
oscillations originating from internal feedback by introducing 
lossy elements inside the interaction circuit [7]. The second 
improves bandwidth and reduces susceptibility towards 
velocity spreads in the electron beam by utilizing helical 
corrugations along the interaction circuit, the so-called 
helically corrugated interaction region (HCIR). Furthermore, 
this approach brings the advantage of operating at the second 
harmonic, which reduces the required static magnetic field by 
a factor of 2. This is especially important when operating at 
higher frequencies; in this case, the static magnetic field 
decreases from 10 T to 5 T. This enables the use of NbTi 
superconductor, which is simpler to produce and therefore 
more affordable than Nb3Sn superconductors generally used 
for 10 T magnets. Because of all these benefits, this 
publication is focusing on the helical gyro-TWT. 

II. HELICALLY CORRUGATED INTERACTION REGION

A. Theory

The HCIR consists of a cylindrical shape with corrugations

in azimuthal as well as axial direction. The radius �  is
described by 

���, �� = �� + �
 cos ���� + ���
� � (1) 

in a cylindrical coordinate system. Here, �� denotes the mean

radius, �
  the corrugation amplitude, and �  the corrugation
period. The number of corrugations along the azimuthal 

direction is given by ��; it defines which circular waveguide
modes are coupled by the corrugations. The Bragg resonance 
conditions have to be met. Therefore, the azimuthal indices 

��  of the two modes have to fulfil �
 + �� = ��  and the

wavenumber of mode 2 has to be close to 2�� if mode 1 is

close to cut-off [6]. In this work a HCIR with �� = 3 ,
coupling TE1,1 and TE2,1 circular waveguide modes, is used, 

which rotate in opposite directions. Compared to higher �� it
has the benefit of not needing an additional mode converter. 
The fundamental TE1,1 circular waveguide mode can be used 
at input and output. Also, mode competition is greatly reduced 

for smaller diameters. A 3D depiction of a �� = 3  HCIR
vacuum region can be seen in Fig. 1. 
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I. INTRODUCTION

Dynamic Nuclear Polarization (DNP) has been shown to 
be a very effective technique to enhance Nuclear Magnetic 
Resonance (NMR) performance. It uses the electron magnetic 
moment, which is approximately 660 times larger than that of 
the proton [1], used in ordinary NMR. By coupling the nuclei 
to the more strongly polarized electrons, the DNP-NMR 
technique increases the nuclear spin polarization by two to 
five orders of magnitude and thus reduces the necessary 
acquisition time in experiments by a factor of up to 104 [2]. 

The key for DNP-NMR is the strong irradiation of the 
NMR sample by high-power microwaves in the sub-THz 
range. Assuming commercially available systems starting 
from an NMR frequency at 400 MHz, the corresponding 
microwave sources must operate in the sub-THz frequency 
range, at 263 GHz and above. Today, commercially available 
DNP-NMR systems are considering a field-dependent, 
continuous wave (CW) approach to transfer the polarization 
from electrons to other nuclei. However, coherent, pulsed 
polarization transfer [3] offers a significant potential for a 
more efficient polarization transfer, which can ultimately 
increase the rate at which the nuclear spins may be polarized, 
as well as the maximum polarization. Pulsed DNP sequences, 
as for example, NOVEL [4] and TOP DNP [2] at high 
magnetic fields, are part of current research and high-power 
microwave pulses up to 1 kW at 263 GHz are desired.  

To generate coherent microwave pulses of sufficient 
power, high-power amplifiers are required. Promising 
amplifier concepts are the dielectric-loaded gyro-TWT [5] and 
the so-called helical gyro-TWT [6]. The first suppresses self-

© 2025 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/republishing this 
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Fig. 1.  Vacuum region of a 3-fold HCIR (�� = 3). The Vacuum region is 
surrounded by copper. 

As an electron beam, an axis encircling beam or large orbit 
beam is used. It is created by electrons passing through a cusp 
in a static magnetic field [8]. The electron beam transfers 
energy to the RF-wave when the resonant condition [9] 

� � ��� +  !"!  (2)

is fulfilled. Here, � denotes the angular frequency of the

RF-wave, �� the electron resonant frequency, � the harmonic

number,  !  the axial wavenumber and "!  the axial electron
velocity. 

B. Optimization for 263 GHz

Fig. 2.  Dispersion of the HCIR and electron beam line derived from the 
interaction condition (equation (2)).  

