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Abstract—A magnetron injection gun (MIG) can generate an 

annular electron beam with a high transverse-to-axial velocity 

ratio for gyrotron devices. This paper compares the different 

configurations of the MIGs and their suitable applications were 

analyzed from the theoretical study. Following that, a MIG for a 

48 GHz, 2 MW output power gyroklystron was designed and 

optimized by parameterizing the MIG’s geometry and the 

magnetic field. By using the standard triode-type configuration, a 

low alpha spread of 8.9% was achieved. The simulation results 

showed that the magnetic field profile also plays an important role 

in the MIG design. The angle of the magnetic field on the emitter 

surface affects the alpha value and the alpha spread, which was 

not able to be predicted by the synthesis method. It provides an 

extra degree of freedom for tuning the MIG’s performance in the 

experiment where the geometry of the gun is fixed. 

    
Index Terms— magnetron injection gun, gyroklystron, velocity 

spread, small orbit beam.  

I. INTRODUCTION 

Gyrotron devices based on cyclotron resonance maser 

(CRM) instability are capable to generate high power radiation 

at high frequency [1, 2]. The dominant beam-wave energy 

exchange is in the azimuthal direction with the TE mode in the 

interaction circuit. An annular electron beam with a fraction of 

the electron's momentum in the transverse direction while 

propagating in a uniform guiding magnetic field is required for 

effective interaction. Such a beam can be generated by a 

magnetron injection type of electron gun (MIG) [3], where the 

electrons travel through an adiabatic magnetic field 

compression region. The guiding center of the electrons from a 

MIG is normally off-center. A special case is the axis-encircling 

beam, which is also called a large-orbit beam, which can be 

generated by an electron gun with a cusp magnetic field [4, 5]. 

There are different configurations of MIGs [6-8], including 

the diode type, standard and inverse-cathode triode-type guns 

which have an additional modulation anode, as shown in Fig. 1. 

Although they are all able to generate a small orbit electron 

beam, they have their unique properties and are suitable for 

different applications. The diode MIG has the simplest 

geometry and a compact structure. It is easy to achieve a robust 

design and smaller assembly tolerance. The triode structure has 

an additional electrode with a potential difference from the 
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cathode and the anode, which requires an extra power supply 

and electric insulation which makes it more complicated to 

construct and assemble. However, it provides an additional 

degree of freedom (the potential on the modulation anode) to 

further adjust the electron beam quality in operation. In an 

inverse-cathode MIG (IMIG), the modulation anode has a 

smaller radius than the emitter. Due to the constrain of electric 

break-down between the electrodes, the IMIG is suitable for 

gyrotron devices which have a larger emitter radius, therefore, 

allowing sufficient insulation gap distance. The IMIG is also a 

coaxial structure therefore more suitable for gyrotron devices 

that use a coaxial interaction circuit [9]. It has the advantage of 

a larger cathode radius (consequently large beam current), but 

is more challenging to align and assemble, therefore, it is not 

commonly used. The other two types of MIGs are more 

common and widely used in gyrotron devices with cylindrical 

interaction circuits. 

 
(a) 

 
(b) 

 
(c) 

 Fig. 1 different types of MIGs, (a) diode-type, (b) standard 

triode-type, (c) inverse-cathode MIG. 
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 The gyroklystron is a member of the gyrotron device family 

[10]. It is able to achieve high amplification gain at a narrow 

bandwidth. The gyroklystrons have been used in applications 

such as radar and particle accelerators. A gyroklystron 

operating at 48 GHz with 2 MW output power was designed as 

a potential high-power microwave source to drive a linearizer 

for H2020 project CompactLight X-ray free-electron laser [11, 

12]. The beam-wave interaction circuit employed a three-cavity 

configuration. The input and intermediate cavities operated at 

the TE01 mode and the output cavity operates at the TE02 mode 

in a circular waveguide.  

In this paper, a MIG was designed to generate the required 

electron beam to achieve a high-efficiency beam-wave 

interaction. The choice of MIG configuration and the solenoid 

system is introduced. The simulation and optimization results 

are presented. 

