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8-Fold Helically Corrugated Interaction Region
for High Power Gyroresonant THz Sources

Craig R. Donaldson, Liang Zhang, Michael Harris, Matthew J. Beardsley, Peter G. Huggard, Colin G.
Whyte, Adrian W. Cross, and Wenlong He

Abstract— A manufacturing study of a 0.372 THz 8-fold
(8F) helically corrugated interaction region (HCIR) and mea-
surement of its wave dispersion characteristics are re-
ported. This demonstrates the structure’s suitability as the
electron beam / electromagnetic wave interaction region in
a high power frequency tunable Gyroresonant THz source.
The 8F HCIR has an eigenmode, which is ideal for broad-
band tuning, created by the coupling of the TE61 and TE23
modes. Maximum power handling of 14 times larger than
a 3-fold HCIR at the same frequency is calculated. A TE11
to TE61 7-fold (7F) helically corrugated waveguide (HCW)
mode converter, needed to measure the wave dispersion
of the 8F HCIR, was designed and constructed. Negative
aluminium mandrels of the 7F HCW mode converter and
8F HCIR were manufactured. Copper structures were con-
structed through electroforming. The measured wave dis-
persion of the 0.372 THz 8F HCIR agreed well with simulated
dispersion characteristics.

Index Terms— helically corrugated waveguide; precise
manufacture; THz sources

I. INTRODUCTION

THZ power sources are in great demand. Many applica-
tions and technologies can be enhanced by operating

in the 0.3 THz to 1 THz frequency range at high powers
and with wide bandwidths such as in high resolution radar
[1], electron paramagnetic resonance (EPR) and dynamic nu-
clear polarisation enhanced nuclear magnetic resonance (DNP-
NMR) spectroscopy [2], telecommunications [3] and so on.
Gyro-devices [4] are an obvious solution to meet the demands
of broadband, high power, THz sources. Gyro-devices are
fast-wave sources and traditionally are based on a smooth-
bore waveguide, rather than a slow-wave structure (SWS)
that greatly limits the power handling capability of the THz
sources. The gyro-backward wave oscillator (gyro-BWO) [5]
and gyro-traveling wave amplifier (gyro-TWA) [6] are fast
wave devices which can operate using higher order modes
where the electrons are bunched in the azimuthal direction and
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do not rely on a SWS to longitudinally bunch the electrons in
the beam.

The choice and design of the interaction region determines
the THz source’s power and maximum achievable tunability
of the oscillator or bandwidth and gain of the amplifier. The
helically corrugated interaction region (HCIR) [7] is one type
of fast, beam-wave interaction region that has been used in
gyro-amplifier experiments at X-band [8], [9], Ka-band [10],
[11] and W-band [12]–[14]. Through coupling of two modes,
one close to cutoff and the other far from cutoff, an eigenwave
is formed that has preferential characteristics for wide band os-
cillation or broadband amplification. While experiments have
been reported up to W-band, at higher frequencies the HCIR is
technically challenging due to the need to maintain the Ohmic
loss at a tolerable level and the difficulty of machining the part.
However, it is possible to design and construct a 0.372 THz
HCIR based on a 3-fold (3F) configuration [15]. State-of-the-
art manufacturing facilities were required to build the 23.8 mm
long 3F HCIR with an average diameter of 0.7 mm.

An 8-fold (8F) HCIR reduces the machining difficulty (but
maintains the required accuracy) as it has a greatly enlarged
geometry in comparison with the 3F HCIR, at an average
diameter of 2.24 mm. Benefits of the larger diameter include:
firstly, a more robust waveguide which allows longer sections
to be manufactured removing misalignment issues, secondly
it reduces electron beam optic sensitivity and allows for a
higher power electron beam and hence higher millimetre wave
output power to be generated. Furthermore, the ohmic losses
are reduced which can be a limiting factor when operating at
such high frequencies.

This paper also presents the design of the polarisation
converter, 7-fold (7F) helically corrugated waveguide (HCW)
mode converter and simulation of the higher order mode exci-
tation of the 8F HCIR. The wave dispersion of the 8F HCIR
was simulated and the maximum power handling capability
calculated. The manufacture of the waveguide components
and measurements of the wave properties of the 8F HCIR
has validated the mode coupling in the HCIR.

