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ABSTRACT 

The conceptual design of a 35GHz gyrotrcn operating in the TE02i mode, 

intended for plasma heating experiments, is presented. The 

electrooptical system is synthesized from the electron beam parameters 

in the cavity region and the electrodynamical system includes a 

conventional resonator consisting of truncated cones. The starting and 

operating characteristics are calculated by integrating the exact 

equation of electron motion under the action of an RF field with fixed 

spatial distribution. For the moment, the experimental activities, in 

addition to providing all the infrastructure for the laboratory, are 

concentrated on the construction of a system of magnetic coils, able to 

generate a 15kG magnetic induction with a fluctuation of 0.1% over an 

extension of 13cm, on the manufacture of cavities by using 

electroforming techniques and on the development of techniques for the 

construction of electron guns. 

1 - INTRODUCTION 

The high power millimeter radiation generated by gyrotrons can be 

coupled to fusion plasmas to suppress instabilities, drive current 

and heat the plasma. These are the main motivations for the gyrotron 

development program under way at the Instituto de Pesquisas Espaciais. 

The device is composed of three main parts (Fig. 1): the electron 

injection gun, the resonant cavity and the collector. The gun generates 
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a tubular beam of electrons moving along helical trajectories and 

accelerated by electrostatic fields maintained by appropriately shaped 

electrodes. After acceleration, the beam propagates through a drift tube, 

where it undergoes adiabatic magnetic compression, towards the 

interaction region. The electrons gyrating-under the influence of the 

megnetostatic field inside the resonant cavity» operating near cutoff, 

excite a normal TE mode with frequency near the electron cyclotron 

frequency. The RF magnetic field has negligible effect upon the 

electrons axial momentum and, in these conditions, only the electrons 

rotational energy is converted into microwave radiation. After leaving 

the cavity, the electrons enter a decompression region where the beam is 

scattered under the influence of a cusp magnetic field and deposited 

oyer a large collecting area. The RF field radiation is transmitted 

through the output window and guided to the plasma. 
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Figure 1 - Schematic of the 35GHz gyrotron. 

In this paper, the successive stages of the 35GHz gyrotron development 

program at INPE are presented. The synthesis method used in the 

calculation of the shape of the electrodes compatible with a laminar 

electron beam is discussed in Section 2. In Section 3 the 

electrodynamical system is considered. The resonator has a conventional 

geometry consisting of truncated cones with an associated diffraction Q 

factor, for the nominal TE 0 2 1 mode, of the order of 1000. The operation 

parameters and the starting characteristics are presented in Section 4, 

while the experimental activities are briefly discussed in the last 

Section. 
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2 - THE ELECTROOPTICAL SYSTEM 

The electron gun must generate .1 beam with high transverse energy and 

low velocity spread. One of the main causes of the velocity spread is 

the space-charge force, enhanced by the intersection of electron paths; 

an alternative to decrease it is to use guns with laminar beams. Under 

the condition of laminar flow, a synthesis method, which includes the 

effects of space-charge, has been used to determine the shape of the 

electrodes. A systematic procedure for the design of axisymmetric 

electrooptical systems has been developed and is fully described in 

Ref. 1. This procedure allows the derivation of the synthesis parameters 

from the required characteristics of the electron beam in the cavity 

region. The final configuration of the synthesized gun and electron 

trajectories are shown in Fig. 2. For this gun, tri total beam current 

is I = 5.0A and the mean transverse velocity, normalized to the speed 

of light, is <Bj.> = (97 ± 1)10"3 at z = 18.0cm. A*, this position, the 

electric acceleration process is almost finished and the electrons have 

a mean energy of 49.8keV. In the drift tube, the beam undergoes magnetic 

compression and the electrons attain a mean transverse normalized 

velocity, at the cavity input, of <3A > = 0.32 with a velocity ratio 

a = < B X 0 / 6 H 0 > = 1.5. 

