minimum value Gm = •=£•, which is obtained for Z = °° ,
Zo

that is for d = X/4 .

IV.5 - Discussion and comparison

Different results, obtained here for the HEn mode by optical methods, have been
already derived by modal theories based on Maxwell equations. As an example, the

transmission (or attenuation) has been given in hollow dielectric waveguides by

Marcatili and Schmeltzer [1], in conducting waveguides by Marcatili and
Schmeltzer [1], more explicitly by Crenn and Belland [13], and in corrugated

waveguides by Doane [S]. The formulas, obtained here by optical calculations, are

consistent with these preceding results, in the frame of the same approximations.

By introducing the wall function G in the calculations, a direct comparison

between the different types of waveguides becomes easy. For example, it is of
interest to compare the minimum values Gm of the function G , for the types of

waveguides that we have considered, in the infrared and millimeter range. The

results are plotted in Fig. 5. It shows clearly that a considerable improvement is
achieved by the dielectric-lined and corrugated waveguides with respect to the

smooth waveguides, especially for millimeter wavelength operations.

The corrugated waveguides are currently used in ECW systems, at frequencies

lower than 140 GHz at the present time. However, the optimized dielectric-lined

waveguides would also work well. One difficult problem is to manufacture this
type of waveguide and to obtain dielectric materials of small losses, with refractive
index about V = VI.

The waveguides for infrared devices (laser, transmission lines) are largely

oversized. Then, the smooth waveguides, with dielectric or low conducting wall
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become attractive, mainly because of the simplicity of fabrication. The losses keep

small in these waveguides an acceptable for the experiences.

Moreover, the manufacture of corrugated and dielectric-lined waveguides seems

difficult at infrared wavelengths. It must be remarked however, that a dielectric-
lined waveguide has been successfully used in a transmission line experiments at

10.6 mm wavelength [14].

POWER COUPLING BETWEEN THE HEn MODE AND
GAUSSIAN BEAMS

Ia some experimental situations, the problem of the power coupling between the

HEi 1 mode and a Gaussian beam has to be solved, either at the entrance, or at the
exit of a waveguide. For instance, in ECW devices, a Gaussian beam may be

generated by a Vlasov antenna at a gyrotron output, and it must be strongly coupled

to the HEu mode into a long transmission waveguide, in order to keep small
losses and to launch a quasi Gaussian beam at the waveguide exit towards the

plasma.

Let us consider a Gaussian beam entering a circular waveguide (Fig. 6a). This

beam is progressively transformed into modes of the circular guide in a near-field

zone, and it is only after this near-field zone that the modal propagation can be
assumed. From an optical point of view, the directions of the wave vectors k of
the entering beam make a continuous spectrum of angle 6 with the. xis. At the

guide entrance, the beam cannot produce abruptly a set of pure modes for which the
wave vectors kmn make a discrete spectrum of angles 6mn with the axis.

Accordingly, the k spectrum changes in a near-field zone and there is not a direct

coupling of the Gaussian beams to the waveguide modes. Inversely at the end of a
waveguide (Fig. 6b), a HEn mode launches a beam which i*. quasi-Gaussian in

the far-field, but cannot be considered as Gaussian in all the near-field zone [15].

Here, we consider that the Gaussian beam has the same axis as the guide and that

the waist is located at the guide aperture. Different methods have been implemented

in order to calculate the radii ratio ro/R (or Wo/R) which optimizes the power
coupling between the HEn mode and the Gaussian beam at the entrance or at the

exit of circular guides. In the first one, Abrams [16], then Roullard and Bass [11],
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using a modal expansion, obtain ro/R = 0.455 (or Wo/R = 0.6435). Also from

a modal expansion D. Pasquet et al. [17] give ro/R = 0.416 (or Wo/R = 0.588)
at the entrance of the guide and ro/R = 0.408 (or Wo/R = 0.577) at the exit.

One has to emphasize that the near-field effects have been neglected in these modal
expansion methods. From a comparison between optical and electromagnetic
theories of the HEn mode and Gaussian beams transmissions in waveguides,

Crenn [7] yields the value: ro/R = 1 / u i i =0.416 (or

Wo/R = VI/uii = 0.588). Fitting the far-field pattern of the HEn mode by a
Gaussian beam, Rebuffi and Crenn [15] find the value ro/R = 0.421 (or

Wo/R = 0.596). From a Gaussian least-square fit to the far-field of the

HEn mode, Bennet and Hutchinson [18] obtain ro/R = 0.408 (or
Wo/R = 0.577).