For a HCIR with a length of 32� the maximum gain of
30 dB is reached. Therefore, a 1 W input signal results in the 
desired 1 kW output signal. The 3 dB bandwidth is 24.6 GHz, 
as shown by the blue line in Fig. 3. 

Fig. 3.  Frequency dependency of the amplifier gain for three different 
interaction circuits, the ordinary HCIR as well as HCIRs with dielectric drift 
regions designed for 30 dB and 50 dB of gain.  

C. Effect of reflections at HCIR Input and Output

The before-mentioned results are reached by omitting the
imperfections of the components at the input and output of the 
HCIR. However, the tapers at both ends of the HCIR included 
in the simulations, if designed correctly they do not influence 
the HCIR performance. In reality, the components at the two 

ports can cause certain reflections, described by their .

 -
Parameters. Given the high frequency and therefore low 
tolerances, reflections can easily occur. Here, a worst-case 
scenario is considered where at both ends of the HCIR 
reflections of -10 dB are occurring. The reflected wave at the 
output travels back through the amplifier and modulates the 
electron beam at the input. For the ordinary HCIR this leads to 
self-oscillation, as seen in Fig. 4.  

The gyro-TWT is designed to work around the desired 
center frequency of 263 GHz, therefore the HCIR must be 
optimized for the same frequency. As a first step, the phase 
difference between an electron, with known parameters and 
unaffected by any RF-wave and the RF-wave E-field vector at 
the end of the interaction region shall be calculated. Therefore, 
the dispersion properties of the HCIR need to be known. This 
is achieved by performing a coordinate transformation to 

unwind the HCIR to get rid of its �-dependency. The problem 
is therefore reduced from 3D to 2D. After that, a 2D Vector 
Finite-Element Method [10] is then utilized to get the 
dispersion of its eigenmodes. The dispersion as well as the 
electron beam line, derived from the right side of equation (2), 
are plotted in the dispersion diagram, seen in Fig. 2. With the 
frequency offset, the total length of the HCIR and the required 
time for an electron to pass through the HCIR, the phase 
difference at the end of the HCIR can be calculated. It should 

not be larger than � , so the bunched electrons stay in the 
deceleration phase and do not enter the acceleration phase, 
which would lead to over-bunching, where the wave starts 
transferring energy back to the electron beam. The chosen 
parameters for the HCIR are then verified via PIC simulations 
with CST Microwave Studio. At 263 GHz, the determined 

parameters for the HCIR are � = 0.544 mm, � = 0.08 mm 
and � = 1.16  mm. For these parameters, an electron beam 
with an energy of 50 keV, current of 0.6 A, and a pitch factor 

+ = ",/"!, the ratio between transversal velocity ", and axial 
velocity "!, of 1.0 in a static axial magnetic field of 4.96 T, 
interacts with the RF-wave.  



Fig. 4.  Input and output signal amplitude for an ordinary HCIR. The input 
signal has a power of 1 W. Only the power in one polarization is plotted. Due 
to the fact that the wave inside the HCIR is a circular polarized wave with 
equal power in both polarization directions only half the total power is 
considered in this figure  

III. HCIR WITH DIELECTRICALLY LINED DRIFT SECTION

A. Working Principle

To solve the problem of self-oscillation encountered in the
previous section, the HCIR layout is changed. Instead of one 
continuous wave traveling through a continuous gain section, 
the interaction circuit is split into three parts, as depicted in the 
lower part of Fig. 5. First, the modulating section, where the 
input signal modulates the electron beam. Second, the drift 
section, here the electron beam bunches in the absence of any 
RF-wave, which is attenuated by a lossy dielectric at the walls. 
Third, the gain section, where the bunched electron beam 
excites an electromagnetic wave to which it transfers part of 
its energy.  

This is already utilized in W-band gyro-TWTs presented in 
[11], where a cutoff section is used to keep the drift section 
RF-wave free, also [12] is using a similar approach. Here the 
drift section is above cutoff and the wave is absorbed by lossy 
sections at both of its ends. Given the fact that the diameter of 
the HCIR for 263 GHz is just over 1 mm, the later approach is 
chosen to avoid a further reduction in diameter. 

