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Abstract:.  The development of wide frequency range from 14 to 300 GHz of high power mega-watt gyrotron 
for fusion is in progress in University of Tsukuba. The strong development activity was carried out in 
collaboration with JAEA, NIFS, TETD and universities. Over-1 MW dual frequency gyrotron of new frequency 
range (14 – 35 GHz), where the reduction of diffraction loss and cathode optimization are quite important, has 
been developed for EC/EBW H&CD for GAMMA 10/PDX, QUEST, Heliotron J and NSTX-U. Output power 
of 1.25 MW at 28 GHz and estimated oscillation power of 1.2 MW at 35.45 GHz from the same tube have been 
achieved with the cathode angle improvement and two frequency window. This is the first demonstration of the 
over 1 MW dual-frequency operations in lower frequency, which contributes to the technology of wide band 
multi-frequency/multi-MW tube. The output power of 600 kW for 2 s at 28 GHz is also demonstrated. It is 
applied to the QUEST and has resulted higher EC-driven current than ever. As for higher frequency range, in the 
joint program of NIFS and Tsukuba for LHD ECH gyrotrons, a new frequency of 154 GHz has been 
successfully developed with a TE28,8 cavity, which delivered 1.16 MW for 1 s and the total power of 4.4 MW to 
LHD plasma with other three 77 GHz tubes, which extended the LHD plasma to high Te region. All these 
gyrotron performances are new records in each frequency range. The sub-THz gyrotron development is also just 
begun in collaboration with JAEA for Demo-Reactor ECH system. 

 
 

1.  Introduction 
 
EC (Electron Cyclotron) scheme is quite promising tool for heating and current drive 
(H&CD) and plasma control for present and future devices up to Demo and Commercial 
reactors, since it has attractive features from the reactor point of view such as the highest 
input power density among all major heating systems and easiness of neutron shield. It may 
be the only reliable tool to control the core of the reactor plasma during the burning phase. 
Development of gyrotron is a key to open this promising door. Steady–state, Multi-MW and 
multi-frequency technologies are major issues to challenge for robust and cost effective 
reactor heating system. Another challenge is EBW (Electron Bernstein Wave) H&CD which 
enables EC scheme in lower frequency. In University of Tsukuba, gyrotrons of wide range of 
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frequencies from 14 GHz to 300 GHz have been developed for this purpose in collaboration 
with JAEA, NIFS and TETD, Kyushu Universty, Kyoto University and Princeton University 
(PPPL) [1–3]. In joint program with NIFS, we have been pushing 77 GHz and 154 GHz 
gyrotron development and obtained almost 2 MW output with the 77 GHz tube which 
contributed to get high performance LHD plasma like more than 15 keV electron temperature 
[4]. In lower frequency, a 28 GHz gyrotron has been developed and it was applied to potential 
formation and heat flux production of ITER divertor level in GAMMA 10/PDX [5, 6]. This 
frequency range is also required in QUEST (14 GHz, 28 GHz) of Kyushu University, 
Heliotron J (35 GHz) of Kyoto University and NSTX-U (28 GHz) of PPPL for EC/EBW 
H&CD. We also started the collaborative works with these universities and have got 
successful result of ECCD in QUEST [7]. We are now further pushing the development of 
these lower frequency gyrotrons. We have also initiated the sub-THz 300 GHz band of MW 
level gyrotron development with JAEA and the high power test is underway. 

 
 

2.  Lower frequency range ( 14 - 35 GHz ) gyrotron development 
 

As an upgrade of 28 GHz gyrotrons for GAMMA 10/PDX, the development of a 1 MW, a 
few seconds, 28 GHz gyrotron was initiated and it has yielded 1 MW output [2]. Since the 
high power gyrotrons of this frequency range (14 – 35 GHz) are required from several present 
day fusion devices because of the recent advance in EBW scheme [8-10], we have started 
multi-MW, multi-frequency gyrotron program in Tsukuba. As the first step, we improved the 
Magnetron Injection Gun (MIG) and output window to handle more than 1.5 MW with dual 
frequency. From the previous results of the first 1 MW tube, the output saturation occurred in 
high beam current of more than 30 A. In comparison with the calculated results, pitch factor α 
(the ratio of perpendicular and parallel velocity to the magnetic field) is found to be limited to 
less than 1 in high power (high beam current). Therefore, the MIG cathode angle has been 
optimized to be steeper to reduce the α dispersion. In addition, the thickness of the window 
has made to be λ at 28 GHz from λ/2 to enable operation at 35 GHz. The design 
specifications of the 28 GHz band gyrotrns are shown in the TABLE I. 

