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Abstract—This paper presents an improved approach for the
propagation of electromagnetic (EM) fields along a helical hollow
waveguide that consists of two bendings in the same direction. In
this case, the objective is to develop a mode model for infrared (IR)
wave propagation, in order to represent the effect of the radius of the
cylinder of the helix and the step’s angle on the output fields and the
output power transmission. This model enables us to understand more
precisely the influence of the step’s angle and the radius of the cylinder
of the helix on the output results of each section (bending). The output
transverse components of the field, the output power transmission and
the output power density for all bending are improved by increasing
the step’s angle or the radius of the cylinder of the helix, especially in
the cases of space curved waveguides. This mode model can be a useful
tool to improve the output results in all the cases of the helical hollow
waveguides with two bendings for industrial and medical regimes.

1. INTRODUCTION

Various methods of cylindrical hollow metallic or metallic with inner
dielectric coating waveguide have been proposed in the literature [1-
18]. A review of the hollow waveguide technology [1,2] and a
review of IR transmitting, hollow waveguides, fibers and integrated
optics [3] were published. The first theoretical analysis of the problem
of hollow cylindrical bent waveguides was published by Marcatili
and Schmeltzer [4], where the theory considers the bending as a
small disturbance and uses cylindrical coordinates to solve Maxwell
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equations. They derive the mode equations of the disturbed waveguide
using the ratio of the inner radius 7 to the curvature radius R as a small
parameter (r/R < 1). Their theory predicts that the bending has little
influence on the attenuation of a hollow metallic waveguide. However,
practical experiments have shown a large increase in the attenuation,
even for a rather large R.

Marhic [5] proposed a mode-coupling analysis of the bending
losses of circular metallic waveguide in the IR range for large bending
radii. In the circular guide it is found that the preferred T'Fy; mode
can couple very effectively to the lossier T'M7; mode when the guide
undergoes a circular bend. The mode-coupling analysis [5] developed
to study bending losses in microwave guides has been applied to IR
metallic waveguides at A = 10.6 um. For circular waveguides, the
microwave approximation has been used for the index of refraction and
the straight guide losses, and the results indicate very poor bending
properties due to the near degeneracy of the T'Fy; and T'Mp1 modes,
thereby offering an explanation for the high losses observed in practice.

Miyagi et al. [6] suggested an improved solution, which provided
agreement with the experimental results, but only for r/R < 1. A
different approach [5,7] treats the bending as a perturbation that
couples the modes of a straight waveguide. That theory explains
the large difference between the metallic and metallic-dielectric bent
waveguide attenuation. The reason for this difference is that in metallic
waveguides the coupling between the TE and TM modes caused by the
bending mixes modes with very low attenuation and modes with very
high attenuation, whereas in metallic-dielectric waveguides, both the
TE and TM modes have low attenuation. The EH and HE modes have
similar properties and can be related to modes that have a large TM
component.

Hollow waveguides with both metallic and dielectric internal
layers were proposed to reduce the transmission losses. Hollow-core
waveguides have two possibilities. The inner core materials have
refractive indices greater than one (namely, leaky waveguides) or the
inner wall material has a refractive index of less than one. A hollow
waveguide can be made, in principle, from any flexible or rigid tube
(plastic, glass, metal, etc.) if its inner hollow surface (the core) is
covered by a metallic layer and a dielectric overlayer. This layer
structure enables us to transmit both the TE and TM polarization
with low attenuation [5,7].

A method for the EM analysis of bent waveguides [8] is based on
the expansion of the bend mode in modes of the straight waveguides,
including the modes under the cutoff. A different approach to calculate
the bending losses in curved dielectric waveguides [9] is based on
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the well-known conformal transformation of the index profile and
on vectorial eigenmode expansion combined with perfectly matched
layer boundary conditions to accurately model radiation losses. An
improved ray model for simulating the transmission of laser radiation
through a metallic or metallic dielectric multibent hollow cylindrical
waveguide was proposed in [10,11]. It was shown theoretically and
proved experimentally that the transmission of COs laser radiation is
possible even through bent waveguide.

The propagation of EM waves in a loss-free inhomogeneous hollow
conducting waveguide with a circular cross section and uniform plane
curvature of the longitudinal axis was considered in [12]. For small
curvature the field equations can be solved by means of an analytical
approximation method. In this approximation the curvature of the
axis of the waveguide was considered as a disturbance of the straight
circular cylinder, and the perturbed torus field was expanded in
eigenfunctions of the unperturbed problem. An extensive survey of the
related literature can be found especially in the book on EM waves and
curved structures [13]. The radiation from curved open structures is
mainly considered by using a perturbation approach, that is by treating
the curvature as a small perturbation of the straight configuration.
The perturbative approach is not entirely suitable for the analysis of
relatively sharp bends, such as those required in integrated optics and
especially short millimeter waves.

The models based on the perturbation theory consider the bending
as a perturbation (r/R < 1), and solve problems only for a large radius
of curvature.

Several methods of propagation along the toroidal and helical
waveguides were developed in [14-18], where the derivation is based
on Maxwell’s equations. The method in [14] has been derived for
the analysis of EM wave propagation in dielectric waveguides with
arbitrary profiles, with rectangular metal tubes, and along a curved
dielectric waveguide. An improved approach has been derived for the
propagation of EM field along a toroidal dielectric waveguide with a
circular cross-section [15]. The method in [16] has been derived for
the propagation of EM field along a helical dielectric waveguide with
a circular cross section. The method in [17] has been derived for the
propagation of EM field along a helical dielectric waveguide with a
rectangular cross section. It is very interesting to compare between
the mode model methods for wave propagation in the waveguide with
a rectangular cross section, as proposed in Refs. [14,17] as regard
to the mode model methods for wave propagation in the waveguide
with a circular cross section, as proposed in [15,16]. The methods
in [14, 15] have been derived for one bending of the toroidal waveguide
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(approximately a plane curve) in the case of small values of step angle
of the helix. The methods in [16, 17] have been derived for one bending
of the helical waveguide (a space curved waveguide) for an arbitrary
value of the step’s angle of the helix. The method in [18] has been
derived for the propagation of EM field along the toroidal waveguide
that consists of two bendings in the same direction, and the main steps
of the method for the two bendings were introduced, in detail, for small
values of step angles. The methods in [14-18] employ toroidal or helical
coordinates (and not cylindrical coordinates, such as in the methods
that considered the bending as a perturbation (r/R < 1)).

The calculations in all the two above methods [14-18], are based
on using Laplace and Fourier transforms, and the output fields are
computed by the inverse Laplace and Fourier transforms. Laplace
transform on the differential wave equations is needed to obtain the
wave equations (and thus also the output fields) that are expressed
directly as functions of the transmitted fields at the entrance of the
waveguide at ¢ = 0%. Thus, the Laplace transform is necessary to
obtain the comfortable and simple input-output connections of the
fields. The objective in all these methods [14-18] was to develop a
mode model in order to provide a numerical tool for the calculation of
the output fields for a curved waveguide. The technique of the methods
is quite different. The technique for a rectangular cross section [14, 17]
is based on Fourier coefficients of the transverse dielectric profile and
those of the input wave profile, and the output fields were computed
by the inverse Laplace and Fourier transforms. On the other hand,
the technique for a circular cross section [15,16,18] was based on
the development of the longitudinal components of the fields into
Fourier-Bessel series, and the transverse components of the fields were
expressed as functions of the longitudinal components in the Laplace
plane and were obtained by using the inverse Laplace transform.

