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ARTICLE INFO ABSTRACT

Keywords: In an Electron Cyclotron Resonance Heating (ECRH) system, to efficiently couple the signal power to the
Polarizer plasma, the signal wave polarization must be accurately matched to the plasma conditions at the plasma
ECRH boundary. However, the millimeter-wave radiation from the power source (gyrotron) is normally linearly
DTT

polarized: consequently, some kind of polarization matching is required. This study focuses on the design of
a grating polarizer with sinusoidal grooves for the 170 GHz ECRH system, with an application specifically
intended for the Divertor Tokamak Test (DTT), currently under construction in Frascati, Italy. To enable
the generation of all possible output polarization states, a pair of polarizer mirrors will be employed and
integrated into the Quasi-Optical (QO) transmission line connecting the gyrotrons to the Electron Cyclotron
(EC) waves launchers. The primary objective of this study is to describe an analytical tool capable of providing
detailed insights into the polarization characteristics of the reflected electric field resulting from the interaction
between the incident wave and the polarizer. Additionally, the proposed program tool calculates the precise
combinations of rotation angles required for the polarizers to achieve the desired output polarization states.
The accuracy and reliability of the model’s prediction have been validated by comparing them with simulations
conducted using commercial electromagnetic software.

Nuclear fusion
Fusion engineering
High power microwave sources

1. Introduction on the D- or G-band, giving MW of power. Solid-State Power Am-
plifiers (SSPA) can reach such operating frequencies [10,11], but the
required MW of power cannot be obtained even considering the low-

loss waveguide combiners [12-15]. Another potential solution could be

Nuclear fusion is studied as a possible source of carbon-dioxide-
free energy, thereby reducing greenhouse gas pollution that alters the

climate and threatens Earth’s life [1,2]. In a magnetically confined
plasma nuclear fusion device, Electron Cyclotron Resonance Heating
(ECRH) is essential for supplying the auxiliary heating needed to attain
the conditions requisite for fusion reactions. The Divertor Tokamak
Test (DTT) facility, currently under construction in Frascati (Italy), is
designed to investigate alternative power-exhaust solutions [3]. A huge
amount of external additional heating of 45 MW is required to achieve
values of power at the separatrix comparable with future relevant
fusion devices like DEMO. The primary contributor is the Electron
Cyclotron Resonance Heating (ECRH) system, which will supply 28.5
MW to the plasma [4-6]. The power source used mainly for ECRH is
the gyrotron [7-9], a vacuum Electronic device capable of operating

* Corresponding author.
E-mail address: sofia.bertolami@uniroma2.it (S. Bertolami).

https://doi.org/10.1016/j.fusengdes.2025.115552

the use of High-Power Microwaves (HPM) sources capable of exceeding
the gyrotron power [16-18]; however, they are currently unable to
achieve the required operating frequencies. In addition, Free-Electron
Lasers (FELs) [19-21] are being considered as potential substitutes for
gyrotron sources of ECRH because of their ability to generate tunable
high-power radiation at millimeter and submillimeter wave frequen-
cies. However, the utilization of FELs in ECRH systems is currently
limited by several factors. Indeed, the conventional pulse length of FELs
is restricted to a few seconds, which is not sufficient for steady-state
or long-pulse plasma operations. In addition, the technical complexity,
size, and high fabrication and operation costs of FEL systems further
restrict their usability for future broad applications on fusion devices.
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Thus, gyrotrons are still the optimum and most appropriate source of
ECRH in current and near-term fusion research.

In the DTT facility, the ECRH power will be delivered by 4 clusters,
each incorporating 8 gyrotrons, whose Gaussian beams will be trans-
mitted by a Quasi-Optical Multi-Beam transmission line to the antennas
that will be placed in the DTT sector. The Radio-Frequency (RF) power
generated by the gyrotrons is transported through a sequence of flat
and focusing mirrors, integrated within a vacuum envelope, and is
injected into the plasma via a pair of mirrors, one fixed and one
steerable, located in the port plug of each launcher. In this transmission
line [22,23], a couple of grooved metallic mirrors adapt the wave
polarization to all possible plasma experiment requirements. Indeed,
the polarization of the injected wave must be matched to the plasma to
attain proper power absorption and avoid unwanted reflection or mode
conversion. These grooved metallic mirrors induce a phase difference
between orthogonal wave components, enabling the transformation
of an incoming wave into an arbitrary polarization state. The typical
approach relies on the combination of two grating polarizers: a linear
polarizer and an elliptical polarizer. However, given the promising
results, particularly in terms of ohmic losses, reported in [24], for the
design of the DTT transmission line, the combination of two elliptical
polarizer mirrors as a universal polarizer has been investigated.