 
 

TABLE I: DESIGN SPECIFICATIONS OF 28 GHz BAND MW GYROTRONS  
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The better laminar flow near the 
MIG cathode is obtained with the 
improvement of the cathode [11]. In 
Fig. 1, the closed circles show the 
output in 28 GHz operation from the 
improved gun tube with the beam 
voltage (Vk) = 80 kV. It is seen that 
the output power almost linearly 
extends with the beam currents (Ik) 
up to 1.25 MW with more than 30% 
efficiency at 28 GHz. The output 
power is limited by the present DC 
power supply in Tsukuba. More 
than 1.5 MW is expected with Ik = 
60 – 70 A.  It indicates the 
importance of the cathode 
optimization in high beam current. 
Since the multi-MW tubes need to use 70 to 100 A of beam currents, the optimization of the 
MIG to get good laminar flow is quite important. In longer pulse operation, 0.6 MW for 2 s 
with Vk = 70 kV and Ik = 23.9 A, which was limited by the DC power supply and the water 
dummy load, was easily obtained through the short period conditioning.  

 
The multi-frequency function of the gyrotron is another key to make ECH more attractive for 
Demo-Reactor H&CD system. The dual frequency performance of the improved tube is 
shown with square marks in Fig. 1. We have carefully selected the resonant mode around 35 
GHz, which can resonate in the same 28 GHz cavity and made fine tuning of the magnetic 
field at the cavity. The output power at 35.45 GHz of TE9,4 mode from the same 28 GHz tube 
is delivered and achieved 0.87 MW with Ik= 45 A. Since the mode convertor is not optimized 
at 35.45 GHz and hence only 72 % is extracted from the window, corresponding oscillation 
power is estimated to be 1.2 MW [11]. This 28 GHz tube has been applied to the QUEST, 
where the successful result of high EC non-inductive driven current around 60 kA has been 
obtained. It is the largest EC-driven current by 2nd harmonic ECCD and plasma sustainment in 
high density above the 8 GHz cut-off has been also achieved for EBW target [7]. 

 
 
Fig. 2 Calculated Oscillation power v.s. Ik at (a) 28 GHz and (b) 34.77GHz of the new dual 

frequency design tube. 2 MW level power is expected in both cases.  

 
 

Fig. 1 Experimental output power (Po)  and      
efficiency (η) vs beam current(Ik) from the 
improved 28 GHz gyrotron. Circle and 
square points indicate 28.05 GHz and 34.45 
GHz data, respectively. 
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From these successful results, we are extending the gyrotron program further. The design of 
28/35 GHz dual frequency gyrotron with output of 1.5 – 2 MW for a few seconds and 0.4  
MW in CW performance in one tube has been initiated. The peak power of 28 GHz-2 MW in 
ms short pulse is required to produce ELM like high heat flux in GAMMA 10/PDX [6]. The 
CW operation with 0.4 MW at 28 GHz is needed for the QUEST steady state mission, 1 
MW-1 s at 35 GHz is desired in Heliotron J and 1.5 – 2 MW for a few seconds at 28 GHz is 
required in NSTX-U EBW H&CD for full non-inductive ST operation in combination with 
Coaxial Helicity Injection (CHI) and NBCD [12] and GAMMA 10/PDX Divertor simulation 
experiment. In the new design, the MIG is the same as that of the improved tube mentioned 
above, since it has shown the good performance. Combination of the dual frequency modes 
was carefully investigated to make the transmission efficiency of the mode convertor to be 
high at both frequencies. From the selection principle, the cavity mode are determined to be 
TE8.5 and TE10,6 at 28 and 35 GHz, respectively. Fine tuning of the cavity optimization for 2 
MW has been done and we have optimized the cavity for 2 MW. Figure 2(a) is the calculated 
power at 28 GHz vs Ik. The output of 2 MW is expected with 70 A even with α = 1. Similar 
calculated output of ~ 2 MW with TE10,6 mode at 34.8 GHz is obtained as shown in Fig 2(b).  