The main objective of this paper is to generalize the method [18]
from a toroidal dielectric waveguide (approximately a plane curve) with
two bendings to a helical waveguide (a space curved waveguide for an
arbitrary value of the step’s angle of the helix) with two bendings.
The objective is to presents an improved approach for the propagation
of EM field in the case of the helical waveguide that consists of two
bendings in the same direction. The main steps of the method for
the helical waveguide with two bendings will be introduced in the
derivation, for arbitrary values of the step’s angle (and not for small
values of step angles). Our method employs helical coordinates (and
not cylindrical coordinates, such as in the methods that considered
the bending as a perturbation (r/R < 1)). The derivation for the first
section and the second section of the helical waveguide with the two
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bendings is based on Maxwell’s equations. The separation of variables
is obtained by using the orthogonal-relations. The longitudinal
components of the fields are developed into the Fourier-Bessel series.
The transverse components of the fields are expressed as functions of
the longitudinal components in the Laplace plane and are obtained by
using the inverse Laplace transform by the residue method. The results
of this model are applied to the study of helical hollow waveguides
with two bendings, that are suitable for transmitting IR radiation,
especially COs laser radiation. In this paper, we supposed that the
modes excited at the input of the waveguide by the conventional CO»
laser IR radiation (A = 10.6 um) are closer to the TEM polarization
of the laser radiation. The T E M,y mode is the fundamental and the
most important mode. This means that a cross-section of the beam
has a Gaussian intensity distribution.

2. THE DERIVATION

The method presented in [18] is generalized from a toroidal waveguide
(approximately a plane curve) with two bendings to a helical waveguide
(a space curved waveguide for an arbitrary value of the step’s angle of
the helix) with two bendings. Namely, the calculations in our method
are dependent also on the arbitrary value of the step’s angle of the helix.
This model enables us to understand more precisely the influence of the
step’s angle and the radius of the cylinder of the helix on the output
results of each section (bending).

E"ozzErl’ E602=E61
Hruz :Hrl’ HGOQ:HQI

(a)

Figure 1. (a) A general scheme for a helical waveguide with two
bendings in the same direction. (b) The helical circular waveguide.
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Let us assume that the helical waveguide consists of two bendings
in the same direction as shown in Fig. 1(a). The helical circular
waveguide is shown in Fig. 1(b). The main steps for calculations of
the output fields and the output power transmission in the case of
the helical waveguide with two bendings in the same direction are
introduced in this derivation, based on the method presented in [18].
The coordinates of an arbitrary point on the toroidal system (r, 6, ()
with a given bending (R) are shown in Fig. 2, where X = Rcos ¢ and
Y = Rsin¢.

Further, we assume that the first bending (Fig. 1(a)) is R, the
length is (1 = (Ri¢1)/cosdp, and the metric coefficient is he =
1 + (r/Ry)sinfcos?(8,), where &, is the step’s angle of the helix.
Likewise, the radius of the curvature of the second bending is Ro,
the length is (o = (Ra¢2)/ cosép, and the metric coefficient is h¢, =
1+ (r/R2) sin fcos?(8,), as shown in Fig. 1(a). The total length in this
case is given by ¢ = (1 + (». The cases for a straight waveguide are
obtained by letting Ry — oo and Ry — 0.

We start by finding the metric coefficients from the helical
transformation of the coordinates. The helical transformation of the
coordinates is achieved by two rotations and one translation, and is

Figure 2. A general scheme of Figure 3. Rotations and transla-
the toroidal system (r, 6, () and tion of the orthogonal system (X,
the curved waveguide. ¢, Z) from point A to the orthog-

onal system (X,Y, Z) at point K.
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given in the form:

X cos(¢e) —sin(¢pe) 0\ /1 0 0 r sinf
(Y) = (sin(d)c) cos(¢e) 0> (O cos(0p) —sin((;%))( 0 )

Z 0 0 1/ \0 sin(dp)  cos(dp r cos6
R cos(¢¢)
+ (RSiH(¢c)> : (1)
¢ sin(dp)

where ( is the coordinate along the helix axis, R is the radius of the
cylinder, ¢, is the step’s angle of the helix (see Figs. 3-4(a)), and
¢e = (Ccos(bp))/R. Likewise, 0 < r < a + 0y, where 2a is the
internal diameter of the cross-section of the helical waveguide, §,, is the
thickness of the metallic layer, and d is the thickness of the dielectric
layer (see Fig. 4(b)).

Figure 3 shows the rotations and translation of the orthogonal
system (X, ¢, Z) from point A to the orthogonal system (X,Y, Z) at
point K. In the first rotation, the ¢ and Z axes rotate around the X
axis of the orthogonal system (X, ¢, Z) at the point A until the Z axis
becomes parallel to the Z axis (Z || Z), and the ¢ axis becomes parallel
to the X,Y plane (¢ ||(X,Y)) of the orthogonal system (X,Y,Z) at
the point K. In the second rotation, the X and ¢ axes rotate around
the Z axis (Z || Z) of the orthogonal system (X, ¢, Z) until X || X and
¢ || Y. After the two above rotations, we have one translation from the
orthogonal system (X, ¢, Z) at the point A to the orthogonal system
(X,Y,Z) at the point K.

7 Z
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Figure 4. (a) Deployment of the helix. (b) A cross-section of the
waveguide (r, 6).
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Figure 4(a) shows the deployment of the helix depicted in Fig. 3.
The condition for the step’s angle ¢, is given according to

2 1)
2L 0m), ®)
2R

where the internal diameter is denoted as 2a, the thickness of the
metallic layer is denoted as d,,,, and the radius of the cylinder is denoted
as R.

According to Equation (1), the helical transformation of the
coordinates becomes

tan(d,) >

X = (R+ rsin@) cos(¢.) + rsin(dy) cos O sin(¢p.), (3a)
Y = (R + rsinf)sin(¢.) — rsin(dp) cos 0 cos(pe), (3b)
Z =rcos B cos(dp) + ¢ sin(dp). (3¢)

where ¢. = ((/R) cos(dp), R is the radius of the cylinder, and (r, 0) are

the parameters of the cross-section. Note that ¢ sin(é,) = Re. tan(dp).
The metric coefficients in the case of the helical waveguide

according to Equations (3a)—(3c) are:

hy=1, (4a)

h@ =T, (4b)

hCZ\/<1 + T sin 9)2 cos?(d,) + sin?(p) (1 + ﬁC0529C052(5 ))
R P P R2 P

2 2 2
= \/1—{— ET sin fcos?(d,) + %SiHQGCOSQ((Sp) + %COSQGCOSZ((SP)SiHQ((Sp)

1

1+ %sin Ocos®(3,). (4c)

Furthermore, the third and the fourth terms in the root of the
metric coefficient h¢ are negligible in comparison to the first and the

second terms when (r/R)? < 1. Nonetheless, the metric coefficient
h¢ still depends on §,, the step’s angle of the helix (Fig. 4(a)). Note
that the metric coefficient h¢ is a function of r and 6, which causes a
difficulty in the separation of variables. Thus, the analytical methods
are not suitable for the helical or the curved waveguide. In this method,
the separation of variables is performed by employing the orthogonal-
relations. The cross-section of the helical waveguide in the region
0 <r < a-+ 6y, is shown in Fig. 4(b), where §,, is the thickness of
the metallic layer, and d is the thickness of the dielectric layer.
Further, we assume that the derivation is based on an arbitrary
value of the step’s angle of the helix (J,). For small values of the step’s
angle, the helical waveguide becomes a toroidal waveguide, where the
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radius of the curvature of the helix can then be approximated by the
radius of the cylinder (R). In this case, the toroidal system (7, 6, ()
in conjunction with the curved waveguide is shown in Fig. 2, and the
transformation of the coordinates (3(a)—(c)) is given as a special case
of the toroidal transformation of the coordinates, as follows

