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Reflectometry was recently validated as a diagnostic method to determine the plasma position inside a fusion reactor.
This technique is particularly attractive for ITER due to its limited access to the vacuum chamber and due to the
simplicity and robustness of the components to install. The proposed system for ITER has 5 O-mode reflectometers
working in the 15-75 GHz band installed in four different locations, known as gaps 3, 4, 5 and 6. Part of transmission
lines of the gaps 4 and 6 will be installed inside the vacuum chamber. These lines are oversized rectangular waveguides
in order to minimize resistive losses. Due to existing space limitations it is not possible to avoid sharp bends, with
angles such as 90◦ and 120◦. These oversized bends generate high order modes that cause signal losses. In this thesis the
magnetic performance of 90◦ and 120◦ degree bends will be studied trough numeric simulations using ANSYS HFSS.
For the 90◦ curve results have shown an increase in performance trough the adoption of hyperbolic secant defined
curves. The bends’s spatial flexibility was also studied and several spacial configurations that allow to maintain a good
electromagnetic performance were found. For the 120◦ bend the preliminary results show, unlike what was initially
expected, an adequate magnetic performance.

1 Microwave Reflectometry

Since 1960, scientific research in controlled nuclear fusion,
ionospheric physics, and astrophysics has induced a great
development in the study of plasma dynamics. One of the
most important properties of a plasma is the electron den-
sity [1]. The investigation of the processes that influence
the transport in a plasma (which is one of the causes for
a finite plasma confinement) requires local electron density
profile measurements with high temporal and spacial reso-
lution. Microwave reflectometry uses the plasma interaction
with an electromagnetic wave to probe the plasma to find
the electron density profile.

The main idea is simple: electromagnetic waves propa-
gate through the plasma and are reflected at a plasma layer
with a certain electron density which depends on the fre-
quency of the wave. From the phase shift that occurs in the
detected reflected wave as function of probe frequency the
density profile can be determined. If a fixed frequency is
used, fluctuations studies can be performed since they give
us a phase shift as a function of time [2]. Assuming a wave

vector in the form ~k = k(0, sin θ, cos θ) and a magnetic field

in the form ~B = (0, 0, B0), when we have θ = π/2 two mo-
des can propagate. The respective refractive index N = kc

ω
is given by
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where the subscript O refers to the ordinary wave and
the subscript X refers to the extraordinary wave. Here
fpe = (nee

2/ε0me)
1/2/2π is the plasma frequency, nc =

(f2π)2ε0me/e
2 is the cut-off density and fce = eB/(2πme)

the cyclotron frequency. The respective electric field profile
is given by

Ex = Ey = 0 and Ez 6= 0 (3)

Ex = −αjEy and Ez = 0. (4)

If N is a pure complex, the wave propagation is not al-
lowed, since k = ωN/c must be real. Equation 1 says that

the propagation is only possible for f > fpe or equivalently
for ne < nc, being nc the density of the reflected layer. For
this reason nc is called the cutoff density and fpe the cutoff
frequency. In X mode, the reflection occurs for

fuc =

√
f2pe +

f2ce
4

+
fce
2

(5) flc =

√
f2pe +

f2ce
4
− fce

2
. (6)

Here fuc is the upper cutoff and the flc lower cutoff and
fce = eB0/(2πme). Note that O mode has an important
characteristic: the cutoff does not depend on the magne-
tic field unlike X mode, where cutoffs depend directly on
fce. A resonance for this mode occur in fuh defined by
f2uh = f2pe + f2ce. The wave is propagated from flc to fuh
and above fuc [3]. The propagation of the electromagnetic
wave in the plasma can be divided in four regions: Region
I corresponds to the wave propagation between the antenna
at position and plasma at position z = a. Then, the wave
interacts with the plasma along region II. Region III is the
reflecting layer, where the wave will be reflected. In this
region the great part of the energy is reflected so it is cha-
racterized by a position zc and a with ∆zc. The reflected
wave passes through region II and returns from the plasma.
Note that the propagation is assumed in z direction mas is
assumed but ~B ·~k = 0 and with these condition is easily pro-
ven that the phase shift that occurs in the electromagnetic
wave due to the plasma is given by

φ(t) =
4πf(t)

c

∫ a

za

N [B(z, t), ne(z, t), f(t)]dz − π

2
. (7)

This expression is valid when in region II we have[
1
ne

dne

dz

]1/2
>> λ0

2π where λ0 is the wavelength in vacuumm

where WKB approximation is used. The phase shitf in va-
cuum is considered always the same so it is neglected. The
phase shift depends obviously on the used mode. For O
mode things are simple. Equation 1 gives us