Figure 2 - Electrode configuration and electron trajectories 
for the 35GHz gyrolron electron gun. 

The magnetic field required for gyrotron operation is produced by two 

systems of conventional water cooled solenoids (Fig. 3). The main system 

is made up of 20 coils, epoxy cast i:i pairs âu<! fed by a current of IkA, 

which produces a flat top magnetic induction axial distribution with 

peak value of 15kG over a length of 13cm. 
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Figure 3 - Axial profile of the magnetic induction and the 
respective solenoid system. 

3 - THE ELECTRODYNAMICAL SYSTEM 

An axisymmetric structure made up of truncated cones and commonly 

used as open resonator in gyrotrons is shown in Fig. 4. In general, 

when the radial index m of the operating mode 1Emi
 is larger than one, 

6 should be within the interval 0.5° í 8j í Io. The angle 63 is limited 

to 6° in order to reduce the mode conversion process at the waveguide-

taper junction. In the context of the single mode approximation, the 

electric field for the ^mnl mode is represented by 

í(r,t) = Re[£(r)exp(iwt)] , (i) 

where 

t(r) « emn(r,e)V(z) , 

with 

e Jr,Q) * C rM'(k 4r)ê + (im/r)J(kxr)f ] exp(-ime) 
mn mn- * m m' 

(2) 

(3) 

and 
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mn w 

mn m mn mn . 
»vr»/» 

(4) 

(5) 

where X is the n-th nontrivial root of J'(x) = 0. In this 
mn m 

approximation, the electric field longitudinal profile V(z) satisfies 

the wave equation1- '3J 

d2V/dz* + kf,(z)V(z) = 0 , (6) 

where 

kf.(z) = 
_l «Q*J lrw(2). 

1* 
l + — (7) 

and the critical radius is defined by 

rc - XmnC/wR 
(8) 

The solution of eq. (6) , subjected to the radiat ion conditions 

(dV/dz ; ik„V) | = 0 (9) 
z = z. in 

W 
constitutes an eigenvalue problem, where for a given cavity profile 

t {z)t the resonant frequency tv, and the Q factor should be found by a 

search procedure. However, in situations of practical interest, it is 

the profile rw(z) that must be synthesized to satisfy the low mode 

density and high efficiency criteria as well as the design requirements. 

The chosen TE 0 2 a mode is characterized by low ohmic losses on account 

of the azimuthal symmetry, is relatively free from competing modes as 

the radial index is less than 3, and, compared with the I *• 1 modes, 

has the highest Q factor, and hence the lowest starting current. The 

modulus of the profile |V(z)| and the real VR and imaginary V. parts 

are shown in Figs. 5(a) and 5(b), respectively. Notice in this last 

figure that the quasi-stationary field extends partially into the 

output taper, coupling the cavity field to the outgoing travelling wave 

with a wavenumber greater than the cavity wavenumber. 
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Figure 4 Longitudinal profile of an axysimmetric open resonator. The 
critical radius rc determines the cutoff section for the mode 
under consideration. 
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Figure 5 - (a) Field p ro f i le for the resonator type shown in Fig. 4, 
wi th 0j = 0.8°, 9 2 = 0 . 0 ° , 6 3 =3 .0 ° , d!=3.00cm, d2= 4.50cm, 
d3= 4.50cm, r? = 0.961cm, f R = 34.918GHz, Q= 945.0 and (b) the 
real VR (continuous l ine) and imaginary Vj (dashed l ine) 
parts of the d is t r ibu t ion V(z). 