X = (R +rsinf) cos (é) , (ba)
Y = (R + rsinf)sin <]<%) , (5b)
Z =rcosb, (5¢)
and the metric coefficients are given by
hy =1, (6a)
hg =, (6b)
he =1+ %sin 0. (6¢)

The generalization of the method from a toroidal waveguide [18]
(approximately a plane curve) with two bendings to a helical waveguide
(a space curved waveguide for an arbitrary value of the step’s angle of
the helix) with two bendings is presented in this paper. The derivation
is based on Maxwell’s equations for the computation of the EM field
and the radiation power density at each point during propagation along
a helical waveguide, with a radial dielectric profile. The longitudinal
components of the fields are developed into the Fourier-Bessel series.
The transverse components of the fields are expressed as a function of
the longitudinal components in the Laplace transform domain. Finally,
the transverse components of the fields are obtained by using the
inverse Laplace transform by the residue method, for an arbitrary value
of the step’s angle of the helix (d,).

The wave equations for the electric and magnetic field components
in the inhomogeneous dielectric medium €(r) are derived for a lossy
dielectric media in metallic boundaries of the waveguide. The cross-
section of the helical waveguide is shown in Fig. 4(b) for the application
of the hollow waveguide, in the region 0 < r < a4+ ¢,,, where d,, is the
thickness of the metallic layer, and d is the thickness of the dielectric
layer.

The derivation is given for the lossless case to simplify the
mathematical expressions. In a linear lossy medium, the solution
is obtained by replacing the permittivity € by e, = € — j(o/w) in
the solutions for the lossless case, where €. is the complex dielectric
constant, and o is the conductivity of the medium. The boundary
conditions for a lossy medium are given after the derivation. For most
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materials, the permeability p is equal to that of free space (u = po).
The wave equations for the electric and magnetic field components in
the inhomogeneous dielectric medium €(r) are given by

V2E 4 w?ucE + V <E v:) =0, (7a)

and
V2H + w?pueH + Ve o (VxH) =0, (7b)
€

respectively. The transverse dielectric profile (e(r)) is defined as
eo(1 4 g(r)), where €y represents the vacuum dielectric constant, and
g(r) is its profile function in the waveguide. The normalized transverse
derivative of the dielectric profile (g,) is defined as (1/¢(r))(e(r)/Or).

From the transformation of Equations (3a)—(3c) we can derive the
Laplacian of the vector E (i.e., V2E), and obtain the wave equations
for the electric and magnetic fields in the inhomogeneous dielectric
medium. It is necessary to find the values of V - E, V(V - E),
V x E, and V x (V x E) in order to obtain the value of V?E, where
V2E = V(V-E) -V x (V x E). All these values are dependent on the
metric coefficients ((4a)—(4c)).

The ¢ component of V?E is given by

2 0 0 1
2 .
(V E); = V°E; + Rh2 [smGaCE —i—cos@agEo] - RTthC7 (8)
where
o2 1 02 10
2
ViE = 82E<+ 2392EC+7“87’E
1 [sinf O cosf O 1 92
- = ——E -+ —-5E
hg[ R or T TR 907 hoac 4] ©)

The longitudinal components of the wave Equations (7a) and (7b) are
obtained by deriving the following terms

{v (E V;)L: hlcgg[Ergr], (10)

[W X (V xH)]

and

\Y%
= jwe [6 X E] = jweg, Fy. (11)
€ €

¢ ¢
The longitudinal components of the wave Equations (7a) and (7b) are
then written in the form

(V’E) + kB¢ + — Lo

h ac (Ergr) =0, (12)

(V2H)< + k*H; + jweg,Ep =0, (13)
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where (V2E)¢, for instance, is given in Equation (8). The local wave

number parameter is k = wy/pe(r) = koy/1 + g(r), where the free-
space wave number is kg = w./l0€q-
The transverse Laplacian operator is defined as
1 6?
2 _ o2

The Laplace transform
a(s) = £La(0) = [ ol (15)

is applied on the (-dimension, where a({) represents any (-dependent
variables, where ( = (R¢.)/ cos( p)-

The next steps are given in detail in [15,18], as a part of our
derivation. Let us repeat these main steps, in brief.

The longitudinal components of the fields (E¢, H¢) are developed
into Fourier—Bessel series as follows:

ZZ i (8)cos(n'0) + By (s )sin(n’@)]Jn/<Pn/m/£>, (16a)

ZZ wim (8)€08(n'0) 4 Dy (s)sin(n'6)]J,, ( ) (16b)

where an and P! are the mth roots of the equations J,,(z) = 0 and
dJ,(x)/dx = 0, respectively.

By substituting Equation (8) into Equation (12) and by using
the Laplace transform (15), the longitudinal components of the wave
equations (Equations (12) and (13)) are described in the Laplace
transform domain, as coupled wave equations. The transverse fields for
the first section of the helical hollow waveguide with two bendings at
¢ = (1 are obtained directly from the Maxwell equations, and by using
the Laplace transform (15). The transverse fields for the first section
of the helical hollow waveguide are dependent only on the longitudinal
components of the fields and as function of the step’s angle (,) of the
helix, as follows:

~ 1 Jwpo ~ 0 ~
Ey (5)252 T kzhgl {_ r [Rl cos fcos? (0p)He, +he, aeHC1:| he,

sin 6 . 0 ~ )
+s { i cos?(8,) B¢, +he, (%E@}%—SETO —jw,ungohgl} . (17a)
- 1 s ~ 0 =
Ey (S):isQ FcToal e R—l cos fcos? (0p)E¢, + he, %EQ

sinf ~ 0 ~ ,
+jwu0hgl{ 7 cos (5p)Hg1+h(18THQ]+8E90+]WM0Hroh<1},(17b)
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~ 1 Jwe | 9 ~ 0 -
HH(S):W {7“ [Rl cos fcos (5P)EC1 + h(l aeECI] hCl

ino 5 0 ~
+s FE cos” () He, +he, arHﬁ] +SHT°+jWEE9°hQ} - (7
1

r

. B 1 s|r 9 . 0 -
I‘Igll (S)—W { |:R1 COS QCOS (5P)HC1 + hclaeH<‘1:|

— jwehg, [S-erllecosQ(&p)EQ%- hC1£E41] +sHg, — jweEr, hgl}, (17d)
where (7 is the coordinate along the first section of the helical axis, Ry
is the radius of the cylinder of the first section of the helical axis, where
the metric coefficient is h¢, = 1+ (r/Ry) sin fcos?(5,). The transverse
fields are substituted into the coupled wave equations. The longitudinal
components of the fields are developed into Fourier-Bessel series, in
order to satisfy the metallic boundary conditions of the circular cross-
section. The condition is that we have only ideal boundary conditions
for ¥ = a. Thus, the electric and magnetic fields will be zero in
the metal. Two sets of equations are obtained by substitution the
longitudinal components of the fields into the wave equations. The
first set of the equations is multiplied by cos(nf)J,(Pymr/a), and after
that by sin(n)J,(Pumr/a), for n # 0. Similarly, the second set of
the equations is multiplied by cos(n)J, (P’ nmr/a), and after that by
sin(nf)Jp (P’ pmr/a), for n # 0. In order to find an algebraic system
of four equations with four unknowns, it is necessary to integrate
over the area (r,6), where r = [0,a], and 6 = [0,27], by using the
orthogonal-relations of the trigonometric functions. The propagation
constants [y, and [, of the TM and TE modes of the hollow

waveguide [19] are given, respectively, by Bum = \/k2 — (Pum/a)’

and 3, =1/k2— (P, /a)? where the transverse Laplacian operator

(V2 ) is given by —(P,,,/a)? and —(P.,. /a)* for the TM and TE modes
of the hollow waveguide, respectively.