This work explores the theoretical design and simulation of a sinu-
soidal grating elliptical polarizer for the DTT 170 GHz ECRH system.

The following second section presents the fundamental concepts
needed to understand the principle of device operation. The theory of
diffraction is then explored, with particular attention to the method
used to solve the basic equations that describe its behavior and the
program workflow.

The third section is dedicated to the design of the polarizer, detail-
ing the relationship between incident and reflected waves, along with
the resulting rotation angle and ellipticity.

In the fourth section, the results of the theoretical model are pre-
sented and validated by comparison with electromagnetic simulation
data.

The fifth section analyzes the performance of the system resulting
from the combination of two polarizers, highlighting the importance of
the results obtained.

Finally, the sixth section collects the main conclusions of the work.

2. Grating polarizer: definition and analysis

A detailed model of a grating polarizer, including incident (E;) and
reflected (E,) electric field components, is illustrated in Fig. 1; k; is the
incident wave vector while k, is the reflected wave vector. The mirror
is characterized by a periodic corrugation, defined by a specific depth
and period. The mirror can also rotate around its y-axis at an angle
defined as @. This rotation allows for variation of the polarization of
the output electric field. To guarantee that only the zero-order mode
propagates and prevent Bragg scattering in all directions, the period p
of the profile of the polarizer must meet the following requirement.

P 1 4 sinf cos @ )
In (1), A is the wavelength, 6 is the angle of incidence, and @ is
the mechanical rotation angle of the polarizer. The incident electric
field can be decomposed into three components: two in the mirror
plane, E;,, (TE mode), and E,, (TM mode), and one perpendicular
to the mirror plane. If we assume that the groove width is small
enough, the electric field component parallel to the grooves will not
penetrate the grooves significantly, while the perpendicular component
will reach the bottom of the grooves, where it will be reflected [25].
This phenomenon will therefore introduce a phase difference between
these two electric field components, which we will denote by 7. This
phase difference is related only to the field components in the mirror
plane [26].

To calculate this value, it is necessary to solve the integral method
of vector theory of diffraction gratings [27].
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Fig. 1. Schematic diagram of the grating polarizer and geometric relationship
between incident (E;) and reflected electric field (E,). The angle of incidence
is 0 and the rotation angle of the polarizer is @.

Fig. 2. Sinusoidal profile of the polarizer. The period of the corrugation is p,
while the depth of the corrugation is d. f(x) is the profile function chosen for
the polarizer mirror.

2.1. Theory of diffraction gratings

The first step consists of defining the periodic profile that char-
acterizes the corrugations of the polarizer. In the present analysis, a
sinusoidal profile is assumed as a representative case, together with its
associated coordinate system, as illustrated in Fig. 2. If we now consider
a generalized incident plane wave interacting with the chosen periodic
profile, it is possible to represent the reflected electric field of the TE
mode and the magnetic field of the TM mode, following the theory of
diffraction gratings, as follows:

(o]
Fx,y)= Y, Byeltotitn @
n=—co
ky, = k,sin6 @

k=R -8, ®

where B, can refer to the coefficients of the TE or TM modes, 4
is the wavelength, 6 is the angle of incidence, and n is the order
of diffraction. In this formulation, the function F(x,y) represents the
spatial dependence of the reflected field components across the x- and
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y-directions. The reflected electric and magnetic field components can
therefore be expressed as:

E.(x,y,z) = |Ei(x,y,2)| - F(x,) (6)
H,(x,y,2) = |Hi(x,y,2)| - F(x,y) @

The coefficients of the TE mode can be determined following the
equation:

P d(x) _; ;