II. OPERATION OF THE MIG 

The trajectories of the electrons in a MIG are determined by 

both the electric and magnetic fields. The electron beam quality 

not only depends on the electrode structures which decide the 

electric field distribution, but also the coil configuration of the 

solenoids which determines the magnetic field. The triode-type 

MIG has the advantage of further tuning the beam parameter 

such as the beam alpha (transverse-to-axial velocity ratio, 𝛼 =
𝑣⊥/𝑣𝑧) through the voltage at the modulation anode. For the 

diode-type MIG, its lack of flexibility can also be compensated 

by using a dedicated designed magnet system with a more 

complicated configuration [13, 14]. For example, additional 

coils at the cathode region can be used to adjust the magnetic 

field strength and its vector angle at the emitter surface, while 

keeping the field in the interaction region unchanged. In 

principle, the two methods do not make fundamental 

differences in the design stage since both are possible to achieve 

an optimal design if the electric and magnetic fields are well-

matched with each other.  

The synthesis method has been developed to design the 

standard triode-type MIG [15-18]. Based on the conservation of 

angular momentum in the electron gun region, it has 

𝐵𝑧𝑐𝑟𝑐
2 = 𝐵0(𝑟𝑔0

2 − 𝑟𝐿0
2 )       (1) 

where 𝐵𝑧𝑐 , 𝐵0  are the magnetic fields at the cathode and the 

interaction region. 𝑟𝑐  is the radius of the emitter and 𝑟𝑔0 and 𝑟𝐿0 

are the guiding center and the Larmor radius at the interaction 

region. The equation can be written as 𝑟𝑐
2 = 𝐹𝑚(𝑟𝑔0

2 − 𝑟𝐿0
2 ) by 

introducing a magnetic field compression ratio 𝐹𝑚 = 𝐵0/𝐵𝑧𝑐. 

Further derivation provides the spread in the guiding center 
∆𝑟𝑔0

𝑟𝑔0
=

sin 𝜙𝑐

𝜇2+1

𝐼0

2𝜋𝐽𝑐𝑟𝑐
2          (2) 

where 𝜙𝑐 is the emitter angle relative to the beam axis, 𝐼0, 𝐽𝑐 are 

the beam current and the current density of the emitter. 𝜇 =
[(𝑟𝑔0/𝑟𝐿0)2 − 1]−1/2 is the cylindricity parameter. At a small 𝜇 

where 𝑟𝑔0 ≫ 𝑟𝐿0 , the transverse velocity at the interaction 

region can be approximated as 

𝑣⊥0 ≈
𝐹𝑚

3/2
𝐸𝑐cos𝜙𝑐 

𝐵0𝛾0
         (3) 

The velocity spread mainly comes from the nonuniform 

electric field at the emitter (𝐸𝑐) and the magnetic field (𝐵0/𝐹𝑚) 

due to the thickness of the emitter. The velocity spread can 

possibly be reduced if the electric and magnetic fields are well 

matched. The space charge depression voltage [19] introduces 

additional energy spread to the electron beam and can be 

another source of velocity spread. It contains depression voltage 

across the beam itself and the depression voltage due to the wall. 

The impact of depression voltage for a high energy beam is not 

a major issue as it can be compensated for by operating at a 

slightly higher beam voltage. The relation between the alpha 

spread and the velocity can be obtained if the space charge 

depression voltage of the beam is ignored. In this case, all the 

electrons will have the same energy in the interaction region, 

where 𝑣⊥0
2 + 𝑣𝑧0

2  is a constant value. The alpha spread is  
∆𝛼0

𝛼0
= −

𝛼0
2+1

𝛼0
2

∆𝑣𝑧0

𝑣𝑧0
= (𝛼0

2 + 1)
∆𝑣⊥

𝑣⊥0
   (4) 