 

 
Another mission on this gyrotron is to 
achieve CW operation for 300 – 400 kW 
injection into QUEST at 28 GHz. Since the 
diffraction loss has tendency to increase as 
the frequency decreases, the reduction of the 
diffraction is one of the key points in lower 
frequency tubes to achieve CW operation 
and it is important for Multi-MW output in 
future. In the new tube design, we improved 
the mode convertor using the SURF3D code 
[13] to be the side lobe small, as shown in 
Fig. 3 (a) (28 GHz-TE8.5) and (b) (34.8 GHz- 
TE10, 6). Since the reduction of the diffraction 

 
                (a)                                  (b) 
Fig. 3  Power density profiles of the radiated beams from the new design mode convertor (a) at 

28 GHz-TE8, 5 (left) and (b) 34.8 GHz-TE10, 6 (right). Phi is the azimutahal angle of the 
cylindrical mode convertor axis and z is the axial distance.  

 

 
Fig.4  Calculated oscillation power vs beam 

current at 14 GHz with TE4, 2 mode. 
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at 28 GHz is, especially, important for the CW operation in QUEST experiment, we carefully 
optimized the mode convertor to be the side lobe as small as possible, as seen in Fig. 3(a). and 
obtained the transmission efficiency of ~ 99% at the first mirror, which indicates the expected 
transmission efficiency of 97 - 98% from the cavity to the window including the 4 internal 
mirrors, while that of the first tube is 94.7%. The fabrication of the new tube is underway and 
will be completed in 2015. 

 
The design of 14 GHz tube for GAMMA 
10/PDX ECH and QUEST EBW H&CD is 
also performed.  At first, the design 
investigation was done using the same tube 
configuration of the new 28 GHz gyrotron 
design. But it was unsuccessful because 
there are no appropriate combinations of the 
two modes of both frequencies. In the 14 
GHz design, TE5, 2 to use the same cathode 
design (95φ) of the 28 GHz and TE4, 2 mode 
cavity to use smaller MIG cathode (75φ) are 
studied and, in both cases, more than 1 MW 
is expected from the calculation. In Fig. 4, 
the beam current dependence of the output 
power in the case of the TE4, 2 mode cavity is 
shown.  It is found that the orbit of the 
electron beam touches the mirror in the 
former TE5, 2 case. In case of TE4, 2 mode, it 
is necessary to examine that the Δα is small 
enough to produce actually 1 MW power 
because the cathode area is smaller. Using 
the E-gun code, we calculated the Δα as 
shown in Fig. 5. It is found the Δα is similar 
level of 28 GHz 1 MW gyrotron design with 

α = 1 and Vk = 80 kV, which demonstrated the 1 MW output. As for the mode convertor, the 
profile of the radiated power is shown in Fig. 6 and the transmisshon efficiency of 98.8% at 
the first mirror is achieved with the TE4, 2 mode.     
 
 

 
3. Development of higher frequency range  

( 77 - 300 GHz) gyrotrons  
 
The development of 1 MW 77 GHz gyrotron (Fig. 7) for 
LHD was initiated, as the NIFS-Tsukuba joint program, 
from 2006 in collaboration with JAEA and TETD based 
on the ITER gyrotron technology. Through the 
development of the three 77 GHz tubes, the world record 
output powers of 1.9 MW in sub-second and 1.8 MW in 

 
Fig. 7 The picture of the 77 GHz 

gyrotron for LHD.  

 
Fig. 5 Calculated results of the anode voltage 

dependence of α and Δα of the small 
cathode 

 

 
Fig. 6 Calculated power profile at the first 

mirror from the mode convertor of the 
14 GHz gyrotron. 
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second are obtained [3]. Based on these 
results, the development of new frequency 
154 GHz 1MW gyrotron has been started 
for second harmonics heating of LHD. 
TE28,8 cavity, synthetic diamond window, 
and depressed collector are employed. The 
experimental results of the output power 
against the beam current (Ik) with the beam 
voltage (Vk) of 80 kV are shown in Fig. 8.  
The first tube has achieved 1.16 MW for 1 s 
with Vk = 80 kV and Ik ~ 50 A and 0.35 
MW in CW (30 minutes), shortly and is 
being applied to LHD experiments, where it 
is delivering around 1 MW and total ECH 
power of 4.4 MW has been achieved with 
other three 77 GHz tubes. It has also 
contributed to extending the LHD plasma performances like obtaining high Te plasma of 15 – 
20 keV and operating in CW [4].  