φ(t) =
4πf(t)

c

∫ a

za

√
1−

f2pe(z)

f2(z)
dz − π

2
. (8)
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Using Abel inversion integral [4] the result is

zc(fc) = a− c

2π2

∫ fc

0

dφ/df√
f2c − f2

df (9)

The theoretical thickness of the reflecting layer, ∆zc, can
be theoretically deduced as:

∆zc = 15.64× 104

[(
dne
dz

)
z=zc

]−1/3
. (10)

Note that dne

dz is in m−4. The integration has to be done
in all frequencies from 0 to fc. However, the condition that
validate WKB approximation breaks for O-mode for low fre-
quencies, typically below approximately 10 GHz [5]. This
problem can be solved using essential three different appro-
aches: first, we can use data from other electron density
diagnostics with relevant data on the profile edge. Second,
we can use X-mode data and last, we can use a model for
the group delay that corresponds to the initial part of the
plasma edge [6]. The basic configuration of a reflectometer
is present in figure 1. It consists of an oscillator, a detector
and transmission lines to guide the signal from the oscillator
to the launching antenna and from the receiving antenna to
the detector.

Figura 1: Typical reflectometer

An oscillator (or a set of them) generates the necessary
band to cover the densities we want to analyze. The re-
ference signal Sr and the reflected signal Sp can then be
analyzed after reach the detector. They contain the infor-
mation about the difference of phase and data is analised
using sophisticated electronics and algorithms.

2 Plasma position control using re-
flectometry

Controlling a plasma is basically the implementation of sci-
entific and technological knowledge to create, sustain, opti-
mize the plasma parameters during operation and terminate
a Tokamak discharge safely. Traditionally, measurements of
the magnetic fields are used in both applications. The con-
trol of the plasma is performed using poloidal field coils, pa-
rallel to the plasma current: pushing or pulling the plasma
outer magnetic surface, the plasma vertical and radial po-
sitions can be adjusted, as well as shape contour [7]. The
measurements are made with simple loops and coils installed
at strategic positions in the tokamak. Their accuracy (order
of few mm) is still adequate for control purposes on ITER.
However, the implementation requires the solution of several
technical problems [8]. First, the installation of the coils and

loops inside the vacuum vessel and the ability to maintain
the in-vessel sensors even when the structure of the tokamak
has become highly radioactive. Second, the possible chan-
ges that may occur in the physical properties of the wires
induced by the high levels of nuclear and gamma radiation
that is associated with the necessity of devices to cool and
protect the in-vessel sensors. Finally, during the ITER long
pulses (1000s are expected in a steady state operation), ty-
pical integrators exhibit unacceptable drifts caused by small
thermo-electric voltages and operational amplifier offset cur-
rents. This can result in a wrong plasma position and shape
identification with accumulated errors in order of centime-
ters, putting at risk the operation.

For this reason an O-mode reflectometry was proposed
as supplementary diagnostic to backup and complement the
ITER magnetic-based control during the long steady state
flat-top periods, due to its minimum access requirements
and its compatibility with the expected ITER environment.
Density layers are not, in general, representative of magne-
tic surfaces. Only with the assumption that the density is
constant inside a closed flux surface, the information pro-
vided by reflectometry can be used by control coils if we
know the separatrix density [7]. Fortunately, this assump-
tion is verified in the vast majority of the plasma regimes
since tokamak plasma transport is much stronger along the
magnetic field lines than across the magnetic field. Thus,
locating the separatrix inside the vessel, becomes a matter
of locating the density layer corresponding to its flux surface
in the density profile provided by reflectometry. This is pos-
sible, of course, if the density of this flux surface is known
with enough accuracy and here is the key for plasma posi-
tion control using reflectometry: there is a scaling relation
between the plasma average density, < ne > and the density
at the separatrix, nsep [9]. All this Innovating method was
recently verified and validated in ASDEX-Upgrade [10].

Since O-mode does not depend on the magnetic field, the
Plasma position reflectometer will consist in a 5 O-mode re-
flectometer probing the plasma in four different locations in
the 15-75 GHz range. The system will be bi-static (one an-
tenna to send the signal and another to receive the signal) to
avoid spurious reflections in the waveguides. The detection
of the system will be performed using a heterodyne detec-
tion scheme and Frequency Modulated Continuous Wave.
The beat frequency of the obtianed signal is measured and
is connected with ∂φ

∂fp
through

fb(t) =
1

2π

∂φ

∂t
=

1

2π

∂φ

∂fp

dfp
dt

= τg
dfp
dt

. (11)

τg = 1
2π

∂φ
∂fp

is the time delay.