2.1. The Elements of the Boundary Conditions’ Vectors in
the Entrance of the First Section of the Helical Waveguide.

The separation of variables is obtained by using the orthogonal-
relations. Thus the algebraic equations (n # 0) are given by

oA, + 0D, = L(BOD), . (18a)
i

—

a@ B, + 20, = L(BC2), . (18D)
T

n
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BB, +a¥C, = l(Ec\:s)n, (18¢)
v

8D A, +a® D, = L(BC), . (18d)
s

Further we assume n’ = n = 1. The elements (ag), ﬂ,(}), etc), on
the left side of (18a) for n = 1 are given for an arbitrary value of the
step’s angle (d,,) for the first section of the helical waveguide by:

a(ll)mm’ _ 71'(82 + ﬁ%m’) [(3 + ko) G( ym + koG((n)mm/]

]. mm/ ]- mm’
+7rﬁk <4cos4(5p)G(()12) + 50084 (5p)Gé? >

mm 1
—|—7rk‘0{ 245" G 4 —

o (ot )

3 mm/ mm/
s B ot (3,) (GR™ + G )

2R7
1 mm/ mm/

+ o' (6) (Gl + ™)
1 mm

8R4 ——cos® () (G(l) —i—G(l) ) }

mm 1 mm/
+7s? [G%) + Wcosz(ép)Gé}))

1 1)ymm/’ mm
+4T%2 (cos4(5p)51m/G02) + cos? (3, )G(l) )
1
1 Py
2R?

3 ’ ’
4 (1)ymm (1)ymm
+7Tk0COS4((5p) |:2_R2 <G03 + GU4 )

b1 '
cosQ(cSp) <G%)mm + 5(:052(5P)G§11)"qu )}

1 8 (1)mm/ (L)ymm/’ ]
+——c0s°(0p) | Gy + G5 , (19a)
8R} b ( )

mm/ . mm/ 1 3
= )

1 (L)m (1)m
+ <2 + cos?(d, )) RQG 2R2G

1P 1m! ~(1)mm/
Rif a G16 } )
(1)ymm/’

where the elements of the matrices (G , etc.) are given in

—cos?(3,) (19Db)
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Appendix A. Similarly, the rest of the elements on the left side in
Equations (18a)—(18d) are obtained. We establish an algebraic system
of four equations with four unknowns. All the elements of the matrices
in the Laplace transform domain are dependent on the step’s angle
of the helix (0p), the Bessel functions; the dielectric profile g(r); the
transverse derivative g,(r); and (r, 6).

The elements of the boundary conditions’ vectors on the right side
in Equations (18a)—(18d) are changed at the entrance of every section
of the helical waveguide with two bendings. These elements are given
in conjunction with the excitation of every section, as follows:

—

(BCT), - /O ” /0 "(BC1) cos(0)1 (Punr fa)rdrdd,  (20a)

—

27 a
(BC2), — /0 /0 (BC2) sin(0)J1(Pumr/a)rdrdd,  (20b)

—

27 a
(BC3), — /O /0 (BC3) cos(0)J1 (P vy fa)rdrdd,  (200)

P 27 pra
(BCA), — /0 /0(BC’4)sin(@)Jl(P’lmr/a)rdrdO. (20d)

In the case of the TEMyy mode in excitation for the first section of
the helical waveguide with two bendings (Fig. 1(a)), the elements of
the boundary conditions’ vectors are obtained, where:

2
BC1 = BO2 = jupoHy sg,h?, +1he, sind (jquH;) s+ sz,fghcl)
1
2 ,
—|—R—1h41 cos 0 (—]w,uoH:(_)S + k:zE(;ZhQ) + k:2h31E;;gT, (21a)

2
BC3 = BC4 = —jweE] sg.h% + e, sinf (thQH; — jwesE; )
2
+phey cost (Whe Hy, + jwes By, ) + K HYyg,.  (21D)

o —

The elements of the boundary conditions (e.g., (BC2),) at ¢ =07 on
the right side in (18b) are given by

(BC2), = [(s* + k°h},) (sE¢, + Ef,)] + jwioHg,sgrhe,
2
+Eh<1 sin 6 (jw,ugHgos + k:2ETO hgl)
2
+Eh41 cos O (—jwpoHrys + k*Egyhe,) + k*hE, Ergr,

where the metric coefficient is h¢, = 1+ (r/Ry) sin fcos? ().
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The boundary conditions at (; = 07 for TEMy, mode in
excitation become to

(BC2), = 2 { / QUr)(k(r) + js)k:(r)Jlm(ler/a)rdr} in
+ {/ Q(r)k(r) Jim(Pimr/a)r dr}51n
N 91;605 { / QK2 (1) i (Pt [a)r dr} Sin

32R2 {/ Q(r)k(r)Jim (Pimr/a)r dr} O1n
—cos {/ Q(r)k*(r) Jim(Pimr/a)r dr}dlm (22)

+

where
Ey

ne(r) +1

Similarly, the remaining elements of the boundary conditions at ¢ = 0%
are obtained. The matrix system of the Equations (18a)—(18d) is solved
to obtain the coefficients (A4, By, etc).

According to the Gaussian beams [20] the parameter wy is the
minimum spot-size at the plane z = 0, and the electric field at
the plane z = 0 is given by E = Egyexp[—(r/w,)?]. The modes
excited at { = 0 in the waveguide by the conventional COq laser IR
radiation (A = 10.6 pm) are closer to the TEM polarization of the laser
radiation. The T E My, mode is the fundamental and most important
mode. This means that a cross-section of the beam has a Gaussian
intensity distribution. The relation between the electric and magnetic
fields [20] is given by E/H = +/po/€0 = no, where 1 is the intrinsic
wave impedance. Suppose that the electric field is parallel to the y-
axis. Thus the components of E, and H, are written by the fields
By, = Eyexpl—(r/w,)?] and H, = —(Bo/no) exp[—(r/u,)".

After a Gaussian beam passes through a lens and before it enters
to the waveguide, the waist cross-sectional diameter (2wp) can then
be calculated approximately for a parallel incident beam by means
of wg = A/(m0) ~ (fA\)/(mw). This approximation is justified if the
parameter wq is much larger than the wavelength A. The parameter
of the waist cross-sectional diameter (2wg) is taken into account in
our method, instead of the focal length of the lens (f). The initial
fields at ¢ = 0" are formulated by using the Fresnel coefficients of the

Q(r) = grexp (=(r/wo)?).
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transmitted fields [21] as follows

Ef(r,0,¢ = 0%) = Ti(r)(Eoe /%) sin 6), (23a)
Ef (r,0,¢ =0%) = Tp(r)(Eoe™ (r/wo)* ¢os 6), (23D)
H(r,0,¢ = 0%) = ~Ty (r)((Eo/mo)e /"  cos ), (23c)
Hy (r,0,¢ = 0%) = T (r)((Eo/mo)e” (/o) sing),  (23d)

where Ef (r) = HY =0, Tg(r) = 2/[n(r) + 1], Tu(r) = 2n(r)/[n(r) +
1], and n(r) = (er(r))l/2 The index of refraction is denoted by n(r).
The index of refraction is denoted by n(r).