Experimental results can also be mentionned. Measuring the far-field pattern of
eight different waveguide lasers, oscillating on the only HEu mode, Bclland and

Crenn [19] found experimental values in the range 0.406 < ro/R ^ 0.426

(or 0.574 <, Wo/R ^ 0.602). Recently, the value ro/R = 0.427 (or
Wo/R = 0.604) was obtained by Graf et al. [20] with a CO2 laser, and from

Balkcum et al. [12] three measurements at millimeter wavelengths result in

r0/R = 0.40 (or Wo/R = 0.57), r0/R = 0.41 (or W0/R = 0.58) and
surprisingly ro/R = 0.37 (or Wo/R = 0.52). However, it is not obvious that the

HEn mode was the only mode in the waveguide for these three last

measurements.

From these theoretical and experimental results, we consider that :

! = 0.42(0^ = 0.39) (65)

is an adequate value of the radii ratio in order to achieve the optimal power coupling

between a Gaussian beam and the HEn mode at the entrance or the exit of the

waveguide. This is somewhat different of the approximate value ro/R = 0.455
(or Wo/R = 0.6435), often quoted in the publications, but which has been found
to be not very precise.
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VI - MATCHING OF A GAUSSIAN BEAM INTO OVERSIZED
CIRCULAR WAVEGUIDES.

The problem of matching a Gaussian beam into an oversized circular waveguide,
lies in determining the beam parameters at the guide entrance, which minimize the
power losses through the guide. It is somewhat different than to optimize the
coupling of the Gaussian beam to the lowest order mode HEn, because the
attenuation in the near-field zone inside the guide must be taken into account as well
as the truncation losses by the entrance aperture (Fig. 6-a). However, the question
of matching the Gaussian beam into the waveguide is reduced to couple this beam
to the HEn mode, in case of long waveguides, when the attenuation in the modal
zone becomes so important that it makes negligible the losses contribution of the
near-field zone, and of the entrance aperture.

As discussed in a preceding paper by Belland and Crenn [21] the matching
problem is solved by determining an optimal value of the waist for a Gaussian
beam having the same axis as the guide and with the waist located at the guide
entrance. For this purpose we consider the power transmission as expressed by
Eq (36). Then, using the same method as described in Réf. [21], for each q
value, the corresponding value PM of p which gives a maximum TM of the
transmission T is derived. The result is displayed on Fig. 7. For q values up to
about q = 5.1O-3, the curve is well fitted by a straight line, which leads to the
following matching formulas :

(66)

where In means Napierian logarithm.and for q > 5.10'3 , one has :

= 0.42 (67)

By comparison to the previous result by Belland and Crenn [21] we have
considered here general types of waveguides determined by the wall function G,

instead of only smooth waveguides, and we have chosen the more exact value 0.42
for the coupling coefficient of the Gaussian beam with the HEn mode.
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The result may be discussed as follows : two different regions are shown in

Fig. 7. In the region I, corresponding to short waveguides, the losses come
mainly from the truncation by the aperture entrance and by the near-field zone in the

guide : the optimum value of ro/R is given by Eq (66). In the region II,

corresponding to long waveguides, the losses in the modal zone prevails, leading to
couple the Gaussian beam with the HEl 1 mode in order to minimize these losses,

and accordingly ro/R must be given by Eq (67).

However, as shown by Crenn [10], Eqs [35] or [36] can still be used with q

values of the region II, but, as the accuracy of the optical model begins to fail in

the modal zone, the error increases with q. Experimental results by Balkcum et
al. [12] show that Eq (35] can be used satisfactorily even for attenuations

exceeding 40 %, which corresponds to a q value in the region II.

VII - CONCLUSION

The main characteristics and the power transmission of the HEIl mode and

Gaussian beams through different types of oversized circular waveguides have

been derived from an optical analysis. General relations giving the transmission

have been obtained. A comparison between the different types of waveguides

shows the theoretical superiority of the dielectric-lined and corrugated waveguides

over the smooth wall waveguides, especially at the millimeter wavelengths. Hollow

dielectric and low-conducting waveguides are usable only when they are very

oversized, which is the case in some infrared devices.

A review of formulas for the coupling between Gaussian beams and the

HEn mode has been presented and leads finally to derive the following optimized

coupling relation : ro = 0.42 R (or WQ = 0.59 R). The question of matching a

Gaussian beam into a circular guide is analyzed and general formulas giving the

optimum value cf ro/R versus guide and wave parameters are obtained.

Beside these new results, we must emphasize the physical interest in the derivation

of the main properties of the HEn mode and Gaussian beams in oversized

waveguides only by means of optical theories, instead of the current

electromagnetic methods based on the solutions of the Maxwell equations in the

guide. The good agreement between the optic and electromagnetic results must also

be pointed out.



