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Abstract
In recent years the generation of high power millimeter

wave and Terahertz radiation has progressed substantially,
enabling electron beam manipulation and acceleration in
structures with a footprint of several centimeters. However,
in many experiments the external driving pulse is coupled
collinearly into the waveguide structure which increases the
coupling footprint relative to the wavelength tremendously
(≈30𝜆 or more) in comparison to conventional structures
(≈1𝜆 or less). Here, the design of a double-bend mode con-
verter for 300 GHz is presented which converts the funda-
mental TE11 mode quasi-instantaneously to the TM01 mode
for the accelerating structure. In comparison to an s-shaped
converter, the present design makes an additional waveguide
bend obsolete. The structure length along the beam axis is
only 4 mm (4𝜆), showing a major advance in compactness.
Combined with a horn antenna for free-space to waveguide
coupling, the maximum power coupled into the structure
reaches 83 %, while the collinear scheme does not exceed
74 %.

INTRODUCTION
Since its first demonstration [1], THz- and millimeterwave

driven electron acceleration and beam manipulation have
made major progress due to emerging laser- or gyrotron-
based high-power sources, promising higher field gradients
and smaller footprint compared to conventional RF-driven
structures [2–4]. This led to the initiation of the TWAC
project (Terahertz wave accelerating cavity) [5] which aims
for a compact high-peak current (≈1 kA) accelerator with
tens of fs rms bunch length, leveraged by a THz-driven
dielectric loaded waveguide (DLW) [6, 7] for acceleration
up to 10 MeV.

However, the THz beam is often coupled into the accel-
erating structure collinearly with the electron beam, which
requires at least sufficient space for THz focusing. Further,
the radially polarized Gaussian beam required to match the
TM01 couples less efficiently (≤83 %) to a conical horn an-
tenna than the linearly polarized beam (≤89 %). For a com-
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Figure 1: Parameterized hook-shaped double bend mode
converter for TE11–to–TM01 conversion.

pact layout with high coupling efficiency, it may be beneficial
to couple the linearly polarized THz beam to the TE11 waveg-
uide mode, and further couple to the DLW under 90°. While
90° couplers are commonly used for conventional RF struc-
tures, they rely on a resonance for transferring the power
into the TM01 mode.

Here, to achieve non-resonant, non-collinear coupling to
the accelerating mode, bent circular waveguides are studied
which transfer power from mode to mode via curvature [8–
11]. While full power conversion cannot be obtained with a
single bend [11], two bends with opposite sign of curvature
enable full wave conversion. In many contexts the angles of
the arcs are chosen such that the input and output planes are
almost parallel [2, 12–14]. However, these s-shaped designs
do not leave sufficient space for electron beam injection. In
this work, the angle between input and output port is fixed to
90°. In contrast to the SLAC-110 GHz coupler [2, 15, 16],
no additional waveguide bend is required. The structure is
purely metallic since the dielectric loading is only required
in the accelerating structure.

ANALYTICAL TWO-MODE MODEL
The hook-shaped geometry of the bend mode converter is

illustrated in Fig. 1, in which 𝑟𝑝 = 0 is set initially for pure
mode conversion. The two arcs are characterized by their
radius of curvature and the bending angle, with the constraint
𝜃1 + 𝜃2 = −90◦ and 𝜃1 > 0, 𝜃2 < 0, 𝑅1 > 0, 𝑅2 < 0 by
convention. The output power at port 2 is computed with
the analytic two-wave model [11]. This model assumes
that only the first two modes are propagating, and higher
order modes are suppressed. Here, amplitude 𝐴1 (𝑧) refers
to the fundamental TE11, while 𝐴2 (𝑧) represents the TM01
mode of interest for acceleration. Perfect electric conductors
walls are assumed. To solve the coupled mode equation
a curvilinear coordinate system is used in which the unit
vector e𝑧 is tangential to the bend cylinder axis.
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Table 1: Geometric Parameters of the bend mode converters optimized for a frequency of 300 GHz, based on the analytical
model and S-parameter simulations. The resulting 𝑆21 refer to the excitation of the fundamental mode at port 1.

analytic model simulation
Waveguide radius 𝑏 0.6 mm 0.48 mm 0.6 mm 0.48 mm

Radius of 1st bend 𝑅1 4.4 mm 1.953 mm 4.4 mm 1.92 mm
Angle of 1st bend 𝜃1 43° 58° 43° 58°
Radius of 2nd bend |𝑅2 | 4.445 mm 2.348 mm 4.5 mm 2.25 mm
Angle of 2nd bend |𝜃2 | 133° 148° 133° 148°

