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Extraordinary high average power at millimeter wavelengths 
MW power level in oscillators; tens kW in amplifiers 

 Gyrotron Introduction 











Common classes of cavity modes used in gyrotrons  







Contour plot of transverse efficiency (solid lines) and optimum magnetic field 
detuning ∆opt (dashed lines) as a function of normalized field amplitude F and cavity 
length µ for fundamental gyrotron interaction (ω ≈ Ωc) 
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General outline of a magnetron injection gun with two anodes 
including a plot of a typical magnetic field profile.  

Diagram of beam cross-section after 
acceleration to final voltage showing the 
guiding center and Larmor radii.  

Gyrotron Electron Beam Formation 

Gyrotron generally requires an electron beam with α = ν⊥/ν ≈ 1.5.  The most common approach to 
obtaining such a beam is the magnetron injection gun.   
The function of the first anode is to provide a region of radial electrical field which serves to impart 
transverse motion to the electrons which are emitted from the annular ring cathode.  Because the magnetic 
field is primarily axial, the electron motion is in the form of a cycloid which consists of the circular orbital 
motion superimposed upon the familiar drift.   
The presence of the second anode results in an axial electric field which accelerates the electrons toward the 
direction of increasing magnetic field.  As the electrons gain axial velocity, the increasing magnetic field 
results in a transformation of energy into rotational through the vzBr|force. The resultant beam at the 
position of the rf interaction region is therefore of the required form as shown.  



Generation of an Angular Electron Beam 









Large Magnetic Compression Eases Cathode Loading 
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Cathode Angle 

Large Cathode Angle Gives: 
•More Laminar Beam 
•Less Beam Current 
•Large Guiding Center Spread 

Mod Anode Voltage Limits 
•If V1 is too high: 
  Either the electrons strike the anode or arcing occurs (E>200 kV/cm) 
•If V1 is too low: 
    =v/vll is too low for proper gyrotron operation 

 
•Currently, MIGs are operated temperature limited (Jc/JL<<1) 
    The above results from requiring E constant along the emitter 
     Adds noise problem, also problems with high repetition rate. 

Temperature Limited Operation 



The other area of concern in gun design involves the associated velocity 
spread which adversely affects gyrotron performance.  Effects which result 
in beam spread include.  

 (1) beam space charge effects 
 (2) variation of initial cathode radius due to beam thickness 
 (3) nonadiabatic fields 
 (4) cathode surface roughness 
 (5) violation of axial symmetry in the electric and magnetic 

fields 
 (6) initial thermal spread due to finite cathode temperature 
 (7) nonuniform fields near the cathode 
 









EGUN Introduction 
 

 EGUN,  which is developed by Stanford Linear Accelerator Center,  is 
designed to compute trajectories of charged particles in electrostatic 
and magnetostatic fields, including the effects of space charge and self-
magnetic fields.  

 Either rectangular or cylindrical symmetry may be used. It is a 2.5 
dimension code meaning 2-D in all fields and 3-D in all particle motion. 
A Poisson’s Equation Solver is used to find the electrostatic fields by 
using difference equations derived from the boundary conditions. 

  Magnetic fields are to be specified externally by the user, by using one 
of several methods including data from another program or arbitrary 
configurations of coils. 



Write a input file for 
Polygon 

(example.pol) 

POLYGON 
Pre-processing and 

mesh generating An *.egn file is be 
created(example.egn) 

 EGN2W 
Electron gun and universal 
beam transport simulation 

YMWPLOT 
Black and white 
screen output in 
DOS( inconvenient) 

CPLCOMP 
Colorful plots in 

windows 

PPGYRO 
Gyrotron 

relevant analysis 

Flowchart of MIG Egun Simulation Routine 

POST 
PROCESSING 
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There are five methods of inputting magnetic field data in Egun. Two of them are very 
useful. 

 By reading the full array fields on the axis, presumably as found by using another 
computer program such as Maxwell, CST-PS, Omnitrak and etc.. You can also write 
some simple codes to generate the data. I always use matlab to do this. 

 By specifying ideal coils (radius, positions and strength)  

 

Magnetic Field Input 

Ideal Coil 



Magnetic Injection Gun (MIG） 

 After running egn2w, the results will saved in the  *.out file. Then you can check the 
information of particles by PPGYRO. PPGYRO can give you the average and spread 
of perpendicular,  parallel speed, guide center and beam alpha. 

 Note:  all positions and radii are given in mesh units, while velocities are in units of c. 
 Use cplcomp to see the plots including electron distribution, beam density and etc.. 