B = —ikyyx—iky, f(X) g g
TEn /0 2ivk,, e y x (8)
where
P
D(x) = 2D (x) + 2/ N(x, x"®(x")dx' 9
0

Do (x) = —ik(cos 0 + f'(x)sin §)elFxsiné-ik/()cosf) 10
N(x,x') = Z 5, lsign(f(x) = F&x) - k—’"’f’(x)]

n=—00 P yn

oknGe=x" ik | f ()= f )] an

Here, f(x) represents the grating function utilized in the polarizer
design, while f’(x) is the first-order derivative of the profile function.
The sign function is defined such that sign(g(x)) equals —1 when g(x) <
0 and equals 1 when g(x) > 0. In the previous equations, k is the
wavenumber defined as 27” Again, the coefficients of the TM mode are
established by the following equation:

p k . .
Bryrn = / PO (1 = Bxn preyyemikarnikon @) 1 12)
’ 0 2p kyn
where
14
Y(x) =2¥)(x) + 2/ N, x"YP (") dx' (13)
0
IIIO(X) — eikxsin()—ikf(x)cosﬂ (14)
o 1. . k
N'Gex) = 3 S-lsign(f() = f() = 2 /()]
~ 2p k
n=-o0 yn
ok xn (= ik £ (0= f () (15)

After calculating the coefficients By, and By, ,, it is possible to
derive 7 as follows:

T= arg(BTEYO) - arg(_BTMA,O) a6

Egs. (9) and (13) are formulated as Fredholm integral equations, which
pose significant challenges in terms of solvability.

2.2. Numerical method and program workflow

The polarization characteristics of the reflected wave are deter-
mined primarily by the geometry of the chosen profile, such as depth
(d) and period (p), angle of incidence (6), and rotation angle (®).
Generally, non-rectangular grooves with smooth edges are utilized to
improve the power handling capabilities of grating polarizers in high-
power ECRH systems, particularly those that operate at megawatt
power levels [28]. To address Fredholm integral equations, numerous
analytical techniques have been devised over the years, including the
Coordinate Transformation Method (C-Method) [29], Rigorous Cou-
pled Wave Analysis [30], and the Integral Point Matching Method
(IPMM) [27]. This last method is recognized for its intuitive nature and,
consequently, simple numerical implementation; for this reason, it is
the most frequently employed. The core concept involves discretizing
the previously discussed equations on the selected grating profile,
thereby generating a set of linear equations. These linear equations
can be subsequently resolved using various numerical techniques to
determine the diffraction coefficients of interest. Despite its intuitive
and rigorous characteristics, this method often necessitates extensive
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computations that are not easily addressed, and convergence issues may
frequently occur. For these specific reasons, it was decided to solve
the mathematical problem of phase shift calculation using the Integral
Staggered Point Matching Method (ISPMM) described in [31]. The
precision of the method is also demonstrated by comparing the results
obtained with other methods mentioned above, such as the C-Method
and IPMM. The promising results, along with the ease of integration
into mathematical software, let us choose ISPMM.

The analytical program was implemented using MathCad [32], tak-
ing advantage of its matrix-oriented environment. A sinusoidal grating
profile was selected, but it was parameterized so that the program was
as general as possible. The profile function f(x), the corrugation depth
(d) and period (p), the wavelength (1), and the angle of incidence
(0) can be input by the user. Once the basic input parameters are
defined, the program discretizes the grating period in m points and then
simultaneously applies two numerical integration rules: the trapezoidal
rule for the x points and the midpoint rule for the x’ points.

;= Y= < jcm 7
m—1
x’r:(zz:n_—_lép(ISrSm—l) (18)

This discretization technique avoids the convergence issues that are
typically associated with the Fredholm integral equation. Then (9) and
(13) were reformulated as follows:

m—1

2
D(x)) = 20)(x)) + Y. m—le(xj,x;)zp(x;) 19)
r=1
P(x') = 2P, (x) + i Cir N(x,,x, WP (x;) (20)
r’ = 0\ m—1 rj J
il

In(18) ¢, =C,=1land C;=2for2<j<m—1).