APPENDIX A

BOUNDARY CONDITIONS FOR THE PROPAGATION

OF THE HEn MODE IN SMOOTH CONDUCTING WAVEGUIDES

Using Eqs (8), (9), (46) and (47), the boundary conditions expressed by Eqs (13)
and (14) for the HEn mode, can be written as :

(AD

*U Sin (P1 l «1 (A2)

For large values of o, Eqs (51) and (52) are reduced to :

(A3)

and :
q>l ~ Jt/4 (A4)

After some calculations, the conditions (Al) and (A2) become equivalent to the
following one :

^ / if _ *

(A5)
2 Tt

or :
R » 4.2 X Y^CT (A6)

where R and X are expressed by meters and o by mhos/meter.

As an application, we consider first a metal of high conductivity or at millimeter

and infrared wavelengths. For instance :

a = 2.107 U An

which is roughly the conductivity value of copper.
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The condition (A6) gives at different wavelengths :

X = 2.14 mm (f = 140 GHz) : R » 2 m

X = 100 Jim : R » 20 mm
X = 10 Jim : R » 0.60 mm

Next, considering the stainless steel material, with the approximate conductivity :

C = 4.105 UAn

it comes :
X = 2.14 mm (f = 140 GHz) : R » 80mm

X = 100 Jim : R » 2.7 mm

X = IOj Im :R» 0.08mm

These numerical applications show that it is not actually possible to generate the
HE ii mode in current oversized smooth metallic waveguides at millimeter

wavelengths. However, that can be true at infrared wavelengths, even for metallic

waveguides of diameters as small as few centimeters.
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APPENDIX B

FRESNEL RELATIONS IN DIELECTRIC-LINED WAVEGUIDES

The main parameters of a dielectric-lined waveguide are defined in Fig. 8. The
refractive index v of the dielectric layer is supposed to have only a real part. The

surface resistivity RS of the metallic wall is defined by :

The complex refractive index v' of the metal can be written as :

~ yj O2)

where :
v«^ Z0

The reflections of the beam rays are analyzed under the two conditions.

fe«i
v1 » v

04)

The first condition means that the beam has grazing incidences in the oversized
waveguide.

The surface resistivity of the metal is assumed to be small in order to achieve the

second condition. Owing to the grazing incidence, the incident wave is mainly
reflected by the dielectric layer. The small part of the wave which crosses the

dielectric layer is not at a grazing incidence on the metallic wall and accordingly is

well reflected, whatever the polarization is. if the two reflected waves I ana II are in
phase, a very large reflection coefficient may be achieved.

From the law of refraction, under the conditions (B4), the following relations are
obtained :
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sin ia = • -v

• Vv 2 -1in = J-* L

V
COS 12 '

(B5)
sin 13 = =é-

v'

COS !3 = -1-*=:
V

Let us consider the complex reflection coefficients, rw for the dielectric-h'ned wall,

FI 2 for mediums 1 and 2,and?23 for mediums 2 and 3 . The corresponding

moduli and phases are given by :

rw = rwexp(j«Pw)

r12=ri2exp(j<Pl2)

(B6)

(B7)

(B8)

According to Eqs (39)-(42) it comes ?i2 = T\2 for E = E// and ?i2 = -ri2 for
E = Ej. .

Using Eqs (B4), (B5) and the Fresnel relations, the parameters ri2, T23 and 923

are calculated for the Electric fields E// and EJL , which gives :

-i- (B9)

= 71-.

v2-!

for E//, and :
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r12

v2-!

1 = 1- (BlO)

v'

for EJL .

From Born and Wolf (See Eqs (30) and (31) p. 632 in Réf. [22]), we have :

• T^3 + 2f12-r2 3 COS ((J)23 +y)

+ 2 ?12>r2 3

and :

tg<Pw!

ri2 (l + r|3) + r23 (l + F^2) cos (923 + v)

(BIl)

(B12)

where the angle V|/ is defined by :

\l/ = 2 k v d cos Ï2

or by taking into account Eq (B5) :

\/ = 2 k d V v 2 - l

(B 13)

(B14)

The expressions of r//, (p//, TI and <pi, which correspond to rw and cpw

respectively for E// and EI , are derived from Eqs (B3), (B4), (B9), (BlO),

(BIl) and (B12), and are given by Eqs (54)-(57).
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APPENDIX C

FRESNEL RELATIONS IN CORRUGATED WAVEGUIDES

The impedance of the waveguide walls looks like an anisotropic impedance having
a surface resistivity R5 and the following reactances [S] :

A transverse reactance :

2O = =0

z'p=R

A longitudinal reactance :

(C2)

where Z is a normalized reactance which may be approximated as :

Z=£tankd (C3)

The parameters S , h and d are defined in Fig. 9. From Doane [5], this
Eq (C3) works well for h values as large as 0.3 to 0.4 X.