The MIG is normally designed for a specific gyro-device 

where the beam parameters at the interaction region are 

determined by the interaction circuit. In this case, 𝜇, 𝐼0  are 

known values. From eq. 2, a small guiding center spread can be 

achieved by choosing large current density and emitter radius, 

or a small emitter angle. However, 𝑟𝑐  is determined by 𝐹𝑚 

which is normally in a range of 15 – 25. Its choice is usually 

made by experience of previous successfully operated MIGs 

and then validated using numerical simulation. A high 𝐹𝑚 will 

result in large Larmor radius at the cathode and leads to a larger 

gap distance 𝑑𝑎𝑐between the cathode and the modulation anode, 

otherwise, the electrons may directly strike on the modulation 

anode. Also the improvement by increasing 𝐹𝑚  is not 

significant after a certain value because 𝑟𝑐 ∝ √𝐹𝑚. 𝐽𝑐 also has 

constraints imposed by the property of the material. A small 

emitter angle is preferred when designing the electron gun 

geometry.  

The potential on the modulation anode can be calculated 

from the coaxial field theory and it is 

𝑉𝑎 =
𝑚𝑐2

𝑒

ln(1+𝐷𝐹𝜇)

ln(1+2𝜇)
((1 +

4

𝜇2 (
1+𝜇

1+2𝜇
)2 𝛾0

2−1

cos2𝜙𝑐𝑟𝑐
2/𝑟𝐿0

2
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2

𝛼0
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)0.5 − 1)  (5) 

where 𝛾0 is the relativistic factor in the interaction region. 𝐷𝐹 =
𝑑𝑎𝑐cos𝜙𝑐/(𝜇𝑟𝑐) is a normalized distance factor associated with 

the distance between the cathode to the modulation anode. Its 

reasonable range is between 2.5 – 4.0. A larger value will 

conflict with the assumption of the derivation of the synthesis 

method and will be difficult to achieve an optimal design, which 

will result in a large alpha spread.  

The diode-type MIG is a special case of the standard triode-

type MIG where the modulation anode is at the same voltage as 

the main anode.  In this case in Eq. 5, a large 𝐷𝐹 has to be used 

which is not desirable for the gun design. Eq. 5 also shows that 

𝛼0  increases as the increment of 𝑉𝑎 . The electrons may be 

reflected back to cathode if the alpha values are too high. To 

avoid this, the geometry of the cathode has to change 

accordingly, for example, to increase 𝜙𝑐 in order to maintain a 

small 𝛼0 . As a result, the diode-type MIG will need a 

significantly larger emitter angle than a triode-type one, which 

will result in a larger spread of the guiding center.  

When a gyro-device operates with a high order mode, for 

example the ITER gyrotrons [20, 21], the peak electric field 

locates at a large radius, which also means a large guiding 

center. At the same 𝐹𝑚, a much larger emitter radius can be used 

as compared with a MIG designed for a lower order mode 

gyrotron device. The emitter thickness can therefore be 

minimized to reduce the alpha spread. The emitter angle is not 

a limitation and the diode-type MIG is a better option due to its 
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simple structure. For the gyro-device operating with a low order 

mode and when a high beam current is required, the triode-type 

MIG can achieve a better beam quality and it is a better option. 

III. MIG FOR 48 GHZ GYROKLYSTRON 

A high power gyroklystron was designed as the source to 

drive a linearizer for the CompactLight X-ray free-electron 

laser. The beam-wave interaction circuit employed low order 

operating modes, the TE01 mode for both the input and 

intermediate cavities and a TE02 mode for the output cavity 

while minimizing mode competition. The key parameters of the 

gyroklystron are shown in Table I. The parameter of the 

electron beam generated by the MIG should satisfy the 

requirement of the beam-wave interaction with an alpha and 

guiding center spread as small as possible. 