3 ITER Plasma Position Reflecto-
meter transmission lines

Several ways of losing energy along transmission lines can
occur:

� Finite conductivity of microwave components -
For any microwave component with conductors (trans-
mission lines or other structures where electromagnetic
fields with high frequency is present), there is attenua-
tion of the electromagnetic fields due the finite conduc-
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tivity (Ohmic losses). We can use different materials
with greater conductivity to reduce these losses.

� Reflections - When a microwave component is exci-
ted with an electric field, reflections can take in place,
being a fraction of the lost energy. As example, in a
junction between two identical waveguides, reflections
can occur even with high accuracy alignment systems.

� Mode conversion - Certain microwave components
can convert the energy from a given mode to another.
Because detection is performed taking into account a
specific mode, this is an important factor to have in
account.

The goal of this work is to study the last three aspects
in the in-vessel transmission lines of gaps 4 and 6 from the
plasma position reflectometer. Effects such as thermal ex-
pansion and currents induced by neutron flux are neglected.
Before these effects are taken into account, it is essential to
study its electromagnetic performance. The in-vessel trans-
mission lines will have a rectangular cross section as repre-
sented in figure ??.

Figura 2: Rectangle waveguide [11]

By convention, the longest side, with length a, is in the x
axis. The other one, with a length of b is in the y axis. In
these transmission lines, only TE (these is no electric field
in the propagation direction) and TM (these is no magne-
tic field in the propagation direction) waves can propagate.
The transverse field components of the TEmn are given by:

Hmn
z = Amncos

mπx

a
cos

nπy

b
e−jβz, (12)

Ex =
jωµnπ

k2cb
Amn cos

mπx

a
cos

nπy

b
e−jβz (13)

Ey = −jωµmπ
k2ca

Amn sin
mπx

a
cos

nπy

b
e−jβz (14)

Hx =
jβmπ

k2ca
Amn sin

mπx

a
cos

nπy

b
e−jβz (15)

Hy =
jβnπ

k2cb
Amn cos

mπx

a
sin

nπy

b
e−jβz (16)

where Amn is an arbitrary amplitude, β =
√
k2 − k2c =√

k2 −
(
mπ
a

)2 − (nπb )2 is the propagation constant and each
combination of n and m gives a solution of Helmholtz equati-
ons, also called a TE mode. Note that by definition Ez = 0.

In the context of O-mode reflectometry, TE waves can
be used to probe the plasma. According to relation 3, the
electric field must be perpendicular to the direction of propa-
gation. TE waves respect this condition. Then the electric
field must be parallel to toroidal magnetic field. This con-
dition is easily implemented selecting the appropriate TE

mode and the respective waveguide orientation. The most
simple case is to use a TE10 or a TE01 modes from a rec-
tangular waveguide. In this case the sides of the rectangle
are directly aligned with the magnetic field. They are robust
structures to operate in extreme conditions the existing ones
in the vacuum vessel.

An interesting property for TE modes is that for m =
n = 0 there is no propagation since Hz = 0. Since each mode
satisfies the linear propagation equation with the respective
boundary conditions, a sum of them is also a possible profile
for the propagating field. The propagation constant is real
if condition if f > fmnc , where

fmnc =
kc

2π
√
µε

=
1

2π
√
µε

√(mπ
a

)2
+
(nπ
b

)2
. (17)

For this reason, fmnc is called the cut-off frequency. Only
modes that satisfy the condition f > fmnc will propagate
along the waveguide. Modes with f < fmnc will decay expo-
nentially away because β is imaginary and they are referred
as evanescent modes. The constant of attenuation due the
finite conductivity lost is thus given by

αmng =
RS
2

∫
C
|~jS |2dC∫ a

0

∫ b
0

Re
{

[ ~Emn × ~H∗mn] · ~ez
}
dxdy

. (18)

where the path integral is performed in the perimeter
defined by the cross section of the conductor and ~jS is the
current density that exist in these points. Rs is the surface
impedance, given byRS = 1/(σ

√
2/ωµσ). σ is the conducti-

vity of the conductor. In this case, instead of proportionality
in the form e−jβz, fields have the form e−α

mn
g ze−jβz. For a

given frequency f , only a set of modes can propagate, they
have to respect the condition f > f mnc . The total number
of modes N is given by

N = 2×

mmax(0)∑
m=0

nmax(m)∑
n=0

1

−mmax(0)−nmax(0)−2. (19)

where

nmax(m) = Int

√(2b
f

c

)2

−m2

(
b

a

)2
 (20)

and mmax(0) = Int
[
2a fc

]
. The in-vessel waveguide is rec-

tangular and has dimensions of 20× 12 mm. Using expres-
sion 19 it is found that 4 modes can propagate at 15 GHz
and 92 modes at 75 GHz. The waveguide is thus oversized
for the 15-75 GHz range.