Equivalent circuits for the calculation of F// and ?j. are shown in Fig. 10, where

the characteristic impedances Zc at grazing incidences, are given by :

Z0 = ZQ sin 0

(C4)

for EU , and :
Zc = Zo/sin 6

(C5)

for Ej..
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The corresponding reflection coefficients are obtained as :

Rs1JZoZ-ZOi
v '

and :
F Rs6-Zo

R s6+Zo

which leads for the coefficients r//, <p//, rj. and <px to Eqs (60)-(63).

Acknowledgement

The author would like to thank P. Bibet and G. Tonon for critical reading of the

manuscript.



28

REFERENCES

[I] E.AJ. Marcatili and R.A. Schmeltzer, Bell Syst. Tech. J., 41, 1783

(1964).

[2] JJ. Degnan, Appl. Phys., U, 1 (1976).

[3] J.W. Carlin and P. D'Agostino, Bell Syst. Tech. J., 52, 453 (1973).

[4] C. Dragone, I.E.E.E Trans. Microwave Theory Tech. 2&, 704 (1980).

[5] J. Doane, Infrared and Millimeter Waves, 12,123, Academic Press (1985).

[6] W. Henle, A. Jacobs, W. Kasparek, H. Kumria G.A. Millier,

P.G. Schuller, M. Thumm, F. Engelmann, L. Rebuffi, Proc. 16th SOFT,

London (1990) in Fusion Technology 1990, Elsevier Science Pubvlishers

B.V., 1991, 238.

[7] J.P. Crenn, Appl. Opt., 23., 3428 (1984).

[8] J.P. Crenn, Appl. Opt., 24, 3648 (1985).

[9] H. Kogelnik and T. Li, Appl. Opt., 5, 1550 (1966).

[10] J.P. Crenn, Appl. Opt., 21, 4533 (1982).

[II] P.P. Roullard and M. Bass, I.E.E.E J. Quantum Electron., OE-13. 813

(1977).

[12] A. Balkcum, R. Ellis, D. Boyd, S. Guharay, Int. J. Infrared Millimeter

Waves 12,1321(1992).

[13] J.P. Crenn and P. Belland, Int. J. Infrared Millimeter Waves, L 1483

(1986).



29

[14] M. Miyagi, A. Hongo, Y. Aizawa, S. Kawakami, Appl. Phys. Lett, 43.

430 (1983).

[15] L. Rebuffi and J.P. Crenn, Int. J. Infrared Millimeter Waves lu, 291

(1989).

[16] R.L. Abrams, J. Quantum Electron., OE-8. 838 (1972).

[17] D. Pasquet, J.L. Gautier, P. Pouvil, Int. J. Infrared Millimeter Waves, 9_,

555 (1988).

[18] C.A. Bennet and D.P. Hutchinson, Appl. Opt., 28» 2581 (1989).

[19] P. Belland and J.P. Crenn, Optics Comm. 45., 165 (1983).

[20] U.U. Graf, A.I. Harris, J. Stutzki and R. Genzel Int. J. Infrared

Millimeter Waves, 12,1313 (1992).

[21] P. Belland and J.P. Crenn, Int. J. Infrared Millimeter Waves, IQ, 1279

(1989).

[22] M. Born, E. Wolf, Principles of Optics, Pergamon Press, New-York

(1970).



30

er, o

(a) (b)

^//////////////7//77//////S

Dielectric
(d)

Metal

Fig. 1 : Hollow oversized circular waveguides

(a) Conducting waveguide

(b) Dielectric waveguide

(c) Corrugated waveguide

(d) Dielectric-lined waveguide
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Fig. 3 : Main parameters of a Gaussian Beam
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Fig. 5 : Minium Gm of the wall function G
(1) Hollow dielectric waveguide (3) Dielectric-lined waveguide
(2) Conducting waveguide (4) Corrugated waveguide

A, (mm)
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Fig. 6 : Coupling between a beam and waveguide modes

(a) At the guide entrance
(b) At the guide exit : HE11 mode and Gaussian beam
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Fig. 7 : Matching of a Gaussian beam into circular waveguides
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Fig. 8 : Dielectric-lined waveguide
(a) General structure
(b) Reflection of a beam ray



Fig. 9 : Geometric parameters of a corrugated waveguide
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Fig. 10 : Equivalent circuit for beam reflection in a corrugated waveguide

(a) Electric field E//

(b) Electric field EI