Table I key parameters of the designed gyroklystron 

Operating frequency (GHz)  48 

Beam voltage (kV) 140 

Beam current 𝐼0 (A) 37 

Beam alpha  1.35 

Magnetic field in the interaction region 𝐵0 (T) 2.02 

Output power (MW) 2.3 

Output mode in circular waveguide TE02 

Gain (dB) 36 

Electronic efficiency 44% 

Beam guiding center (mm) 1.77 

Pulse duration 1.5 us 

Maximum pulse repetition rate 1 kHz 

 

From the analysis in the previous section, the triode-type 

MIG is a better choice as the gyroklystron operated with a low 

order mode and the beam current is large. The low order 

operating mode results in a small emitter radius. The small 

emitter angle in a triode-type MIG helps to reduce the spread in 

the beam.  The MIG operates at high voltage. To keep the 

maximum electric field below the break-down threshold, the 

distance between the cathode and anode has to be large and 

leads to a large 𝐷𝐹  in a diode-type MIG. The triode-type MIG 

that has a lower voltage between the cathode and the 

modulation anode can achieve a suitable 𝐷𝐹  value to achieve a 

better beam quality. 

The initial design of the triode-type MIG was achieved using 

the synthesis method. The input parameters such as the beam 

voltage, beam current, the guiding center at the interaction 

region are shown in Table I. The choice of the current density 

is a trade-off between the alpha spread due to the thickness of 

the emitter, and the emission capability of the cathode. A low 

current density will result in a large emitter thickness and a 

large alpha spread. However, a high current density will push 

the limit of the cathode emission capability and reduce the 

lifetime of the cathode. Gyroklystrons for the accelerator 

application requires a pulse duration of 1.5 us and the maximum 

pulse repetition rate of 1 kHz (it normally operates at 400 Hz). 

The duty circle is less than 0.2%. Therefore, a relatively high 

current density of 20 A/cm2 is feasible and it was chosen to 

estimate the initial parameters. Nanosized-scandia-doped 

dispenser cathodes with such high current density has been 

reported with more than 5000 hours lifetime [22]. A MIG with 

a current density of 30 A/cm2 using a SpectraMat 612X 

scandate cathode has been designed and tested [23]. Other 

parameters such as the magnetic field compression ratio, and 

the maximum electric field were chosen as 22.5 and 7 kV/mm. 

The parameters derived from the synthesis are shown in 

Table II. 

Table II The initial parameters from the synthesis and the 

optimized parameters 

Parameters Initial Optimized 

Emitter radius 𝑟𝑐  7.9 mm 7.9 mm 

Emitter current density 20 A/cm2 20 A/cm2 

Emitter angle 𝜙𝑐 30.0º 33.9º 

Voltage on modulation anode 𝑉𝑎 18.7 kV 32.5 kV 

Cathode to modulation anode 

distance 𝑑𝑎𝑐 

15 mm 15.3 mm 

Magnetic field compression ratio 

𝐹𝑚 

25.0 21.93 

Magnetic field angle 𝜃 --- 2.1º 

 

The gyroklystron operates under an ultra-high vacuum which 

is normally in 10-9 mbar level. However, there are still gas 

molecules inside, and they can be ionized during the operation. 

It is a complicated process and the neutralization level is not yet 

well understood [24, 25]. The neutralization effect due to the 

ions in the high-power gyro-devices will affect the beam alpha. 

Therefore, it is important to have the flexibility to tune the beam 

parameters during the experiment. Besides the potential on the 

modulation anode, the magnetic field at the emitter surface 

provides an additional means of adjustment. The magnetic field 

of the gyroklystron was generated by a superconducting magnet 

with a closed-loop cryogenic system because the peak field 

2.02 T requires too much drive power and cooling if normal-

conducting coils are used. The coil system is shown in Fig. 2.  