When we talk about transmission lines, the change in the
direction of propagation of a guided wave is an important
aspect. The microwave components that are responsible for
this task are the bends and usually they connect two wa-
veguides with the same cross section. This is particularly
important in the context of the nuclear fusion, where a set
of diagnostics and heating systems use waves to interact with
the plasma in extreme conditions of temperature, radiation
and space constraints . The importance of these bends is to
adapt the propagation of energy to the existing space impo-
sed by blanket modules and other devices [12]. Furthermore,
they can create labyrinths for neutrons. Waveguides are ty-
pically oversized in order to reduce conductive losses (greater
a and b, less conductive losses as we will see). Apart from
reflections that may occur in these microwave components,
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when waveguides are oversized bends have a great tendency
to generate high order spurious modes.

It is assumed that the cross section of the waveguide is
maintained along the bend and the idea is to perform the
change in direction slowly; the goal is to make the wave pas-
ses through the bend as if it was a rectangular wave guide.
The in-vessel waveguide of the plasma position reflectome-
ter has a rectangular cross section and dimensions of 20×12
mm. For this reason we have to use a TE01 mode to probe
the plasma. Figure 3 shows a scheme of what the GAP 4
transmission line will look like (taken from ITER’s CAD mo-
dels). Two changes in direction must exist before the wave
reach the antenna.

Figura 3: Representation of the GAP 4 transmission line.

The wall of the transmission line will be made of stain-
less steel, shielding from neutron flux and avoiding induced
currents. Then an inner thin layer of copper in the order of
20-50 µm (the skin deep is in order of 10−7 mm) is used to
reduce the finite conductivity attenuation. A support struc-
ture will be responsible for holding it to the walls. All these
components will define the space occupied by the bend and
will determine cut that must be made in the blanket Modu-
les. Figure 4 shows some geometrical characteristics of the
transmission line:

Figura 4: Geometrical characteristics of the transmission
line

For the mentioned dimensions, the TE10 cutoff frequency
is approximately 7.4948 GHz and for TE01 is approximately
12.491 GHz, so for a range of 15-75 GHz the waveguide is
oversized as expected. The propagating mode will be TE01

and we must keep its presence along the transmission line.
This work has therefore the following goals:

1. In the available space given by ITER CAD models,
find the optimal geometry to minimize TE01 losses in

the 90◦ bend. For these results, find a solution to mi-
nimize the cut in blanket modules. The layer of steel
has about 3 mm of width. Thus we have a square
with 217 × 217 mm2 as spatial constraint, excluding
the blanket.

2. Study the electromagnetic performance of the 120◦

bend.

The problem of changing the direction between two rec-
tangular waveguides has been investigated since waveguides
started to be used. A theoretical approach to this problem
faces several problems; only some simple cases have solu-
tion and typically a set of approximations and assumpti-
ons have to be performed in order to have an analytical or
semi-analytic solutions. Today with numerical software the
best way of find the electromagnetic performance of bends
is using an numerical method [13]. The most part of nume-
rical and theoretical works that have been done are focused
on the study of the behavior of the fundamental mode in a
given bend. Typically, these studies are performed for fixed
frequency or for a small range [12]. In our situation, we
want to study the electromagnetic performance of a TE01

mode along different bends, in the 15-75 GHz range and in
a waveguide where 92 modes can propagate.

Nothing can identify the bend that minimizes the atte-
nuation of the mode that we are analising in the required
space. However, we can experiment several bends with dif-
ferent form and compare them. The most simple bend is
the circular one and has a set of developed techniques to
understand its behavior [12]; For a given range of frequency,
it is known that if its radius increases, its performance is
in general better. Several works show that the performance
for bends with other curvatures such as sinusoidal, triangu-
lar or hyperbolic secant give better results when compared
with circular bends. Using other functions for the curva-
ture with the purpose of minimize the mode conversion is a
technique also used in other components [14].

We used ANSYS HFS to perform the simulations, the in-
dustry standard for simulating 3-D full-wave electromagne-
tic fields. It consists in a advanced solver and compute tech-
nology created for designing high-frequency and high-speed
electronic components, based on finite element methods to
solve a wide range of applications.