These choices reduce the problem to the solution of systems of linear
equations. After discretizing the Fredholm integrals, the coefficients
Brg, and Br,, , can be computed by solving the Egs. (8) and (12) in
their discrete form as follows:

_ step o P(x;)

— e~ TkanXj=iky, f(x}) 21
TEn ™ 2ip =i k (21)

yn

m—1
Bry, = S% Zl L{CATCE ',i’—;:f’<x))e"*xn"¢""‘wf G 22)
In the previ_ous equations, the value of the step was chosen as #.
Once these coefficients are known, the calculation of the phase shift
is straightforward.

The workflow of the developed program is presented in Fig. 3.
3. Design of the elliptical polarizer

As previously mentioned, for the design of the transmission line
setup intended for DTT, a combination of two elliptical polarizer mir-
rors has been studied first, before addressing the conventional pairing
of a linear and an elliptical polarizer. This choice was made to create
a universal polarizer capable of producing any desired output polariza-
tion state. Taking into account the geometric model and the coordinate
system illustrated in Fig. 1, one can derive the relationship between
incident and reflected fields as follows:

Eg | _ [cos¢ —sing ei7/2 0

Eg, T |sing  cosé& 0 e7it/2
cos & —siné| | Ey,
—siné —cosé E¢,

(23)

Where ¢ = arctan(tan®cos#) and t is the phase shift calculated by
applying the ISPMM in our MathCad program. In the optical design
of the DTT ECRH transmission system, the angle of incidence 6 was
set to 22.5°. This value is given as a system requirement by DTT and
is chosen to reduce ohmic losses on polarizers, even if the developed
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Initialize: A, d, p, 6
Define: f(x)
Set: m

l

Calculate the discrete points x; and x’;

Calculate ®(x) and ¥(x")
using eq. (17)-(18)

Calculate the coefficients By, and
B, using eq. (19)-(20)

l

From the Oth-order coefficients
calculate
t=arg(Breo)-arg(-Brw,o)

|
(=

Fig. 3. Program workflow.

¢-axis (Ey)

0-axis (Ep)

Fig. 4. Definition of the polarization parameters o« and g in the chosen
coordinate system. E, and E, are the ortogonal components of the electric
field.

model remains applicable in more general cases. Also, it was assumed
that both mirrors could rotate around their axes from 0 ° to 180°
(0° < @ < 180°) and that the angle of incidence is the same for
both of them. Once the phase shift = and the angle ¢ are known, the
reflected components of the electric field can be determined. From
these components, it is possible to extract information regarding the
output polarization. The key parameters for expressing the polarization
of the electric field are two: the rotation angle («) and the ellipticity (8),
defined in Fig. 4.
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Fig. 5. Phase shift r as function of the rotation angle @ of the polarizer
calculated with our mathematical program.

These two parameters can be analytically found by following the
equations:

tan(2a) = tan(2y) cos(5) (24)
sin(2p) = sin(2y) sin(6) (25)

For the previous equations, y = arctan(| Eg, | / |Ey, ) and § is the phase
difference between the reflected components.

Following the condition in (1), the groove period was fixed at
1.1 mm, while the depth was optimized considering the observations
in [33]. This optimization yielded an optimal depth of 0.46 mm.
According to (25) and the definition provided in y, when designing
an elliptical polarizer with the optimal range of variation in ellipticity
B, it is imperative that the phase change r corresponds to 3/2z for
tan(®@) = +(1/cosf). By using the proposed numerical program, it
was possible to quickly determine the optimal corrugation depth for
the sinusoidal profile that maximizes the performance of the elliptical
polarizer. Specifically, for a rotation angle of 47.27°, the resulting
phase difference is approximately 272°, which is very close to the target
value.

After optimizing the depth and period of the chosen sinusoidal
profile, it was possible, using the program we developed, to obtain the
value of the phase shift = as function of the rotation angle @ (Fig. 5). By
analyzing the phase shift obtained, and considering (23), we were able
to evaluate the performances of the polarizar in terms of rotation angle
« and ellipticity g. Specifically, our goal was to ensure that the range of
variation for the parameter # was as wide as possible, allowing all the
output polarization states to be achieved. As can be seen in the graph in
Fig. 6, the maximum ellipticity achievable by our elliptical polarizer is
very close to the theoretical value of 45 degrees. Specifically, we obtain
a maximum value § of 44 degrees.