2.2. The Transverse Components of the Fields of the First
Section of the Helical Waveguide, at ¢ = (;.

The output transverse components of the fields of the helical waveguide
are dependent also on the step’s angle of the helix (J,) and the radius
of the cylinder of the helix for the first section (R;). The output
transverse components of the fields are finally expressed in a form of
transfer matriz functions for the first bending of the helical waveguide
as follows:

B, (r,0,(1) = Efy(r)e Fhacr — lefO he, cos® fcos® P>Z CE(C1) L (1)

W . m'
J /fo he, sin @ cos fcos? () Z DZ, (&) J1(v)

Jwi . m/
+ . 0h21 smesz (M1 ()

_ju;ﬂ,uo h21 COSOZ Dgﬁl(fl)Jl(@b)

m/

1. !
—i—R—l sin 6 cos fcos?(8,) Z A% (C1)J1(E)

1 ’
4?1 sin®fcos? (0p) Z B35 (¢1)J1(6)

)% (e)

dJ1

+he¢, cos O Z Ag”é({l

+he, sm62352 (1)), (24)
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where h¢, = 1+ (r/Ry) sinfcos?(5,), R is the radius of the cylinder,
dp is the the step’s angle, v = [P], ,(r/a)] and § = [Py (r/a)]. The
coefficients are given in the above equation, for instance

T (G) = ﬁ_l{%} (25a)
/ SA1m (s
(1) = 5_1{52—1—11@2(7(")3121}’ (25b)

where
m =1,...N, 3<N <50. (25¢)

Similarly, the other transverse components of the output fields are
obtained. The first fifty roots (zeros) of the equations J;(x) = 0 and
dJi(z)/dx = 0 may be found in tables [22, 23].

2.3. The Elements of the Boundary Conditions’ Vectors in
the Entrance of the Second Section of the Helical
Waveguide at ( = (3

The elements of the boundary conditions’ vectors (20a)-(20d) in the
case of the TE My, mode in excitation for the second section of the
helical waveguide with two bendings are obtained from the algebraic
system of Equations (18a)—(18d) for n = 1, as follows:

BC1 = BC2 = jwuoHy(¢ = C1)sgrh?,

+]§2 sin Ohe, (jwpoHg(C = (1)s + K*En(¢ = (1)he,)

—1—152 cos Ohg, (—jw,uoHr(C = (1)s + k*Ep(¢ = Cl)h@)
+R2RE B (¢ = C1)gr, (26a)

BC3 = BC4 = —jweEy(C = (1)sgrh?,

+22 sinOh¢, (k*he, Hr (¢ = (1) — jwesBg(¢ = (1))

R
+1§2 cos Ohe, (k‘Qh@He(C = (1) + jwesEr (¢ = (1))
+k*hE Hy (¢ = G1) gy (26b)

Equations (26a)-(26b) are different from Equations (21a)-(21b)
by the initial fields. The initial field, for instance, at the entrance of
the first section of the helical waveguide at ¢ = 0T is denoted as E,J,g
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according to (23a), but the initial field of the second section of the
helical waveguide in the entrance, at ¢ = (3, is denoted as F,({ = (1),
according to (24). Similarly, the remaining initial fields are obtained.

These expressions (26a), (26b) are dependent on the radius of the
cylinder of the helix of the first section (R;) and the second section (R2)
of the helical waveguide with two bendings (R; # Rs). Note that these
expressions are given also for arbitrary values of the step’s angle (and
not for small values of the step angles). Actually, these expressions
((26a), (26b)) for the helical waveguide with two bendings consist of
all the information at the output fields of the first section (the Bessel-
equations, the dielectric profile g(r), the transverse derivative g, (r), the
parameters of the cross-section (r, ), and the propagation constants
Bnm and (.. of the TM and TE modes of the hollow waveguide,
respectively).

2.4. The Transverse Fields for the Second Helical
Waveguide at ¢ = (1 + (o

The expression [1/(s? + k‘QhQI)](sE,J,B —jw,uoH;Ohgl) in Equation (17a)
for the first section of the helical waveguide with two bendings depends
on the inital fields £, (23a) and H, ;0 (23d). In the same principle we
have the expression [1/(s? —i—thgz)](sEr(C = (1) —jwpoHe(C = C1)he,)
for the second section of the helical waveguide with two bendings, that
depends on the output fields E, (¢ = (1) and Hyp(¢ = (1) (e.g., (24)) at
¢ = (4 of the first section of the helical waveguide with two bendings.

The values of the input fields of the second section of the helical
waveguide with two bendings are functions of the parameters of the
first section (R, (1, and h¢,) and the second section (Ra, (2, and hy,)
as shown in Fig. 1(a). The expressions are functions of the cross-section
(r, ), the sum of the modes and the old coefficients of the first section
of the helical waveguide with two bendings.

The output transverse components of the fields of the helical
waveguide are dependent also on the step’s angle of the helix (d,)
and the radius of the cylinder of the helix for the first section (Rj)
and for the second section (R2). The output transverse components of
the fields are finally expressed in a form of transfer matrix functions
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as follows
E(r,0,¢ = (1 + () = B e M (e Grthea2)

+cos(khe,(2) (—j(;'[fo cos? fcos?(3,) Z C’gﬁl(Cl)Jl ()

Jwp . m Jwi ) m'
Ty Tisindostioos6, )3 DG G1)1 (0)+7 R sind S CEGM(9)

_Jwhio

hgl cos@ZDgﬁ/ (C1)J1()+ ]%1 sin 6 cos fcos? (5p)ZA?2l (G (€)

m/

/dfl
4? sin®fcos(s) ZBSZ CA(E )+hﬂcos62A52 +h<181nGZBm )

Sln(khczgg)
kh

2

(Jwpohe,) ( T ey sin cos fos”(5,) ZA@%’(@)A(@

jLL)E . m’ /dJl
~p ha sin? 9cos2(5p)2351 (1) J1(€) — jweh?, COSHZA51 (9

cos? 6

/d /
el sin0 ) B J1<§>+ oo 00) - CB (@) A W)

1

—i—Ri sin 6 cos fcos? (5,) Z DI (C) T (¥) — %hcl sin @ Z C (C1) L (1)

m/

Ry

ml

1 / o)
+rhCICOSHZD§”2(C1)J1(1/))>—j MOhCQCOSQHCOS ZC’Sl (C2) (v

Jwho . 2)m
% he, sin 0 cos Ocos? (3, )Zngl (C2)J1 ()

m/

JWHo 9 _ JWho o
+h, 92051 (G2) T2 (1) = ==, sezDS1 (G2)J1 ()

—171%2 sinfcosfcos? (5, ZA(Q)m Coh (& R2 sin*fcos?( )ZB<S22 m (G2 1(8)

m/

i cos0 3 A @)d‘”(g)m@smeZBSQ @5, (1
where ¢ = [P} ,(r/a)] and & = [ler(r/a)}, hg = 1+