Defining two terminals, one in the beginning of the bend
(in) and one in the end (out), the modal representations of
the electric and magnetic fields assuming N modes are given

~E =

N∑
k=1

(Ak +Bk)~ek (21)

~H =

N∑
k=1

(Ak +Bk)~hk (22)

The j labels a particular mode and vectors ~A and ~B
are composed by the components Ak and Bk, the complex
amplitude of the positive and negative direction of propaga-
tion, respectively. Given a particular electromagnetic struc-
ture, it can be categorized in terms of the incident and re-
flected/transmitted modal amplitudes using the N × N S-

matrix, defined as ~B = [S] ~A. The size of these vectors, N , is
the total number of modes obtained by adding up the num-
ber of the modes on all ports. An entry of the S-matrix, Sij ,
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specifies the multiplication factor to be applied to the inci-
dent modal amplitude Aj to get the reflected/transmitted
modal amplitude Bi given that all the other incident modes
are turned off. This can be described mathematically as Sij
= Bi

Aj
. In our case, we want to optimize the attenuation of

TE01 mode, defined as

Attenuation = −20 log10 |S(Out, TE01; In, TE01)
| (23)

After each simulation, HFSS provides this information.

3.1 Numerical study of the 20× 12 mm wa-
veguide

Equation 18 in the case of the TE01 mode gives

α01
c =

RS [ac2 + 2b3f2]

ab3c2µf
√
− 1
b2 + 4f2

c2

(24)

The attenuation defined in expression 23 at the end of
waveguide is given by Attenuation = −20 log10 |e−α

01
c L|.

The simulated waveguide had a length of 200 mm and results
of attenuation are shown in figure 5.

Figura 5: Comparison between theoretical and simulated
expressions for two different ∆S

Results were calculated with a frequency solution of 75 GHz,
the frequency where the mesh is performed by HFSS. For low
frequencies, numerical results with ∆S = 0.002 are perfec-
tly in agreement with the theoretical behavior, calculated
in HFSS. However, for high frequencies, there are little de-
viations. In order to understand if these results come from
the numerical model, the convergence error was changed to
∆S = 0.0002. With this value most of the peaks disappe-
ared. A frequency solution of 100 GHz with a convergence
of ∆S = 0.0002 was also simulated and the results were
identical to the theoretical attenuation.

3.2 Simulation of a Circular Bend with
R=72 mm

HFSS allows to plot the value of the imaginary part of
γ = +jβ we are plotting β. The results are shown in figure
6. Cut-off frequencies were also plotted with red circles.

Figura 6: Model of simulated circular bend and respective
mesh for 75 GHz

HFSS only considers 25 modes, and this fact conditioned
the results. Only results from 15 to 39 GHz are completely
valid. however, after several tests and HFSS support confir-
mation, a conclusion due this limitations was fundamental:
simulations give always a worst result than the expected if
more modes could be used. An simulation was performed
for a circular bend with R = 72 mm.

Results are showed in figure and showed that TE02 and
TE03 modes are generated. The other ones have infinitesi-
mal amplitudes so they are not represented.

Figura 7: Conversion of modes

A plot of the magnitude of the electric field was perfor-
med for 40 GHz:

Figura 8: Magnitude of the electric field for 40 GHz using
25 declared modes

Almost a perfect TE01 mode is observed before the bend
and then, a deformation of this mode occurs inside the bend.
Then, after the bend, a superposition of modes exist, as ex-
pected: figure 7 shows attenuation for this frequency. Re-
flections are practically zero as observed in next figure

Figura 9: Reflections of the circular bend
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By conservation of energy, neglecting reflections and the
creations of other modes, the following relation has to be
valid:

|S(Out, TE01; In, TE01)
|2 + |S(Out, TE02; In, TE01)

|2

+ |S(Out, TE03; In, TE01)
|2 = 1 (25)

Plotting this quantity we must obtain the attenuation
profile of the |S(Out, TE01; In, TE01)

|. Figure confirms this
equality.

Figura 10: Plot of |S(Out, TE01; In, TE01)
|

4 Circular bends

When the radius of the circular bend is increased, the atte-
nuation is expected to decrease; bend is more smooth. The
radius of the circular bend R = 72 was swept from 80 mm
to 210 mm in steps of 10 mm and the limit value, 216 mm
was also simulated. Results are shown in figure 11 and a 3D
plot in annex ??, including R = 72 mm.

Figura 11: Swept from 80 mm to 210 mm in steps of 10 mm.

Results show what is expected: attenuation is lower for
bends with higher radius. Apart from the high attenuation
values, circular bends occupy more space comparing with
other bends. Thus, as mentioned, hyperbolic secant bends
were studied.