 
Summary of the achieved performances of 
the 77 GHz and 154 GHz gyrotrons is shown 
in the TABLE II. Three 77 GHz gyrotrons 
have the performances of the 1.3 ~ 1.8 MW 
output in second level duration and 0.3 MW 
in CW(1800 s). In case of 154 GHz, it is 
found that those are 1.16 MW in second and 
0.35 MW in CW. The two step anode rise 
voltage control [4] is used to obtain high 
efficiency performances in the above.  

 
Based on these advanced gyrotron 
experiences, we have started to study 
sub-THz MW level gyrotron aiming the 
basic technology establishment of 
Demo-Reactor EC H&CD system, in strong 

 
Fig. 8  The output performance of the first 

154 GHz gyrotron, where the long 
pulse  indicates the operations in 
second duration and short pulse dose 
those in ms, respectively. More than 1 
MW is obtained in second duration 
with 30% efficiency. 

 
Fig. 9 The picture of the 300 GHz gyrotron 

experiment in the test stand of Univ. of 
Tsukuba in collaboration with JAEA. 

TABLE II: ACHIEVED PERFORMANCES OF 77 GHz & 154 GHz GYROTRONS FOR LHD 
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collaboration with JAEA. As the first step, super high order volume mode TE32, 18 has been 
selected. Because of the 13 T SCM bore (110φ) restriction and the major objective is to 
confirm the single pure oscillation of the target mode, the design employed diode gun without 
a mode convertor this time. The experiment has just begun as seen in the picture in Fig. 9 and 
after some optimizations, it is obtained about a half MW level single oscillation with Vk = 80 
kV and Ik = 32.5 A which seems to be the target mode TE32, 18 around 300 GHz from the burn 
pattern [14]. Accurate frequency measurement is underway. This is the first result of the 
sub-THz, MW level output of the super high volume mode of simple cylindrical cavity, which 
has the CW-operation potential in future. We are preparing the further optimization of the 
MIG and installation of the mode convertor to this gyrotron. 

 
 

4.  Conclusion 
 
To pursue the promising EC H& CD possibilities, we have been developing the wide 
frequency range of MW gyrotrons from 14 GHz to 300 GHz in collaboration with NIFS, 
JAEA, TETD and universities. The Over-1 MW dual frequency gyrotron of the lower 
frequency range (14 – 35 GHz), where the reduction of diffraction loss and cathode 
optimization are quite important, has been developed for EC/EBW H&CD for GAMMA 
10/PDX, QUEST, Heliotron J, and NSTX-U. As the result of the cathode design improvement, 
the output power of 1.25 MW at 28 GHz is experimentally obtained which promises the 
possibility of the 1.5 to 2 MW output in the new design tube. The estimated oscillation power 
of 1.2 MW at 35.45 GHz from the same tube have been achieved with the dual frequency 
window. This is the first demonstration of the over 1 MW dual-frequency operations in lower 
frequency range, which contributes to the technology of wide band 
multi-frequency/multi-MW tube. The output power of 600 kW for 2 s at 28 GHz is also 
demonstrated, which gives the prospect to the CW operation with this power level required in 
QUEST experiment. It has been utilized to the QUEST experiments and has resulted higher 
EC-driven current than ever. Further, in the joint program of NIFS and Tsukuba for LHD 
ECH gyrotrons, a new frequency of 154 GHz has been successfully developed with a TE28,8 
cavity, which delivered 1.16 MW for 1 s and the total power of 4.4 MW to LHD plasma with 
other three 77 GHz tubes, which extended the LHD plasma to high Te region. The sub-THz 
gyrotron development for Demo-Reactor ECH&CD system is also progressed in collaboration 
with JAEA and preliminary result indicates a half MW level output of the single target mode 
TE32, 18.  
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