(r/Rq) sin 0cos®(,), and h¢, = 1+ (r/Rz) sin fcos®(dp).
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The new coefficients are given in the above equation, for instance

’ A(Q) (S)
A (G) = L7 | 28

S1 (CQ) $2 + k2(7')hg2 ) ( a‘)

/ AP (s)
AQ™ () = L7 | o Am 28b
S2 (CZ) $2 + kQ(T)hEZ ) ( )

where

m'=1,...N, 3 <N <50. (28c¢)

Similarly, the other output transverse components of the fields are
obtained, in a form of transfer matriz functions (e.g., Equation (27)).
The above general solutions of the output transverse components of
the fields (e.g., Equation (27)) at { = (3 + {2 are dependent on the
initial fields at ¢ = (; along the total length ¢ = (1 + (2, where
¢ = (Ri¢1)/cosé, and (o = (Ra¢pa)/cosd,. Note that the main
expression of the solution of the output transverse components of the
fields (e.g., Equation (24)) is proportional to E;f exp[—jk(r)h¢, C1].
In the same principle, the main expression for the second section
of the helical waveguide with two bendings (e.g., Equation (27)) is
proportional to E;f exp[—jk(r)(he, 1 + he,C2)]-

These above solutions (e.g., (27)) consist of the sum of the
principle expression and other expressions. The principle expression
is multiplication of the initial field at ¢ = 07 (23a) with the exponent
lexp[—jk(r)(he, ¢ + he,C2)]]. All the above derivation is introduced
in the case of the helical waveguide with two bendings in the same
direction.

The inverse Laplace transform is performed in this study by a
direct numerical integration in the Laplace transform domain by the
residue method, as follows

. o+joo -
£ = £ =5 [ Fle)eds = 3 Resfe fs): ). (20)
0—joo n

By using the inverse Laplace transform (29) we can compute the
output transverse components in the real plane and the output power
density at each point at { = (R¢.)/ cos(dp). The integration path in the
right side of the Laplace transform domain includes all the singularities
according to Equation (29). All the points S, are the poles of f(s) and
Res[e* f(s); Sp,] represent the residue of the function in a specific pole.
According to the residue method, two dominant poles for the helical
waveguide are given by

s =275 k(r)he = £j k() (1 + %sin@cosQ((Sp)) .
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Finally, knowing all the transverse components, the { component
of the average-power density Poynting vector is given by

1
S,w = ERG {ETHQ* - E@Hr*} . (30)

where the asterisk indicates the complex conjugate.

The total average-power transmitted along the guide in the (
direction can be obtained now by the integral of Equation (30) over
the waveguide cross section. Thus, the output power transmission is

given by
1 2T a
T = 2/ / Res E.Hg* — EgH,™ prdrdf. (31)
0 0

Lossy Medium Case

In a linear lossy medium, the solution is obtained by replacing
the permittivity € by €. = € — j(o/w) in the preceding mathematical
expressions, where €. is the complex dielectric constant and o is the
conductivity of the medium. The coefficients are obtained directly from
the algebraic Equations (18a)—(18d) and are expressed as functions
in the Laplace transform domain. To satisfy the metallic boundary

)

o). . . new
conditions of a circular cross-section we find the new roots Pl(m and

P{E:ew) of the equations Ji(z) = 0 and dJ;(z)/dz = 0, respectively,

where z is complex. Thus, from the requirement that the coefficients

vanish, the new roots Pl(:;ew) and Pllggew) are calculated by developing

into the Taylor series, in the first order at 1/0. The new roots in the
case of a lossy medium are complex. The complex Bessel functions are
computed by using NAG subroutine [24]. The explanation is given in
detail in [15].

Several examples computed on a Unix system are presented in
the next section, in order to demonstrate the results of this proposed
method for the helical waveguide that consists of two bendings. We
suppose that the transmitted fields of the initial fields (T'E My mode
in excitation) are formulated by using the Fresnel coefficients (23a)—
(23d).

3. NUMERICAL RESULTS

This section presents several examples that demonstrate features of
the proposed mode model derived in the previous section. The cross-
section of the curved waveguide (Fig. 4(b)) is made of a tube of various
types of material, a metallic layer, and a dielectric layer upon it.
The next examples represent the case of the hollow waveguide with
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a metallic layer (Ag) coated by a thin dielectric layer (AgI). For silver
having a conductivity of 6.14 x10” (ohm - m)~! and the skin depth at
10.6 um is 1.207 x 10~% m.

Three test-cases are demonstrated for small values of the step’s
angle (0p). In these cases, 6, > 2(a + d,,)/(27R), according to the
condition (2). Note that for small values of the step’s angle, the helical
waveguide becomes approximately a toroidal waveguide (see Fig. 2),
where the radius of the curvature of the helix can then be approximated
by the radius of the cylinder (R).

The first test-case is demonstrated for the straight waveguide
(R — 00). The results of the output transverse components of the fields
and the output power density (|Sqy|) (e.g., Fig. 5(a)) show the same
behavior of the solutions as shown in the results of [15] for the T'EMyg
mode in excitation. The result of the output power density (Fig. 5(a))
is compared also to the result of published experimental data [25] (see
also in Fig. 5(b)). This comparison shows good agreement (a Gaussian
shape) as expected, except for the secondary small propagation mode.
The experimental result (Fig. 5(b)) is affected by the additional
parameters (e.g., the roughness of the internal wall of the waveguide)
which are not taken theoretically into account. In this example, the
length of the straight waveguide is 1m, the diameter (2a) of the
waveguide is 2mm, the thickness of the dielectric layer [d( AgD)) 18
0.75 um, and the minimum spot-size (wp) is 0.3 mm. The refractive
indices of the air, the dielectric layer (Agl) and the metallic layer (Ag)
are n) = 1, nagr) = 2.2, and nay) = 13.5 — j75.3, respectively.
The value of the refractive index of the material at a wavelength of
A =10.6 pm is taken from the table compiled by Miyagi et al. in [6].

The second test-case is demonstrated in Fig. 5(c) for the toroidal
dielectric waveguide. Fig. 5(d) shows the experimental result that
was received in the laboratory of Croitoru at Tel-Aviv University.
This experimental result was obtained from the measurements of the
transmitted COg laser radiation (A = 10.6 pm) propagation through
a hollow tube covered on the bore wall with silver and silver-iodide
layers (Fig. 4(b)), where the initial diameter (ID) is 1 mm (namely,
small bore size).

The output modal profile is greatly affected by the bending, and
the theoretical and experimental results (Figs. 5(c)-5(d)) show that
in addition to the main propagation mode, several other secondary
modes and asymmetric output shape appear. The amplitude of the
output power density (|Sqy|) is small as the bending radius (R) is
small, and the shape is far from a Gaussian shape. This result agrees
with the experimental results, but not for all the propagation modes.
The experimental result (Fig. 5(d)) is affected by the bending and



Progress In Electromagnetics Research B, Vol. 26, 2010 137

[Say | [W/m2]

(b)

|Sav | [W/m2]

(d)

Figure 5. The output power density for R — oo, where ¢ = 1 mm,
wp = 0.3mm, and the length of the straight waveguide is 1m: (a)
theoretical result; (b) experimental result. The output power density
for the toroidal dielectric waveguide, where ¢ = 0.5 mm, wg = 0.2 mm,
R = 07m, ¢ = 7/2, and ( = 1m: (c) theoretical result; (d)
experimental result. The other parameters are: diqgr) = 0.75 pm,
A =10.6 pm, Ny = 1, N(Agl) = 2.2, and N(Ag) = 13.5 — j75.

additional parameters (e.g., the roughness of the internal wall of the
waveguide) which are not taken theoretically into account. In this
example, a = 0.5mm, R = 0.7m, ¢ = 7/2, and ¢ = 1 m. The thickness
of the dielectric layer [d(447)] is 0.75 um (Fig. 4(b)), and the minimum
spot size (wp) is 0.2mm. The values of the refractive indices of the
air, the dielectric layer (Agl) and the metallic layer (Ag) are ng = 1,
n(agry = 2.2, and ng44) = 13.5—575.3, respectively. In both theoretical
and experimental results (Figs. 5(c)-5(d)) the shapes of the output
power density for the curved waveguide are not symmetric.