5 Hyperbolic secant bend

5.1 Mathematical study of the hyperbolic
secant

Defining W 1
1 and W 1

2 as the points of the initial waveguide
that are connected with the bend and W 2

1 and W 2
2 the points

of the waveguide that connects the bend in the other side,
in order to study hyperbolic secant functions in the context
of our problem, a coordinate system where

W 1
1 = [w1

x, w
1
y] w1

x < 0 and w1
y < 0 (26)

W 1
2 = [−R/

√
2, 0] (27)

W 2
1 = [w2

x, w
2
y] w2

x < 0 and w2
y < 0 (28)

W 2
2 = [R/

√
2, 0] (29)

was adopted. The bend is assumed to be defined in a
square R×R, where R is the equivalent radius, in the sense
that in this square a 90◦ circular bend could be defined.
Space constraints in this coordinate system are given by

Ay ≤ −Ax +R/
√

2 (30)

Ay ≤ Ax +R/
√

2 (31)

Ay ≥ 0 (32)

We want a function with derivative continuity in the wa-
veguide connect points with a parameter which could allows
flexibility of the bend in the space. A studied was performed
and this function is given by:

f(x, η,R) = ηCosh

(
R

η
√

2

)
Coth

(
R

η
√

2

)
×
[
Sech

(
x

η

)
− Sech

(
R

η
√

2

)]
(33)

η is greater than zero and defines the space that these
bends can occupy inside the bend. The second derivative
must be negative in all of x. The minimum value for the η
parameter can be found analytically, using ∂2xf(R/

√
2) = 0:

Cosh

[√
2R

η

]
= 3⇒ η =

√
2

ArcCoth[3]
R ' 0.802278×R

(34)
The limit of f(x = 0, η, R) when η tends to infinite is

lim
η→∞

[f(x = 0, η, R)] =
R

2
√

2
(35)

Using R = 72 mm, the value of eta of this solution is
33.8164 mm so a plot was done from η = 33.8164 mm to
133.8164 mm in steps of 2 mm. Results are in next figure:

Figura 12: Plot of function 33 from η = 33.8164 mm to
133.8164 mm in steps of 2 mm
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The distance between the maximum point of the hyper-
bolic secant bend and the highest point of the triangle is

given by
[
R√
2
− f(x = 0)

]
. Therefore, it is convenient to de-

fine a normalized distance in respect to the distance above
the maximum point of circular bend, given by

LN =

[
R√
2
− f(x = 0, η, R)

]
×
[
R√
2
− [1− 1/

√
2]R

]−1
× 100. (36)

This value represents how close we are to the circular
bend. LN = 100% means that f(0) is overhead of the circu-
lar bend. This parameter can be evaluated in the two limit
cases, when η =

√
2R/ArcCoth[3] and when η →∞. In the

first case, LN, is given by

Lmin
N ' 57.2514% (37)

which is independent of R. When η → ∞, the second
case, Lmax, is given by

Lmax
N ' 85.3553%. (38)

This shows that independently of R, these values are
always the same. Figure 13 shows a plot of f(x) from
η = 57.764 mm to 73.8164 mm in steps of 2 mm for R = 72
mm.

Figura 13: Plot of f(x) and ∂xf(x) from η = 57.764 mm to
73.8164 mm in steps of 2 mm

5.2 Results for hyperbolic secant bends

After this study, the MATLAB script used to create circu-
lar bend models was used to perform simulations of bends
defined by function 33. The second curve is created using a
parametrisation in the form

[h2(x), g2(x)] =

x− kf ′(x)√
1 + [f ′(x)]

2
, f(x) +

k√
1 + [f ′(x)]

2


(39)

where f(x) is function 33 and k = a, the width of the
waveguide. h2(x) represents the x components and g2(x) the
y coordinates of the points which define the second curve.
For R = 72, an algorithm swept LN from 58% to 85% in
steps of 1%. The results are shown in figure 14.

Figura 14: Sweep of LN in the range 58−85% for hyperbolic
Secant bend

These results are very important and reflect the signifi-
cance of these hyperbolic secant bends. There are several
important aspects to discuss. First, for each LN, there are
two peaks, one for low frequencies in the order of 40 GHz
and other for high frequencies, where the highest value cor-
responds to 75 GHz. An interesting fact is that when LN

decreases, the width of the low frequencies peak increases.
Its maximum value does not change substantially. Figure 15
shows the maximum value for each peak and this behavior
is easily seen.

Figura 15: Maximum values for High and low peaks

For high frequencies, attenuation is always greater than
for low frequencies. There is a minimum value of attenua-
tion for LN = 62%, located by a red circle. The existence of
a minimum is explained by a balance between the length of
the bend and the intensity of the derivative. In fact, there
is a range between 58% and 70% where the maximum at-
tenuation is around 0.4 dB, with small variations relatively
to this minimum value. Next figure shows the comparison
between the circular bend with R = 72 mm and the worst
and better hyperbolic secant bends.