4. Electromagnetic simulation

After studying the behavior of the single elliptical polarizer, taking
into account diffraction theory, it was necessary to assess the results
obtained through electromagnetic simulations. The software chosen for
this verification was the commercial High-Frequency Structure Simula-
tor (Ansys HFSS [34]). Since the structure of the polarizer is periodic,
for the electromagnetic simulation, it was sufficient to consider a single
period of the corrugation. With the appropriate Primary/Secondary
boundaries, it was then possible to model the periodic structure [35].
The Unit Cell modeled in the HFSS software is shown in Fig. 7. The
objective of this simulation was to extract information about the elec-
tric field reflected by the Unit Cell to determine the phase difference =
and compare it with the numerical results obtained with our developed
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Fig. 6. Rotation angle « and ellipticity § of the polarization as function of the
rotation angle @ of the polarizer calculated with our mathematical program.

X

Fig. 7. Unit Cell of the elliptical polarizer in HFSS.

program. The Unit Cell was excited by inserting a Floquet port at the
upper end of the structure box. The Floquet port is a type of excitation
used exclusively for simulating planar periodic structures and allows
for analyzing a single period and then extrapolating the behavior of
the entire infinite periodic structure. The material for the corrugation
is considered as PEC (Perfect Electric Conductor), while the material
chosen for the structure containing the corrugation, on the other hand,
is vacuum. Additionally, we set up the simulation in such a way that
the corrugation could rotate in the xy plane; For this reason, we defined
a rotation angle @ and carried out a parametric simulation. This choice
thus allowed for a clearer and more meaningful comparison with the
results obtained from the analytical approach.

By analyzing the magnitude and phase of the S parameters obtained
from HFSS and applying (16) and (23), the simulated phase difference
= was determined as a function of the rotation angle ®@. A comparison
between the results obtained using our analytical model and those
derived from full-wave electromagnetic simulations is presented in Fig.
8.

The analytical and simulation results show excellent agreement,
with a maximum relative error of approximately 0.5% in the worst-case
scenario.

5. Combination of the two polarizer mirrors

As discussed previously, in order to realize a universal polarizer,
it is necessary to combine two polarizers. In the DTT’s specific case
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Fig. 8. Comparison between analytical and simulation results for the compu-
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considered here, the two polarizers share identical geometrical charac-
teristics and operate at the same angle of incidence. In addition, the
incident and reflected wave vectors are on the same plane. To account
for all possible output polarization states, the interaction between the
two polarizers must be modeled using a matrix-based approach. In the
case of a system composed of two elliptical polarizers, the reflected
electric field can be expressed as follows:

Ey, _ |03 jl—thm.Z cos 2, Tzsm 24512252

Ey, isin 5 sin2&, —c0s 5 +isin 3 cos 2&,
P Tl <3

—isin 3 sin2¢, :| [Egi]

O 4isind ;
5 Tisin— cos2¢ | | Ey,

. . (26)
cos 2 +isin - cos2¢,
isin < sin 2¢, —cos

where &, 7, represent the parameters of the first elliptical grating
polarizer and &,, 7, represent the parameters of the second elliptical
grating polarizer. In our case, since the two polarizers are identical, the
phase shift values (denoted 7, and 7,) are the same for both elements.

Using the proposed mathematical model, we generated key contour
plots that are essential to understanding the behavior of the polarizers.
These plots offer a comprehensive representation of the achievable
polarization states as a function of the rotation angles of the two
polarizers. The graphs were obtained by assuming a (E, = 1, Ey
= 0) incident polarization on the first polarizer. The contour plots
derived from our analytical model are shown in Figs. 9 and 10. Fig. 9
shows the possible combinations of the polarization rotation angle ()
at the output of the system as a function of the mechanical rotation
angles of the two polarizers (@, and @,), while Fig. 10 shows the
corresponding combinations of the output polarization ellipticity (),
also as a function of the mechanical rotation angles of the polarizers (&,
and &,). Assuming a priori knowledge of the polarization required to
ensure proper plasma matching, the two contour plots provide a direct
reference for determining the optimal mechanical configurations of the
polarizers necessary to achieve this condition.