Magnitude of TE11 |𝑆 (TE)
21 | −32.7 dB −22.3 dB

Magnitude of TM01 |𝑆 (TM)
21 | −0.156 dB −0.196 dB

Given a waveguide of radius 𝑏, with 𝛽1 and 𝛽2 being the
imaginary parts of the propagation constants, 𝑘 = 2𝜋/𝜆
the vacuum wave number, the coupled mode equation of
a general single bend with initial mode amplitudes 𝑎1 =

𝐴1 (0), 𝑎2 = 𝐴2 (0) and radius of curvature 𝑅 is solved by

𝐴1 (𝑧) =
[
𝑎1

(
cos

𝜋𝑧

𝑑′
+ 𝜂 sin

𝜋𝑧

𝑑′

)
+ 𝑎2𝜂𝜌 sin

𝜋𝑧

𝑑′

]
𝑒𝑖𝛽𝑧 ,

(1)

𝐴2 (𝑧) =
[
𝑎1𝜂𝜌 sin

𝜋𝑧

𝑑′
+ 𝑎2

(
cos

𝜋𝑧

𝑑′
− 𝜂 sin

𝜋𝑧

𝑑′

)]
𝑒𝑖𝛽𝑧 ,

(2)

𝜂 =
𝑖√︁

1 + 𝜌′2
, 𝛽 =

𝛽1 + 𝛽2
2

, (3)

where 𝜌 and 𝑑 are derived from the coupling coefficient,

𝜌 = − 𝛽1 + 𝛽2√︃
2𝛽1𝛽2 (𝑢′11

2 − 1) (𝑢′11
2 − 𝑢2

01)

𝑘𝑏

𝑅
, (4)

𝑑 =
2𝜋

(𝛽1 − 𝛽2)
√︁

1 + 𝜌2
. (5)

𝑢01, 𝑢
′
11 are the first roots of the zeroth Bessel function 𝐽0 (𝑧),

and the derivative of the first Bessel function 𝐽′1 (𝑧).
Starting with the first bend of the converter, the amplitude

evolution simplifies due to the initial values being 𝑎1 =

1, 𝑎2 = 0. In Eq. (4), the generic radius of curvature 𝑅

is substituted by 𝑅1. At 𝑧★ = 𝑅1𝜃1 the bend is inverted,
implying 𝑎1 = 𝐴1 (𝑧★), 𝑎2 = 𝐴2 (𝑧★) for the initial condition
of the second bend with 𝑅2 < 0. In Eqs. (1) and (2) the
z-coordinate for the second bend must be given relative to
the transition, substituting 𝑧 with 𝑧 − 𝑧★.

Two cases are studied with fixed waveguide radius. The
first one is set to 𝑏 = 0.6 mm, which implies 𝛽1 =

5.487 mm−1, 𝛽2 = 4.844 mm−1 [17]. To achieve good con-
version, |𝐴1 (𝑧 = 𝑅1𝜃1 + 𝑅2𝜃2) |2 at the end of the second
bend must be minimized. The coupling coefficients scale
inversely with the radius of curvature [11], which results
in strong coupling (𝜌 ≫ 1) at 𝑅1 ≈ 𝜆. However, moderate
coupling 𝜌 ≈ 1 is beneficial with respect to broad bandwidth.
𝑅1 = 4.4 mm is chosen as a good compromise (𝜌 = 0.95).
The angle is adapted to achieve ≈50 % power in both modes
at 𝑧★ according to Eqs. (1) and (2). 𝜃2 follows from the

condition of a net 90◦ bend. Feeding the second bend with
the superimposed amplitudes 𝑎1 and 𝑎2, the power |𝐴2 (𝑧) |2
of mode 2 at the output port is optimized with respect to 𝑅2.
At the optimum the conversion reaches 99.97 %. Table 1
summarizes the structure parameters.

The second case considers a smaller waveguide of 𝑏 =

0.48 mm with 𝛽1 = 4.981 mm−1 and 𝛽2 = 3.799 mm−1 due
to potential excitation of TE21 enabled by manufacturing
errors in the large waveguide. Following the same procedure
the optimal geometric parameters are determined and listed
in Table 1.