Figura 16: The comparison between the circular bend with
R = 72 mm and the worst and better hyperbolic secant
bends
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The worst hyperbolic secant bend is abysmally better
when compared with the circular bend. The maximum atte-
nuation decreases by more than a half and the same occurs
between the worst and the better hyperbolic secant bend.
Note that in the 15-20 GHz range, a negligible difference
appears due the higher size of the bends with lower lN. In
this region the wave passes through the bend as if it were a
rectangular waveguide, a similar profile in the attenuation
is observed.

5.3 Getting out of the conditions

Figure 12 shows the behavior of the function ?? for values
of η where the derivative continuity condition is respected,
but geometrical limitations are not. However, in the con-
text of fusion, it is very important to adapt waveguides to
structures such as blankets. As observed in figure 17, a little
deviation after the lines which define geometrical constraints
significantly can reduce the occupied inner space, where the
blanket will be positioned. The steel can be adapted to this
bend geometry, giving more space to the blanket and avoi-
ding a large cut.

Figura 17: Getting out of the triangle condition

The distance H between the maximum value of the inner
curve and the X point is given by

H =

[
R√
2
−
√

2b− f(x = 0, η, R) + b

]
(40)

Consider the point D where the tangent line to the upper

curve has slope 1, with coordinates [Dx, Dy]. The distance
d is defined as the distance between this point and the point
I that results from the intersection between a line where D
point is contained with slope −1 (y1 = −x+Dx +Dy) and
the line given by y2 = x + R/

√
2 (the line that defines one

of the space constrains). Thus the distance d is given by
d =

√
(Ix −Dx)2 + (Dy − Iy)2. The solution for the deri-

vative equal to one is given by

∂

∂x
[f(x, η,R)] = η Loge

[
Tanh

(
R

2
√

2η

)]
(41)

Therefore, d is

d = −1

4

√
2R+

1

2
ηCosh

(
R√
2η

)
− 1

2
ηCoth

(
R√
2η

+ Loge

(
Tanh

R

2
√

2η

)
(42)

In order to see the effects of this geometrical modifica-
tion, LN was swept from 30% to 57%. Results are showed
in figure 18 together with the results for 58-85%.

Figura 18: Results for a sweep of LN in the range 30-85%.
Colors represent the attenuation in dB.

The results show an optimimal zone in terms of attenu-
ation, from 55% to 70%, as analised before. As expected, a
decreases in LN introduces more attenuation in both peaks.
For high frequencies and low LN , some little peaks appear
because all parameters including the number of PPP were
maintained. However, for high R, where less attenuation is
expected, this can be a very important aspect to consider.

5.4 Mathematical generalization for other
angles

This family of functions can be very useful for other simi-
lar situations. Thus it is very important to find a general
expression for a given inner angle between the first and the
second waveguide. The generalization of equation 33 is given
by

f(x, η, θ, L) =
η

tan(θ/2)
Cosh

[
L sin(θ/2)

η

]
Coth[

L sin(θ/2)

η

](
Sech

[
x

η

]
− Sech

[
L sin(θ/2)

η

])
(43)

They are not important for the problem studied in this work
but these models gives us an idea of the potential of these
bends. This family of bends can also be useful to be imple-
mented in components such as tapers or antennas. Another
great use of these bends is the possibility to create non sym-
metric bends. For this propose we need to use 2 or more
connected bends, each one with its own L, η, and respective
angle. These applications will not be explored in this work.

6 Optimisation of the in-vessel
transmission lines

6.1 Hyperbolic Secant bend with R= 210
mm

After knowing the effect of increasing the radius of a circu-
lar bend in the available space, simulations for hyperbolic
secant bends with R = 210 were performed for LN = 58%
and LN = 85%. Figure 19 shows the results for these bends.
The difference between the circular bend and the worst hy-
perbolic secant bend is again abysmal, more than 50%. The
best hyperbolic secant is practically an attenuation profile
of a rectangular waveguide which cleaned almost every part
of the high frequency zones.
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Figura 19: Results for a circular bend and hyperbolic secant
bends for R = 210 mm

The conclusion is that the hyperbolic secant bend with
LN = 58% is a good candidate to the GAP 6 90◦ in-vessel
bend. Because we have about 3 mm of copper in each side
of the bend, it can be useful to study the η elongation of the
bend (LN < 57 %). A plot for the H and d distances is seen
in figure 20:

Figura 20: d and H distances for R = 210 mm and results
for LN = 30%

Taking in account that H = 45 mm for LN = 58%, a
distance d of approximately 2.813 mm can reduce this value
for H = 23.38 mm when LN = 32%. This value of d is
almost of the steel width in the critic region of the bend.
Results for this bend reveal some attenuation peaks in or-
der of low frequency tail maximum, demonstrating the great
advantage of using d > 0. Simulations with a lower R were
also performed for LN = 58%. Results are in figure 21 and
show that we can use hyperbolic secant bends with R above
approximately 120 mm; losses still in order of 0.1-0.2 dB,
which corresponds approximately to lose 3-5% of the power.