The benefit of separating the modulation and gain section 
is to suppress self-oscillations by introducing losses for the 
reflected waves, as shown in [12]. Another advantage of this 
design is that it can be manufactured individually. The 
manufacturing of the complex helical shape is cut is now only 

10�, which gives an aspect ratio close to 10, not the 32 of the
ordinary HCIR. 

Fig. 5.  Ordinary HCIR (top) and HCIR with dielectric lined drift section 
(bottom).  

B. Simulation

As an absorbing material BeO-TiO2, with a dielectric with
a real part of 10 and an imaginary part of 4, is used [13]. The 
thickness is 0.1 mm, here the TE1,1-mode experiences the 
highest attenuation. The length of the dielectric lined section is 
26 mm. This approach is able to prevent self-oscillation, as 
depicted in Fig. 6, where the input signal is amplified without 
causing any oscillations. Furthermore, bandwidth increases to 
36.7 GHz, as depicted in Fig 3 (orange line). One 
disadvantage is the increased overall length of the HCIR with 
dielectric lined drift section compared to the ordinary HCIR, 
as seen in Fig. 5. However, the benefits greatly outweigh the 
increase in length. 

Fig. 6.  Input and output signal amplitude for an ordinary HCIR. The input 
signal has a power of 1 W. Only the power in one polarization is plotted. Due 
the same reason given in the description of Fig 4.  

C. Results

The HCIR with dielectric lined drift section effectively
prohibits self-oscillations at 263 GHz. This opens the 
possibility to develop HCIRs with even higher gains. For that, 
a high-gain version with 50 dB gain is designed by increasing 
the length of the drift section to 42 mm. This enables a much-
reduced input power of 10 mW to gain the same desired 1 kW 
output power, as shown in Fig. 3 (red line). Even with the 
higher gain, no self-oscillation occurs, as shown in Fig. 7. 

Fig. 7.  Input and output signal amplitude for an ordinary HCIR. The input 
signal has a power of 10 mW. Only the power in one polarization is plotted. 
Due the same reason given in the description of Fig 4.  



IV. INFLUENCE OF ELECTRON BEAM VELOCITY SPREADS

Until now, the electron beam was considered ideal for all 
the simulations. This means every electron has the same 

energy as well as pitch factor +. In reality, this will not be the
case, due to the surface roughness of the emitter as well as 
other imperfections of the electron gun. The velocity spreads 

are described as a standard deviation /+.
The influence of the imperfect electron beam on the gain 

of the HCIR with a dielectric lined drift section, including 
input and output reflections is investigated. Therefore, 
interaction simulations are conducted with electron beams of 

different standard deviations /+ and the results are depicted in

Fig. 8. It is obvious that for lower /+ the influence is not too

severe. However, if /+  is 10 % or larger, the bandwidth
contracts quite significantly, especially for the higher 
frequencies, which leads to a shift in the center frequency. It is 
therefore critical to have a high-quality electron beam from a 
CUSP-type electron gun like in [14]. However, even for a 
well-performing electron gun, the electron beam is estimated 

to have a /+  of 10-15 % at 263 GHz including all
imperfections of the electron emitter, even if a well-designed 
electron gun is used. In this case, the bandwidth is reduced to 

14.7 GHz for a /+ of 15 %. This constitutes a large decline in
bandwidth, but is still enough for DNP-NMR experiments. 
The maximum gain does not reduce significantly. Therefore, 
the desired output power can be reached even with non-ideal 
electron beam. 

ideal electron beam. However, the bandwidth is still sufficient 
for the intended use case. On the other hand, the maximum 
gain is not impeded by decreasing beam quality, which 
ensures an output power of up to 1 kW is still reached, even 
with decreasing beam quality. 
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Fig. 8.  Frequency dependency of the amplifier gain for non-ideal electron 

beams with different pitch factor standard deviations /+.

V. CONCLUSION

In this publication, an ordinary HCIR with 30 dB of gain is 
proposed to amplify a 1 W input signal to a 1 kW output 
signal. However, it suffers from self-oscillation when non-
ideal input and output reflections of -10 dB are considered. 
This could be remedied by introducing a dielectric lined drift 
section into the HCIR. With this approach it is also possible to 
go beyond a gain of 30 dB and a 50 dB version is introduced. 
It is able to operate without self-oscillation, even if high 
reflections of -10 dB at its ports are considered. Furthermore, 
the influence of a non-ideal electron beam is investigated, 
which shows a significant reduction in the bandwidth, 
especially for higher pitch factor spreads, compared to the 