 



Electrostatic field distribution 

Bz distribution in axial direction 



Beam distribution in axial direction 

Beam velocity ratio(Vt/Vz) 
distribution in axial direction Pz distribution in axial direction 





Production of an Axis Encircling Beam 
 
 

The MIG concept is not  the only technique which can be utilized to produce rotating 
electron beams for gyrotron interactions.  As mentioned previously, large orbit axis-
encircling beams can be produced by propagating hollow electron beams through 
magnetic steps. The major features of this design are the use of an asymmetric field 
reversal and initially converging electron beam which are said to reduce the length 
required for adiabatic compression of beam.  

This is achieved by having at the cathode a uniform axial magnetic field 
which is of the same magnitude but of the opposite sense as the magnetic 
field downstream. 



The Lagrange equations are a convenient way to solve for the motion of the 
electron in various field configurations. We can get the Lagrange equations of the 
relativistic electrons motion when a beam passes through the cusp magnetic field.  
The velocity spread depends upon the thickness of the beam before it enters the 
cusp magnet. It is obviously impossible to use extremely thin cathodes due to the 
limitations of the emission density and the lifetime of the cathode.  
Consequently, to achieve small beam velocity spread, one needs to compress the 
thickness of the beam after emission and before it passes through the cusp 
magnetic field. 

Theoretical Analysis 



Co-Simulation Approach and Tools 
For the cusp gun design, the beam spread is not only dependent upon the dimensions of the 
anode, cathode, focus anode, and the voltage of each electrode, but also dependent upon the 
profile and the position with respect to the cathode. For a given magnetic field distribution, 
there may not exist, or at least be very difficult to find, the optimal dimensions for the desired 
beam quality. To increase the design efficiency and address the aforementioned problem, a 
new co-simulation method is developed.  
First, the input file for Egun is generated by MATLAB, and the dimensions are parameterized.  
Second, the magnetic field data results from Maxwell2D are taken automatically by the 
MATLAB code and then rewritten into a form which can be recognized by Egun.  
Third, the new magnetic field data files are inserted into the Egun input file, and then Egun is 
called by the MATLAB code.  
Fourth, the beam calculation results from Egun are analyzed by the MATLAB code. If the 
beam spread is not sufficiently small, then, the key dimensions will be swept to search for the 
minimum beam spread. As is well known, the distribution of the magnetic field is very critical 
for the design. Consequently, if the beam spread goal cannot be met, then the MATLAB code 
will call Maxwell2D to obtain a new magnetic field profile.  
Finally, the aforementioned steps are repeated to obtain the optimized design. After the 
optimization is finished, the 3-D CST-PS code will perform a simulation of the magnet and 
cusp gun to check the results of the 2-D simulation and to study the effects of misalignment 
between gun and magnet. 
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Cusp Gun developed by Northrop Grumman   

• Axial Electron Beam Starts Spinning Due to vz x Br Force in Magnetic Reversal Region 



Cusp Gun Geometry Magnetic field profile 

Electric Field Profile Simulated Electron Trajectories 





Gyrotron Cavities 

The electron beam enters the cavity from the left, because of the downward taper, the resonating mode 
is cut-off at position z1.The cavity fields, therefore, build up until balance is achieved between the 
power extracted from the electrons and that dissipated in the walls and that coupled out of the open end.   



The approach to solving for the cavity parameters is to locally (in z) expand the 
fields in a complete set of orthogonal transverse electric modes for each of two 
polarizations. In general, the modes are coupled through the changes in the 
waveguide cross section with axial position as modified by the presence of the 
electron beam. This results in an infinite set of one-dimensional coupled equations 
resembling the familiar transmission line equations.  
 

Gyrotron cavity resonator 

For cylindrically symmetric resonators with only varying cross sections, the 
equations simplify considerably in the absence of the electron beam.  In particular, the 
TEmn modes are essentially uncoupled greatly facilitating the solution.  It can be shown 
that in this case the axial dependence of the electric field intensity is given by 

  
       
 
In the above, the effective cutoff frequency, local cutoff frequency and wall function 

are given respectively by 
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and 
  
  
 
where the prime indicates the spatial derivative.  The eigen functions appropriate 

to the cavity resonances must satisfy together with the following boundary conditions 
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In the above, 
  
 
and 
The above choice ensures cutoff fields at the input and propagating fields at the 

cavity output.  Often a simpler input boundary condition [E(zin) = 0] is employed 
due to the rapid fall-off of the fields within the cutoff section.  In addition, the initial 
phase of the cavity fields φ(z) is normally set equal to zero at the cavity input end and 
remains relatively small due to the partial standing wave nature of the cavity fields.  
In the output section, the phase varies appropriately for a traveling wave.  