The third test-case is demonstrated in Fig. 6 for the toroidal
waveguide. The theoretical mode-model’s result and the experimental
result [11] are demonstrated in normalized units where the length of
the curved waveguide (¢) is 0.55m, the diameter (2a) of the waveguide
is 2.4mm, and the minimum spot size (wp) is 0.1 mm.

This comparison (Fig. 6) between the theoretical mode-model
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and the experimental data [11] shows an approximated result. For
all the examples, our theoretical mode-model takes into account only
the dielectric losses and the bending losses, in conjunction with
the problem of the propagation through a curved waveguide. The
experimental result [11] takes into account additional parameters (e.g.,
the roughness of the internal wall of the waveguide) which are not taken
theoretically into account. For small values of the bending (1/R) in
the case of small step’s angle, the output power transmission is large
and decreases with increasing the bending.

1.-1*__....-- T -
zo08- e BambLET I
=
= 0.6
£
5 04+
£
= 0.2} Mode-model ——=—

0 Experinllental data | FLTY TEH |

0 0.5 1 1.5

1/R (1/m)

Figure 6. The theoretical mode-model’s result and the experimental
result [11] where the hollow metallic waveguide (Ag) is covered inside
the walls with a Agl film. The output power transmission as a
function of 1/R for §, = 0, where ( = 0.55m, where ¢ = 1.2mm,
diagry = 0.75 pm, wo = 0.1mm, A = 10.6 pm, n) = 1, nayr) = 2.2,
and n(44) = 10.

100
951

920

(%) TRANSMISSION

Figure 7. The output power transmission as a function of the radius
of the cylinder (R) for (; = 1m in two cases of the spot size: (a)
wo = 0.06mm; (b) wyp = 0.15mm, for 6, = 1. The optimum result
is obtained by the first solution of the first section of the helical
waveguide.
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Figure 8. (a) The output power transmission of the helical waveguide
as a function of 1/R, where R is the radius of the cylinder. (b) The
output power transmission of the helical waveguide as a function of
R. Six results are demonstrated for six values of ,, (6, = 0, 0.2, 0.4,
0.6, 0.8, 1), where ( = 1m, a = 1mm, wy = 0.06 mm, ng = 2.2, and
n(ag) = 13.5 — j75.3.

The contribution of this paper is demonstrated in Figs. 7, 8(a),
8(b), 9(a)-9(e) and in Figs. 10(a)-10(e), in order to understand the
influence of the step’s angle (0,) and the radius of the cylinder (R) on
the output power transmission, as defined in Equation (31), and the
output fields. Fig. 7 represents the effect of the radius of the cylinder
on the output power transmission for the first section of the helical
waveguide (Fig. 1(a)), for §, = 1, where ¢, is the step’s angle of the
helix. The output power transmission as a function of the radius of the
cylinder (R) of the helix is shown in Fig. 7 where the length of the first
section of the helical waveguide ((1) is 1m, and where the values of
the spot-size (wp) are 0.06 mm and 0.15mm. The diameter (2a) of the
waveguide is 2 mm, and the value of the refractive index of the material
at a wavelength of A = 10.6 um. The output power transmission (7')
is at least equal to 75% (756% < T < 100%). The optimum result is
obtained where the spot-size (wg) is 0.06 mm.

Figure 8(a) demonstrates the influence of the step’s angle and
the bending (1/R) on the output power transmission. Fig. 8(b)
demonstrates the influence of the step’s angle and the radius of the
cylinder (R) on the output power transmission. Figs. 8(a) and 8(b)
are demonstrated for six values of 6, (0, = 0, 0.2, 0.4, 0.6, 0.8, 1),
where the length of the first section of the helical waveguide (¢7) is 1 m,
and where the values of the spot-size (wp) is 0.06 mm. The diameter
(2a) of the waveguide is 2mm, and the value of the refractive index
of the material at a wavelength of A = 10.6 um. The output power
transmission (7') is at least equal to 75% (75% < T < 100%).
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Figure 9. The solution of the output transverse components (a)—(d),
and the output power density (e) in the case of the helical waveguide
with two bendings, where 9, = 0.5, Ry = 0.5m and Ry = 0.4m,
¢p1 = m, ¢2 = 7/2, a = 1mm, dggpy = 0.75pum, A = 10.6 um,
wo = 0.06 mm, n@gy =1, nagn = 2.2, and N(ag) = 13.5 — j75.3.

For an arbitrary value of R, the output power transmission is
large for large values of ¢, and decreases with decreasing the value of
dp. On the other hand, for an arbitrary value of ¢, the output power
transmission is large for large values of R and decreases with decreasing
the value of R. Note that for small values of the step’s angle, the radius
of the curvature of the helix can be approximated by the radius of the
cylinder (R). In this case, the output power transmission is large for
small values of the bending (1/R), and decreases with increasing the
bending. Thus, this model can be a useful tool to find the parameters
(0, and R) which will give us the improved results (output power
transmission) of a helical hollow waveguide in the cases of space curved
waveguides.
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Figure 10. The solution of the output transverse components (a)—(d),
and the output power density (e) in the case of the helical waveguide
with two bendings, where 6, = 1, Ry = 0.5m and Ry = 0.4m,
¢1 = 7, ¢2 = 7/2, a = 1mm, dag) = 0.75um, A = 10.6 um,
wo = 0.06 mm, ng) =1, ngaer) = 2.2, and nxq) = 13.5 — j75.3.

Figures 9(a)-9(e) show the results of the output transverse
components and the output power density of the field where 6, = 0.5,
Ry = 05m and Ry = 04m, ¢ = 7, ¢2 = 7/2, a = lmm,
dagry = 0.75 pm, A = 10.6 pm, wo = 0.06 mm, ny = 1, nagr) = 2.2,
and nyqy = 13.5 — j75.3. The output transverse components of the
field show that in addition to the main propagation mode, several other
secondary modes appear.

By increasing only the parameter of the step’s angle of the helical
waveguide with two bendings (R; = 0.5m, Ry = 0.4m) from J, = 0.5
to 0, = 1, the results of the output transverse components and the
output power density of the field are changed, as shown in Figs. 10(a)—
10(e). The amplitude of the output power density in Fig. 9(e) is smaller
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as regard to the amplitude of the output power density in Fig. 10(e).
The amplitude is small as the step’s angle of the helical waveguide is
small.

The output results are greatly affected by the step’s angle, by the
radius of the cylinder of the helix, and by the spot size (wp). This mode
model can be a useful tool in order to determine the optimal conditions
for practical applications (output fields, output power density and
output power transmission as function of the step’s angle and the
radius of the cylinder of the helix). This mode model can be a useful
tool to improve the output results in all the cases of the helical hollow
waveguides with two bendings for industrial and medical regimes.