NUMERICAL VALIDATION AND
REFINEMENT

To include finite conductivity, scattering parameters of the
converters have been simulated in CST Studio Suite 2022
Microwave Studio [18]. Annealed copper is assumed as
conductive wall, 𝜎𝑐 = 58 MS m−1.

For the large waveguide case, Fig. 2 shows how 𝑆21
evolves for both modes with varied radius of the second
bend. For minimum transmission in TE11, a slight shift of
the ideal 𝑅2 has been found in comparison to the analytic
result, see Table 1. The simulation also quantifies of how
much power is transmitted, converted and lost due to finite
conductivity. Table 1 lists 𝑆21 for both modes. Transmission
to the fundamental goes down to 0.05 % power. 96.5 % are
transferred to the desired accelerating mode. The remaining
3.5 % are dominantly dissipated by ohmic losses. Further
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Figure 2: 𝑆21 of both modes versus radius of curvature 𝑅2
for the large waveguide 𝑏 = 0.6 mm, and at 300 GHz.
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Figure 3: Scattering parameters 𝑆 (TM)
21 and 𝑆

(TE)
21 for the op-

timized hook-type mode converters. The design parameters
are provided in Table 1.

validation and optimization has been applied to the small
waveguide case, leading to the optimal structure parameters
in Table 1.

Figure 3 shows the frequency dependence of 𝑆21 ( 𝑓 ),
stressing its broad bandwidth. Within its 3 dB–bandwidth,
Δ 𝑓 ≈ 4 GHz, the converter performs well with an uncon-
verted transmission below the 1 ‰ level. The spike observed
at 305 GHz is due to the cut-off frequency of the next higher
order mode, TE21. It is noticeable that 𝑆 (𝑇𝐸 )

21 is still small
in case of the small waveguide, but already an order of mag-
nitude larger than for the 𝑏 = 0.6 mm case.

PINHOLE FOR ELECTRON INJECTION
To inject an electron beam into the subsequent accelerat-

ing structure, a pinhole of radius 𝑟𝑝 aligned with the outgo-
ing waveguide axis is included in the computational model
of the large waveguide. Substantial leakage of the field may
occur at the pinhole, and mode conversion may deteriorate.
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Figure 4: Transmissive 𝑆
(TE)
21 ( 𝑓 , 𝑟𝑝) in fundamental mode

depending on frequency and pinhole radius 𝑟𝑝 for beam
injection. White line plots: 𝑆

(TE)
21 (𝑟𝑝) and 𝑆

(TM)
21 (𝑟𝑝) at

300 GHz.

Figure 4 shows how the transmission in the fundamental
mode changes with 𝑟𝑝. The resonance peak shifts towards
smaller frequency as 𝑟𝑝 increases, and 𝑆

(TE)
21 (300 GHz) in-

creases. With a 0.45 mm pinhole, conversion has dropped to
65 % and about ≈25 % of the power leaks out of the pinhole.
In Fig. 5 the field pattern also makes potential leakage visi-
ble. For a small pinhole of 0.22 mm no significant leakage
is observed, while for 𝑟𝑝 = 0.45 mm a significant amount
of field energy is localized at the opening. The clear TM01
field pattern at the output, shown in Fig. 5a, is heavily dis-
torted in Fig. 5b. In conclusion, a pinhole of 0.22 mm is an
acceptable trade-off between efficient mode conversion and
sufficient space for beam injection.

CONCLUSION AND OUTLOOK
The double bend mode converter is a promising alterna-

tive to collinear coupling with a radially polarized Gaussian
beam. Including losses due to linear-to-radial polarization
conversion, the collinear scheme is expected to couple less
efficiently to the accelerating mode than the waveguide-to-
waveguide converter equipped with a conical horn antenna.
Further, the hook-shaped structure supports the compactness
of the accelerating structures. While an experimental lay-
out for TM01-horn-antenna coupling requires at minimum
50 mm (horn length and space for an in-coupling mirror),
the hook-type converter requires less than 4 mm. Free space
coupling is relocated from the beam axis to the surround-
ing. Due to its non-resonant characteristic, coupler kicks are
expected to be negligible, but require further quantification
in future studies.Further, the wall is modelled with 0.2 mm
thickness in simulations. In practice, embedding the waveg-
uide channel in a copper block may be beneficial, which may
have an influence on the leakage at the pinhole.
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Figure 5: Field pattern |E| of the two mode converters with
(a) small and (b) large pinhole. The short pulse has left port 1
already and arrived at port 2. Parameters listed in Table 1.
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