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 Abstract- The OPTHER (Optically Driven THz amplifier) 

project supported by the European Commission within the 
Seventh Framework Program (FP7) represents the first joint 
European attempt to realize vacuum electron devices in THz 
range. The target of the project was to design and realize the 
first 1 THz vacuum tube amplifier. The challenges of the 
presented task and the innovative solutions adopted established 
a new level of knowledge in the field. The main aspects of the 
OPTHER project are described, focusing on challenges and 
adopted innovative solutions. 

I. INTRODUCTION 

The progress of THz technology depends on performance 
and availability of THz components [1] [2] . In particular, 
THz sources have to meet a series of tight specifications: 
sufficient output power, reliability, room temperature 
operation, compact size, light weight, portability, and low 
cost. The combination of these tough requirements forms the 
challenge to fill the so-called THz- gap. A great number of 
research groups worldwide is attempting to fill the THz-gap 
by exploiting solid-state technologies, optoelectronic and 
vacuum electronics [2] .  

Contrary to solid state devices, that are limited in output 
power, and optoelectronic approaches (e.g. Quantum cascade 
laser), that require a cryogenic cooling, vacuum electron 
sources seems to be a promising solution allowing an output 
power level suitable for many THz applications. Presently, 
the advances in microfabrication processes allow the 
realization of micro vacuum electron devices with dimensions 
suitable for THz frequency range [3] [4] [5] [6] . 

The OPTHER project, supported by the European 
Commission, aims to design and construct the first vacuum 
tube amplifier at 1 THz [7] . 

A consortium of academic and industrial partners was 
gathered for this purpose. 

In this paper, the main challenges and the outcomes of the 
OPTHER project are described. 

II. OPTHER PROJECT  
 The specifications of the vacuum tube amplifier in the 
OPTHER project are listed in Table I. 

TABLE I 
OPTHER SPECIFICATIONS 

Requirement  Specification 

Operating frequency 1 THz 

Output power 10 mW 

 Gain  10 dB 

Beam voltage 10 kV 

 Bandwidth about  ~1% 

Environmental conditions room temperature 

Cost < 20000 € 

Weight ~1 Kg 

Volume < 1 dm3 
  

The operating frequency is about five times the highest 
frequency of any vacuum amplifier ever reported [4] [8] [9] . 
It is easy to understand that there were neither experience, 
experimental results, nor tool proved reliable at these 
frequencies. The first obstacle that the consortium had to face 



was to create knowledge for THz amplification. The two 
following requirements highly increase the level of difficulty 
in the project. The first requirement was to set the beam 
voltage at 10 kV to reduce the dimensions and the power 
supply requirements, for portability. The second one was the 
use of a cylindrical beam. Both these specifications had a big 
impact on the design approach. Further the overall 
dimensions and weight have to be fully compatible with 
portability as well. 
The use of a corrugated waveguide was mandatory from the 
point of view of the fabrication aspects [10] . The period of 
the corrugation is highly related to the operating frequency 
and the beam voltage. The forward wave regime, typical for 
TWTs was unfeasible because the associated period is too 
short to be realized using available technology. The backward 
wave regime, where the synchronism is with the first negative 
harmonic allows a longer period, which is within the range of 
the available fabrication technology [9] [12] . First, the 
chosen topology was a backward wave amplifier [11] and 
then a more complex cascade backward wave amplifier [13] 
was found more effective. A gain of about 14 dB was 
simulated. 

The different aspects of the design and realization will be 
outlined in the following. 
 
A. Cathode and Electron gun 

Two novel approaches were considered: the optically 
modulated electron beam [14]  and the carbon nanotube cold 
cathode [15] . 

The optically modulated electron beam was an extremely 
advanced solution. The optical control is based on a 
nanostructured metallic surface which is able to convert an 
incident optical beam with wavelength within a suitable span 
(specifically the telecom band 1500nm ~ 1600nm) into a 
localized surface wave such that the electric field is oriented 
perpendicular to the surface and is enhanced. That would 
ensure maximal interaction with carbon nanotubes, thereby 
enabling fast modulation of the emission of the CNT cold 
cathode by an optical control (Fig.1). The extreme advanced 
nature of the approach requires however further investigation 
to generate an adequate beam modulation. 

 
 
 
 
 
 
 

 
Figure 1. Optically modulated cathode. 