Figura 21: Hyperbolic electromagnetic performance for
LN = 58%.

6.2 Study of GAP 6 in-vessel Upper curve

After conclusions about the 90 bend, the upper bend consti-
tuted by 450 points were imported from the original model

illustrated in figure 3 was studied. Next figure show the
HFSS model built with this script:

Figura 22: Circular and hyperbolic secant models

Results are present in figure 23. They show an identical
profile observed in circular bends, some oscillations for high
frequencies. This effect occurs because apart from the end of
the bend, the bend is almost a circular one. For low frequen-
cies, the usual tail appears, being its maximum attenuation
about 3 times smaller than high frequency maximum atte-
nuation.

Figura 23: Circular and hyperbolic secant models

7 Conclusions and future Work

The initial purpose of this work was to study and optimize
critical components of the transmission lines such as the 90◦

of gaps 4 and 6. A brief study has demonstrated that in
such waveguides 92 modes can propagate for 75 GHz. Since
we are studying the propagation of the TE01 mode, a study
of the finite conductivity attenuation for this mode was con-
ducted. A first numerical study using HFSS was performed
and the results have shown a perfect agreement with the
theoretical attenuation profile.

Although we only need to analise the TE01 mode, all
the propagating modes should be declared in the terminalss
of the HFSS model. However, as proven, 92 modes could
propagate in these transmission lines and in HFSS we can
only declare the first 25. In these conditions, results are
only validated until 39 GHz, the frequency where more than
25 modes start propagating. However, tests have shown
that the obtained results correspond to the worst case. This
fact was confirmed by HFSS support. Nevertheless, results
with 25 modes lead to slowly varying attenuation profiles,
without peaks introduced when only 2 modes were decla-
red so they looked as the expected. After understanding the
behavior of the HFSS and what parameters could be used to
have a better computational performance, the radius of the
circular bend was swept from 72 to 210 mm. Conclusions
have shown what was expected: even using R = 210 mm,
the attenuation profile had values in order of 1 dB. Even if
the attenuation was low, the space occupied by these bends
should be minimized.

The next point was to derive a family of hyperbolic se-
cant functions that could be adjusted to our boundary con-
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ditions. These bends are characterized by the equivalent
radius R (square R × R where they are defined) and by an
dimensionless parameter LN which characterises how close
the bend is to the circular one. Calculations show that this
family of functions is defined in the interval of LN 57.25-
85.35%. Some simulations were performed to understand
the effect of this family of bends. Results shown that for
low LN the performance of the bend is better. The defor-
mation that occurs in the bend for LN lower than 57.25%
was also studied, leading to an interesting result that could
be very useful in the context of space optimisation: we can
significantly reduce the inner space that the bend would oc-
cupy in the blanket location by increasing the attenuation
and occupying a little part of the steel structure.

In order to optimise the 90◦ bend of gap 4, a Hyperbo-
lic secant bend was studied for R = 210 mm and results
shown the bend with LN =58% has an attenuation profile
identical to a simple rectangular waveguide. Then the case
LN =30% was tested showing that with a difference in the
maximum attenuation of 0.05 dB, we could reduce drasti-
cally the occupied space in the blanket location. A sweep
in the R parameter was performed and the conclusion was
that from approximately R = 120 mm the hyperbolic secant
bends for LN = 58% had a clean attenuation profile. Now
neutron and thermal simulations will have to show which of

these options is preferable for the blanket cut. The same
solution will be also used in gap 6, where a similar bend
exists.

The electromagnetic performance of the 120◦ bend of
gap 4 also had to be tested. The script used to perform the
simulations for the 90◦ bend was modified to read any list of
points. Thus, the data about the 120◦ bend was imported
from ITER’s CAD models and the simulation was perfor-
med. Results show that for high frequencies an attenuation
in order of 0.5 dB is achieved so in a first approach this bend
have no a serious problem.

All these simulations can be performed with higher so-
lution frequency, lower ∆S and frequency step, leading to
more accurate and detailed attenuation profiles. In this case,
more computational performance is needed.

The importance of this work was not only the study of
in-vessel transmission lines, but also the devolopment of a
method and a function that could be useful to any other
similar situation. In future fusion reactors, like DEMO, mi-
crowave diagnostics will be very important due to the re-
duced available space and higher neutron flux. The opti-
misation of transmission lines is an issue also important in
other areas. Apart from its unquestionable use in other di-
agnostic methods or heating systems, it is present in radar
techniques, industrial systems, between others.
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