4 - OPERATION PARAMETERS AND STARTING CHARACTERISTICS 

To calculate the gyrotron efficiency, the electron equation of motion 

is integrated along the interaction region. By specifying appropriate 

initial conditions, the trajectories of 16 electrons, whose initial 

phases are uniformly distributed over the gyration circle, are 

determined and the interaction efficiency is given by 

n - Yr 
1 » — I y, 

16 i=1 ] 
/(YB " D . (10) 

where y0 is the relativistic factor for electrons at the initial time, 

and y. refers to the ith electron at the moment it leaves the 

interaction region. The output pov/er is obtained by integration of the 

complex Poynting vector over the cross section at z = z .. Using the 
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orthonormalization relation for the transverse mode vector eigenfunction 

emn(r,e), one gets 

out 
iRe-Lviz)"1"*' 

uw dz 
(11) 

z = z out 

Applying the radiation condition (9) one arrives at 

1 
out |v(2)|

2 Í 2 
2uc k, 

1 + 
VK"R 

R «- , 2Q 
(12) 

where the complex frequency u is related to the Q factor by ID = wR(l + 

i/2Q), where kR and kHR are respectively the real parts of k = ID/C and 

the longitudinal wavenumber k„. Once the output power P . and the 

electronic efficiency n have been determined, the current required to 

sustain the oscillations is given by 

1 " pout'*b • 
(13) 

where V. is the beam voltage. The dependence of P . and n upon the beam 

current I has been obtained from these expressions and i s shown in Fig. 

6. The gyrotron operates prac t ica l l y in the soft se l f -exc i ta t ion regime 

and the optimum operating current I 0 = 4.0A, which corresponds to the 

maximum ef f ic iency n.,.w = 43%, is greater than the respective s tar t ing 

current I = 1.7A. Table 1 shov/s the main character ist ics of the device 

under development, whose i n i t i a l tests are planned for the next year. 
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Figure 6 -Elect ronic ef f ic iency and output power as funct ion of beam current. 
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Table 1 - Design parameters for the 35GHz gyrotron 

Maximum output power (kW) 100 
Operating frequency (GHz) 35.0 ± 0.1 
Nominal mode TE02i 
Beam voltage (kV) • 50.0 
Gun anode voltage (kV) • 24.5 
Laminar beam current (A) 5.0 
Current density (A/cm2) 4.0 
Cavity magnetic induction (kG) 13.2 
Cathode magnetic induction (kG) 1.05 
Beam radius at cavity input (cm) 0.698 
Electronic efficiency (%) 40 
Pulse duration (ms) 20 
Duty cycle (%) 1.2 

5 - CONCLUSIONS 

The objective of this project is to develop high-power millimeter-wa\e 

generators. Presently, a 35GHz gyrotron is under construction, to be 

used in heating and noninductive current drive experiments. The 

conceptual design is well underway, with work done in the synthesis of 

gun electrodes to produce laminar electron beam, in the calculation of 

RF field profile distribution for a given cavity geometry and in the 

optimization of the resonant cavity geometry to produce maximum 

efficiency and output power. Next, the investigation on the enhancement 

of the interaction efficiency by the use of optimum RF field profiles 

produced by special cavity geometries'-3J will be carried out and a self-

consistent model to include the beam current as a source term in the RF 

field wave equation (eq. (6)) is being developed. 

The construction of a gyrotron is a very complex task and many 

relevant technologies had to be developed to complete it. Some of the 

subsystems under construction (high voltage switching, regulator and 

protection circuits*-*^ (Fig. 7), high voltage and high current 

thermionic electron guns (Fig. 8), and magnetic coils for the generation 

of intense fields with high spatial and temporal uniformity) require the 
r5-j 

development of ceramic-metal sealing, electroformingL J and microwave 

diagnostic techniques'-6^, and techniques for the manufacturing of 

porous matrix dispenser cathodes. 
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Fig. 8 - Cutaway view of the gyrotron electron gun. 4) is the molybdenum 
cathode, showing the heater mounting; 2) is the titanium first 
anode (titanium is also used in the cathode support structure); 
3) is the electron emission ring, made of porous tungsten 
impregnated with barium oxide; and 4) are the ceramic electric 
insulators sealed to the titanium flanges. 
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