4. CONCLUSIONS

The main objective was to generalize the method [18] to provide a
numerical tool for the calculation of the output transverse fields and the
output power density in the case of the helical waveguide that consists
of two bendings in the same direction, as shown in Fig. 1(a). The main
steps of the method for the helical waveguide with two bendings are
given in the derivation, in detail, for an arbitrary value of the step’s
angle of the helix.

Three test-cases were demonstrated for small values of the step’s
angle (d,). In these cases, §, > 2(a + d,,)/(27R), according to the
condition (2). Note that for small values of the step’s angle, the helical
waveguide becomes approximately a toroidal waveguide (see Fig. 2),
where the radius of the curvature of the helix can then be approximated
by the radius of the cylinder (R).

The first test-case was demonstrated for the straight waveguide
(R — 00). The results of the output transverse components of the fields
and the output power density (|Ss|) (e.g., Fig. 5(a)) show the same
behavior of the solutions as shown in the results of [15] for the T E Mg
mode in excitation. The result of the output power density (Fig. 5(a))
was compared also to the result of published experimental data [25] (see
also in Fig. 5(b)). This comparison shows good agreement (a Gaussian
shape) as expected, except for the secondary small propagation mode.
The experimental result (Fig. 5(b)) is affected by the additional
parameters (e.g., the roughness of the internal wall of the waveguide)
which are not taken theoretically into account.

The second test-case was demonstrated in Fig. 5(c) for the toroidal
waveguide, and Fig. 5(d) shows the experimental result. The output
modal profile is greatly affected by the bending, and the theoretical
and experimental results (Figs. 5(c)-5(d)) show that in addition
to the main propagation mode, several other secondary modes and
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asymmetric output shape appear. The amplitude of the output power
density (]|Sgy|) is small as the bending radius (R) is small, and the shape
is far from a Gaussian shape. This result agrees with the experimental
results, but not for all the propagation modes. The experimental result
(Fig. 5(d)) is affected by the bending and additional parameters (e.g.,
the roughness of the internal wall of the waveguide) which are not
taken theoretically into account. In both theoretical and experimental
results (Figs. 5(c)-5(d)) the shapes of the output power density for
the curved waveguide are not symmetric.

The third test-case was demonstrated in Fig. 6 for the toroidal
dielectric waveguide. This comparison (Fig. 6) between the theoretical
mode-model and the experimental data [11] shows an approximated
result. For all the examples, our theoretical mode-model takes into
account only the dielectric losses and the bending losses, in conjunction
with the problem of the propagation through a curved waveguide. The
experimental result [11] takes into account additional parameters (e.g.,
the roughness of the internal wall of the waveguide) which are not taken
theoretically into account. For small values of the bending (1/R) in
the case of small step’s angle, the output power transmission is large
and decreases with increasing the bending.

The contribution of this paper is demonstrated in Figs. 7, 8(a),
8(b), 9(a)-9(e) and in Figs. 10(a)-10(e), in order to understand the
influence of the step’s angle (J,) and the radius of the cylinder (R)
on the output power transmission. Fig. 7 represents the effect of the
radius of the cylinder on the output power transmission for the first
section of the helical waveguide (Fig. 1(a)), for 6, = 1, where ¢, is the
step’s angle of the helix. The output power transmission as a function
of the radius of the cylinder (R) of the helix is shown in Fig. 7 where
the length of the first section of the helical waveguide (1) is 1 m, and
where the values of the spot-size (wp) are 0.06 mm and 0.15 mm.

Figure 8(a) demonstrates the influence of the step’s angle and
the bending (1/R) on the output power transmission. Fig. 8(b)
demonstrates the influence of the step’s angle and the radius of the
cylinder (R) on the output power transmission. Figs. 8(a) and 8(b)
are demonstrated for six values of 6, (6, = 0, 0.2, 0.4, 0.6, 0.8, 1),
where the length of the first section of the helical waveguide ((;)
is 1 m, and where the values of the spot-size (wp) is 0.06 mm. In
Figs. 7, 8(a), and 8(b), the diameter (2a) of the waveguide is 2 mm,
and the value of the refractive index of the material at a wavelength
of A = 10.6 um. The output power transmission (7) is at least equal
to 75% (75% < T < 100%).

For an arbitrary value of R, the output power transmission is
large for large values of J, and decreases with decreasing the value
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of d,. On the other hand, for an arbitrary value of J,, the output
power transmission is large for large values of R and decreases with
decreasing the value of R. Note that for small values of the step’s
angle, the radius of curvature of the helix can be approximated by the
radius of the cylinder (R). In this case, the output power transmission
is large for small values of the bending (1/R), and decreases with
increasing the bending. Thus, this model can be a useful tool to find
the parameters (0, and R) which will give us the improved results
(output power transmission) of a helical hollow waveguide in the cases
of space curved waveguides.

The output transverse components of the field (Figs. 9(a)-9(d))
show that in addition to the main propagation mode, several other
secondary modes appear. The output power density of the field is
shown in Fig. 9(e). The output results are greatly affected by the
step’s angle, by the radius of the cylinder of the helix, and by the spot
size (wo).

By increasing only the parameter of the step’s angle of the helical
waveguide with two bendings (R; = 0.5m, Ry = 0.4m) from J, = 0.5
to 6, = 1, the output transverse components and the output power
density of the field are changed. The amplitude is small as the step’s
angle of the helical waveguide is small.

This mode model can be a useful tool in order to determine the
optimal conditions for practical applications (output fields, output
power density and output power transmission as function of the step’s
angle and the radius of the cylinder of the helix). This mode model
can be a useful tool to improve the output results in all the cases of the
helical hollow waveguides with two bendings for industrial and medical
regimes.

APPENDIX A.
(1)

The elements of the matrices (G mm,, etc.) are given by:
’ a
Glmm’ _ / I (P ) Iy (P ) 7y,
0

G((Jl1)mm/ = /“ (r)J1 (le/*> J1 <P1m£> rdron,

(Lymm' _ /7 ™\ 3

Gos —/0 J1 le J1 (P1ma)7“ droin,
(Lymm/ _ r ™ .3

Gos /0 g(r P1m ) Ji (lea) r°droin,,
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Similarly, the remaining elements are obtained.

G = /0 P (P =) 1 (Pun - ) rdrdi,
Gomm' _ /0 " K2g(r) 1 (P =) 1 (Puns ) v,
G§)16>mm’ - /0 I (le,f> 7y (lef) rPdr i,
Ghmm / g(r) Iy (le/f) (le ) ridro,
= [ (52 0 ) () o
Glhmm / gy (le/f) 7 (P1m£> r2dr sy,
Glmm /0 I <P 1(’:”) 7y (le ) r2dra,
Glmm _ /0 PN (P 1;””) 7 (leg) r3drdy,
GlLmm’ _ /0 " 2 (le,f> 7 (leg) r2dréin,
o = [t (%) 3 ()
Gihmm’ _ /0 A (p’h;’r> 7 (leg) r2dr iy,
Glmm /0 I (le )J1 (leg) rdrdi,

(ymm’ _ P/ T\ . 2
G16 —/0 J1 < a >J1 <P1ma>r dr(Sln.
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The coefficients

are obtained directly from the algebraic system of equations (18a)—
(18d) and are expressed as functions in s-plane. Similarly, the other
coefficients are obtained.
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