II. DESIGN

The HCIR and HCW have both an azimuthal and axial
corrugation. It is described through the following relation, in
cylindrical coordinates (r, θ, z).

r(θ, z) = r0 + r1cos(mBθ +
2πz

d
) (1)
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Where, r0 is the average radius, r1 is the corrugation ampli-
tude, d is the corrugation period and mB is the fold number.
The corrugated surface allows the resonant coupling of two
normal waveguide modes (modes 1 and 2) provided they
satisfy the synchronism conditions k1 ± k2 = 2π/d and
m1 ± m2 = mB , where k is the axial wavenumber and m
azimuthal indice of the modes. The twist of corrugations, and
rotation of the waves, can be denoted as either left-handed
(LH) or right-handed (RH). In a RH HCIR the traveling mode
must rotate LH, against corrugations, otherwise a RH wave
will see the HCIR as an equivalent smooth waveguide. The
coupled mode can be either RH or LH depending on the sign
of k2.

In this paper, a HCIR was optimized with an eigenmode
suitable for amplification at the desired centre frequency. It is
achieved by coupling of the LH 1st spatial harmonic of the
TE61 mode and the RH TE23 mode, with a fold number of
6 + 2 = 8. The resonance conditions also allows the TE62 to
couple with TE21 and TE22 modes, however coupling is weak
and out of the interested frequency range [16]. A 4-fold (6−2)
HCIR can also couple the same set of modes (LH TE61 and
LH TE23), however simulation shows comparatively poorer
bandwidth.

A mode converter is required as most sources output in
the TE11 mode. Many mode converters exist based on desired
input and output modes [17]–[19]. Another method is to use
a 7F HCW mode converter to generate the TE61. The profile
of the HCW is similarly described by Eq. 1. The geometry
of the 7F HCW mode converter is r0 = 1.24 mm, r1 = 0.07
mm, d = 2.33 mm with a total length of 11.65 mm and LH
corrugations. The input RH TE11 mode converts to the LH
TE61, as shown in Fig. 2. If the same input mode rotates
LH the lowest order mode that could be generated would be
TE81, however this is practically in cutoff and therefore the
mode remains LH TE11 on exit from the HCW.

The mode converter was simulated using the CST Mi-
crowave Studio suite (CST-MS). A circularly polarised LH
TE11 mode was excited at one port and the transmission to
the other port calculated as shown in Fig. 1. At the centre
frequency the transmission loss, in conversion to TE61, was
0.55 dB. Away from the centre frequency the strength of the
TE61 mode reduces and the resultant wave gains a higher
content of the TE11 mode. An elliptical polarizer is used to
convert the vector network analyzer (VNA) polarization from
linear to circular. The geometry of the polariser consists of
a circular waveguide (diameter 2.12 mm) that linearly tapers,
over 10 mm length, to an elliptical shape (2.54 mm long axis
by 2.12 mm short axis). The elliptical shape is maintained for
a length of 17.30 mm, then it linearly tapers back to circular
waveguide of 2.12 mm diameter. The polariser caused a small
reduction in the conversion efficiency to the TE61 mode, 0.55
dB to 0.66 dB at 0.372 THz, shown in Fig. 1. The waveguide
circuit, that includes the converters and 8F HCIR, is shown in
Fig. 2.

The 8F HCIR has a desirable property of high power
handling. Waveguide power handling is limited through two
main factors, heating when operating at high average power,
and electrical breakdown at high peak powers. The peak power
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Fig. 1. Simulated transmission coefficient through the LH 7F HCW
mode converter with an input RH TE11 mode.
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Fig. 2. The components and the waveguide modes in the THz system.
The rotation of the waveguide modes and HCIR corrugation twist is
shown.

will be considered here, while thermal analysis of HCWs is
discussed in [20]. Such large interaction waveguides allow
the propagation of relatively large diameter (and therefore
high power) electron beams. Simultaneously the threshold
for RF breakdown in the interaction region is raised. The
combination of these two effects suggests that, if an electron
beam of suitable parameters can be coupled to the desired
operating mode, extremely high powers could be produced.
The electric field strength of the eigenmode was calculated
to be 0.96 MV/m with a 1 kW wave, at 0.372 THz, which
equates to maintaining a maximum power of around 10 kW
for continuous wave (CW) operation in air. This is around
14 times higher than the 3F HCIR at the same frequency. In
pulsed operation a higher field can be tolerated, for example
with a 10 ns pulse a field of 1 MV/cm [21], which equates to
a maximum power of about 10 MW, was calculated.