5.1. Calculation of polarization purity

After calculating the possible combinations of a and g that can be
obtained by combining the two designed polarizers, it was necessary
to consider a quantity known as polarization purity [36]. This quantity
allows for the evaluation of whether all possible state combinations (a,,
B,) can be realized with the pair of polarizers and, if so, with what
efficiency. The polarization purity # is defined as:

n= cosz(ap —a,) cosz(ﬂp -p)+ sinz(ap —-a,) sinz(ﬂp +5.) 27)

When 7=1, it means that the two polarization states are identical,
whereas when #=0, the two polarization states are orthogonal. In the
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Fig. 10. Ellipticity p as a function of the mechanical rotation angles of the
two polarizers (@, and @,).

previous equation, a, and f, correspond to the rotation angle and
ellipticity values calculated with our program, while «, and f, are the
values corresponding to any possible combination. After implementing
the formula in the program, we obtained a new contour plot (Fig. 11),
which illustrates the polarization purity as a function of the desired
parameter combinations.

The minimum calculated value of # is equal to 99.94%. This result
indicates that, with the chosen setup, it is possible to realize all the
combinations of the parameters « and g within the selected range.
Consequently, this ensures the capability to generate any desired po-
larization state of the electric field at the output of the transmission
line.

6. Discussions

The results of the program discussed in this paper should be com-
pared with similar results that could be obtained using commercial
Computer-Aided Design (CAD) software. Computation efficiency is a
very important parameter that has to be considered when performing
a general design. In this context, the developed program avoids the
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Fig. 11. Polarization purity # as a function of all the possible polarization
states. a, and f, represent, respectively, the rotation angle and ellipticity of
the desired polarization.

need to draw a full three-dimensional model and select boundary con-
ditions required by electromagnetic CAD software for highly accurate
simulations. Moreover, even for generating advanced graphical outputs,
such as contour plots, no post-processing is required, an operation
that is instead mandatory when adopting a simulation-based approach.
Moreover, the scale of the problem, specifically the disparity between
the wavelength and the mirror dimensions, makes full-system simu-
lations unfeasible, whereas the analytical approach presented in the
paper bypasses this limitation, offering significant flexibility in terms
of geometries, applications, and number of components. However, the
present model assumes perfect periodicity, ideal conductive materials,
and neglects any thermal deformation and fabrication tolerances. In
real-world applications, these effects could slightly alter the behavior
of the polarizers, particularly at high operating powers. Future exper-
imental validation on prototype polarizers will be crucial to quantify
such deviations and assess the robustness of the design under realistic
operating conditions.

7. Conclusions

This paper presented the analytical modeling, design, and verifica-
tion of a sinusoidal grating elliptical polarizer and its application for
the 170 GHz Electron Cyclotron Resonance Heating (ECRH) system
of the Divertor Tokamak Test (DTT) facility. The analytical program,
described in this work, allows for the accurate computation of the phase
shift introduced by the grooves of the polarizer and to analyze the
polarization properties of the reflected electric field for arbitrary cor-
rugation profiles and design parameters, such as frequency and angle
of incidence. Moreover, the developed program enables the calculation
of the phase shift (¢) and the polarization characteristics of a single
polarizer or two combined polarizers, avoiding the need for a 3D model
or post-processing requirements typically associated with the use of
electromagnetic simulation software. The analytical predictions were
validated by full-wave electromagnetic simulations using HFSS with
a maximum relative error of approximately 0.5%. With the proposed
method, it is possible to calculate the optimal corrugation depth to
be employed to maximize ellipticity and study any possible polariza-
tion variation. Moreover, the combination of two identical elliptical
polarizers was theoretically shown to give full control over the output
state of polarization, in terms of rotation angle and ellipticity. The
output contour plots are a convenient map of the mechanical rotation
angles required in order to achieve any given output polarization and
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to ensure efficient coupling to the plasma. The optimized analysis
tool offers a secure and efficient approach to polarizer design and
optimization in high-power ECRH systems and could be integrated into
routine systems engineering tasks for plasma applications in nuclear
fusion.
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