( ) 1 22 2
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 From the cavity stored energy εm and output Poynting flux Sout may be 
obtained.  The former is given by  

  
     
 
 
where ao is the maximum cavity radius and Sout = 2ωIεm with ωI the imaginary 

part of the cavity eigenvalue.  It is also helpful to define the diffraction Q through 
the relation 

  
 
where ωR is the real part of the eigenvalue.  
 
Then we can get   
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where λR is the free space wavelength corresponding to ωR.  



Taking |R| = 0 results in the lowest possible diffraction Q.  Assuming a sinusoidal axial 
mode distribution permits SDIFF to be written as 

  
 
 
 
Using conventional techniques, numerical solutions may be found to the above 

relations computed.  Figure shows results for the field profiles obtained for two different 
cavity arrangements (straight and tapered).  Here, ER(z) and EI(z) correspond to the real and 
imaginary components of the complex electric field. Note the expected transition from 
partially standing to traveling wave and the more Gaussian-like profile for the tapered 
cavity.   
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Field solution in straight cavity.   
 

Field solution in tapered cavity.  







The other loss mechanism is ohmic dissipation in the cavity walls.  This can be 
expected to be lower than that of a closed cavity because of the absence of the end walls.  
The other competing factor is the increased wall resistivity due to factors such as 
mechanical stresses and surface roughness. The total cavity Q is then given by 

  
 
 
It is common to define a circuit efficiency ηc given by 

1 1 1
total dQ Q Q− − −

Ω= +

1c totalQ QΩη = − ( )dQ Q QΩ Ω= +

For high power cw gyrotrons, one wishes high efficiency implying operation with 
Qd<<QΩ.  Conversely, for low power devices it may be desirable to minimize the start 
oscillation thereby dictating parameters appropriate to Qd >> QΩ.   
For particularly complicated structures or cavities where the dimensions change rapidly, 
the preceding formalism is inadequate.  In the case of structures which still possess 
cylindrical symmetry, another approach is available.  Here, one can employ a computer 
program such as SUPERFISH, HFSS and CST which solves for the electromagnetic 
eigen modes.  



At extremely short wavelengths under high average power operations, the cavity 
wall loads becomes a significant limiting factor.  In order to extend high power 
gyrotron operation to shorter wavelengths, a number of groups have been pursuing 
quasi-optical approaches. A schematic of a quasi-optical cyclotron maser is shown. 
By employing mirrors of sufficiently large dimensions, the resonator power loading 
can be reduced to levels which can be dissipated using conventional cooling 
techniques which still utilize high electron beam power.  

Schematic representation of the quasioptical electron cyclotron maser.  The electron beam propagates 
along and rotates about the z axis and the radiation beam axis coincides with the y axis.  



The possibility of fine 
wideband frequency tuning 



Gyroklystron 
Frequency(
GHz) 

Beam 
Voltage(kV) 

Beam 
Current(A) 

Output 
Power(MW) 

Efficiency Gian(dB) 

8.6 500 470 85 32% 30 

9.87 425 150 24 33% 34 

17.1 460 540 100 37.4% 60 

17.14 500 720 158 41% 

19.1 437 232 29 27% 15 

22.8 500 367 68 37% 

30 500 300 68 45% 45 

30 6.5 25% 30 

91 500 55 10.5 38% 58 

Compact Linear Collider (CLIC)  with a reasonable length, a high accelerating gradient and 
high RF frequency are required. A gyroklystron in the frequency range of 30 GHz is 
considered to be one of the most promising RF sources. The technical risk factors and 
achievable performance for several distinct configurations, including coaxial and cylindrical 
cavities interacting at the fundamental and second harmonic of the cyclotron frequency, and 
high power MIG gun all should be investigated in the study.  



Why Gyroklystron? 
Magnetron 

Klystron 

Gyroklystron 
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TM010 Mode: qmn=2.4 

TE01 Mode:  qmn=3.83 
TE02 Mode: qmn=7.01 
TE53 Mode: qmn=13.99 
TE73 Mode: qmn=16.53 
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max_47.44* klystronP



Design of a Ka Band 450KW Gyroklystron 

Contour plots of bunching efficiency 



Maxwell Equation with current source Hot Cavity Fields 

The expression for the 
time-independent 
amplitude 

The field amplitude in 
the drive cavity 

The total efficiency 

From beam calculation From fields calculation 







The input coupler: Power enters from the left 
into the coaxial resonator using a standard 
BJ320 waveguide. Then the power is coupled 
into the cavity though for coupling slots to 
establish the TE02 modes in the iner cavity 



PIC simulation results. 



Frequency spectrum 
off the electric field 

Dependence of output power on 
frequency by PIC(solid) and our 
nonlinear theory codes(dash).  

More than 480kW output power, 34% efficiency. In the 
experiment, we got 400kW output power and 25% efficiency 



MW Gyroklystron Design 



Thank You For Your Attention! 
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