 
A relevant investigation was performed, and is still in 
progress, to realize a carbon nanotube (CNT) cold cathode. 
Different patterns of CNT emitting structures were 
investigated and realized by the CVD technique. The 

transverse electron velocity represents a key issue for the 
correct generation of the electron beam and a suitable cathode 
structure was designed. Fig.2 shows the effect of the 
transverse velocity compensation on the beam shape [15] . 
The external grid cold cathode is shown in Fig.3. 
 
 

 
 
 
 
 

 
Figure 2. Transverse electron velocity effect: a) without compensation; b) 

compensated. 
 
 
 
 
 
 

Figure 3. CNT integrated grid cold cathode. 
 
The cold cathode approach requires further investigation to be 
used in THz tube. To test the tube, a thermionic electron gun 
was designed and realized. 

B. Slow wave structure 
The available high aspect ratio fabrication processes 

(Direct Ion Etching (DRIE), UV-LIGA SU-8 
photolithography and X-ray LIGA (German acronym for 
lithography, electroplating, and molding) due to their 
properties, limit the degrees of freedom of the structure shape 
to two dimensions. The consequence is that these techniques 
are suitable for realizing structures supporting a sheet electron 
beam. Since the sheet beam technology is not so mature, it 
was decided to adopt a cylindrical beam. This posed a great 
challenge that was overcome by the double corrugated 
waveguide [16] (Fig.4). This slow wave structure supports a 
cylindrical beam and can be realized by photolithographic 
technique.  

 
 

 
 
 
 

 
(a)                                                   (b) 

 
Figure 4. Double corrugated waveguide: a) rendering; b) dimensions. 



 
C. Input and output coupling 
The feeding of the RF signal at 1 THz was a critical issue due 
to the high level of losses [17] and to the lack of reliable 
measured values. A vertical tapering of the double corrugated 
waveguide (Fig.5a), provided the best input/output coupling 
performance, but the number of steps required for its 
realization made this unfeasible [18] . The solution was to 
taper the lateral position of the corrugations (Fig.5b). This 
approach also guaranteed a good coupling and compatibility 
with the technological process. The simulated S-parameters of 
the coupling structure are shown in Fig. 5. 

 
Figure 5. a) vertical taper; b) lateral taper 

 

D. Photolithographic fabrication 
The dimensions of the parts of the designed double 

corrugated waveguide operating in backward wave mode at 
1 THz are in the range of dozens of microns. Two fabrication 
techniques were used: SU-8 UV-LIGA and X-ray LIGA. The 
results obtained by SU-8 UV-LIGA (Fig. 6) were promising, 
but the X-ray LIGA was more reliable and accurate. X-ray 
LIGA is based on illuminating the mask by the synchrotron 
light. Different steps were performed to get the best result. 
Firstly the mask accuracy was tested on PMMA (poly (methyl 
methacrylate)), (Fig.7). Some steps of copper electrogrowth 
were performed to get the adequate surface finishing of the 
metal wall and the precision of the dimensions (Fig. 8 and 
Fig. 9). Finally, the whole structure, including the input and 
output coupler was realized (Fig.10). Some imperfections in 
the SWS prevented to have measurements of the devices, so a 
second assembly run is necessary. 

 

 

 

 

 

 
Figure 6. SU-8 UV LIGA fabrication 

 

 

 

 

 

 
 
 
 
 
 

Figure 7. PMMA fabrication to test the mask 
 
 
 
 

 

 

 

 

 
Figure 8. First copper electrogrowth 

 

 

 

 

 

 

 

 

 

 
Figure 9. Improved copper electrogrowth 

 
 
 
 
 

 

 

 

 

 

 

 
 

 
Figure 10. Complete SWS realization 
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E. Assembling 
The assembling of the tube represented a challenging phase 

due to the dimensions of the parts and alignment issue. A 
drawing of the vacuum envelope is shown in Fig. 11.  

 

 

 

 

 
Figure 11. Drawing of the vacuum envelope 

 

III. CONCLUSION 

The first ever designed and realized 1 THz cascade 
backward wave amplifier is presented. Due to the lack of 
experience and knowledge for amplification at THz 
frequencies, a huge theoretical and experimental effort due to 
the lack of experience and knowledge for amplification at 
THz frequencies was required from the Consortium.  
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