III. MANUFACTURE

The electroforming method was used as it allows solid
singular parts to be manufactured which are vacuum tight as
well as being able to meet the surface roughness and tolerance
requirements. A negative of the waveguide component was
machined into a sacrificial aluminium former. Copper was then
electrolytically deposited onto the aluminium former in an acid
bath. Sodium hydroxide is then used to remove the aluminium
leaving the copper positive waveguide. The aluminium formers
were made at the STFC Rutherford Appleton Laboratory.
A Kern Micro computer numerical control (CNC) milling
machine with an accuracy ≈1 µm was used in conjunction
with high performance computer-aided manufacturing (CAM)
software to generate complex toolpaths. The aluminium former
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was first machined to a rod 0.1 mm larger in diameter than
the outside diameter of the 7F HCW mode converter and the
8F HCIR. A 0.2 mm diameter ball end cutter was then used to
form the helical groves. To dampen the vibrations and prevent
sagging, the formers were held in a support block of Delrin.
The mode converters with an elliptical polariser before each
converter were manufactured on one aluminium rod, as shown
in Fig. 3a. The 8F HCIR was made on an aluminium rod
consisting of 36 periods of corrugations with a r0 = 1.24 mm,
r1 = 0.09 mm, and d = 1.24 mm: Fig. 3b. All waveguides
were electroformed to an external diameter of 8.00 mm.

Elliptical polariser 
and 7F HCW

Elliptical polariser 
and 7F HCW

(a) The elliptical polariser and 7F HCW

(b) The 8F HCIR

Fig. 3. Photographs of the aluminium formers.

IV. MEASUREMENT

A VNA was used to measure the wave properties of the 8F
HCIR. The ports of the VNA have rectangular waveguides and
hence rectangular to circular adapters were added to the trans-
mit and receive millimeter-wave modules. The measurement
was performed in two stages; the components shown in Fig.
2 were measured with, and then without, the 8F HCIR. The
phase evolution was recorded in both sets of measurements and
the phase change (∆θ) only in the 8F HCIR was calculated.
The two measurements are recorded with the polarisers in
the two different configurations. The setting of the polariser
determines whether the propagating wave rotates LH or RH
into the mode converter. The exact measurement set-up was
simulated using CST-MS with the phase change, and thus
dispersion, of the different configurations, calculated. Coupled
wave theory [16] was also used to calculate the eigenwave. The
measured, simulated and calculated dispersions are shown in
Fig. 4.

Outside the range 0.350 THz to 0.385 THz the mode con-
verter cannot excite the correct mode efficiently and the per-
formance is adversely affected. Inside these frequency limits
agreement between modelling and measurement is excellent.
The eigenmode calculated from coupled wave theory agrees
very closely over the range 0.360 THz to 0.370 THz, where
the polariser and mode converter performance is optimal.
Outside this range we would not expect coupled wave theory
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Fig. 4. Measured wave dispersion of an 8F HCIR as compared to
analytical theory and CST-MS simulations.

(a) 0.360 THz (b) 0.372 THz (c) 0.384 THz

Fig. 5. Simulated electric field at a cross section of the 8F HCIR with a
1 kW input wave at different input frequencies.

to accurately predict the result due to the change in mode
mixture. This can be seen in Fig. 4 where the gradient of the
coupled wave theory result diverges from the measured result
at the frequency extremes. The simulated electric field in the
8F HCIR at different frequency points is shown in Fig. 5,
indicating that the centre frequency of the eigenwave is 0.372
THz. When the polarisers are in the opposite direction the LH
TE11 mode is input to the LH 7F HCW. The lowest order mode
that could be generated would be the LH TE81 mode, which
is practically in cutoff. In the RH 8F HCIR, the lowest order
mode that could be generated by the LH TE11 mode is the
RH TE71. However, the coupling at the interested frequency
range is weak and the output mode remains the LH TE11. The
measurement, and simulation, showed that the dispersion was
almost a pure TE11 mode.

V. CONCLUSION

The design and measurement of an 0.372 THz 8F HCIR
and mode converting 7F HCW have been presented in this
paper. All components were manufactured using the method
of electroforming onto precision machined mandrels. VNA
measurements determined the waveguide dispersion of the
8F HCIR which agreed very well with the CST simulations
and analytical calculations. The results reported in this paper
demonstrate the feasibility of a high-fold HCIR operating with
higher order modes opening up future applications in the THz
frequency range.
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