Two sets of shim coils with the same drive current as the 

main coil were used to compensate for the field drop at the edge 

of the main coil to maintain the required flat length at the 

interaction region. To find an optimal magnetic field which 

matches with the electric field, additional magnet coils, the 

reverse coil 1 and 2, were used to shape to field profile at the 

emitter surface. Once the locations of the coils were decided, 

the overall magnetic field will be determined by the drive 

currents of the coils. Given the magnetic field strength 𝐵𝑧𝑐, 𝐵𝑟𝑐 

at the emitter surface and the field at the interaction region 𝐵0, 

a unique set of drive currents for the main coil and reverse coils 

1 and 2 can be solved. In practice, it is more convenient to use 

the magnetic field angle instead of 𝐵𝑟𝑐 and 𝐹𝑚 instead of 𝐵𝑧𝑐. 

With first-order approximation of the off-axis magnetic field, 

𝐵𝑧(𝑟) = 𝐵𝑧(𝑟 = 0), 𝐵𝑟(𝑟) = −𝑟𝐵𝑧
′/2.  The field angle is 

defined as 𝜃 = atan(𝐵𝑟(𝑟)/𝐵𝑧(𝑟)).  

Although the synthesis method assumes the adiabatic change 

of the magnetic field, and it does not consider the effect of the 

space charge, it provides a good starting point for parameter 

range scanning. The initial MIG parameters were simulated by 

charged-particle optics simulation software. Different tools, 

including MAGIC, CST Particle Studio, OPERA and TRAK 

[26], were simulated on an existing cusp gun, and compared 

with the experimental results [27, 28]. TRAK and MAGIC 2D 

showed close agreement in alpha spread  with values comparing 

well with measurement. TRAK was chosen as the simulation 

tool due to the less computing time needed.   
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Fig. 2 the configuration of the magnet system and the magnetic 

field profile. 

 

In the simulation, fine meshes of 0.05 mm in the radial 

coordinate and 0.10 mm in axial coordinate were used at the 

emitter region and meshes with 0.10 mm (R) * 0.20 mm (Z) 

were used for the rest simulation region. The time step to 

advance the particle trajectories was 2.5×10-13 s. In the 

simulation, the space charge effect was calculated by iterating 

the electron charge deposited as the electron trajectories 

progressed. The simulated results showed a large alpha spread 

of 25%. One of the reasons was the large emitter thickness due 

to the large emitted current needed. The nonuniform electric 

and magnetic at the emitter region causes the emitted electrons 

at different radii to experience different Lorentz forces which 

increases the alpha spread. The alpha spread can be reduced by 

optimizing the electron gun geometry and the coil configuration 

to find a well-matched electric and magnetic field. 

Further optimizations were carried out by parameterizing the 

geometry, as shown in Fig. 3, and a multiple-objective genetic 

algorithm [29]. The same method has been used for cusp 

electron gun design and benchmarked with the experimental 

measurement [28, 30]. The geometry of the MIG was 

parameterized and determined by 11 parameters, together with 

𝑉𝑎  and 3 parameters to control the magnetic field profile 

(𝐵𝑟𝑐 , 𝐹𝑚 and relative shift position of the coils to the cathode), 

there are totally 15 parameters.  

 
Fig. 3 The parametrized geometry of the triode-type MIG. 

 

The particle trajectories of each parameter set were post-

processed using two evaluation functions, which was a    

combination of factors including the center value of the beam 

alpha, the guiding center, their spreads as well as the beam 

laminarity. The final results were chosen from the Pareto front 

of the values of the evaluation functions after 400 generations 

(each generation contains 100 populations). The final optimized 

values of the key parameters are also shown in Table II. The 

optimal magnetic field compression ratio was 21.93, which is 

less than the initial value of 25. The major reason is the large 

emitter thickness due to the large emitted current needed. The 

nonuniform electric and magnetic at the emitter region causes 

the emitted electrons at different radii to experience different 

Lorentz forces and increase the alpha spread. The effect is more 

significant when the magnetic field strength is smaller 

(equivalently large compression ratio). 

IV. SIMULATION RESULTS 

The beam trajectories are shown in Fig. 4. A detailed plot of 

the trajectories of the fractional number of simulated electrons 

is shown in Fig. 4(b). A good laminar beam was achieved. The 

normalized beam current as the function of the beam alpha 

distribution is shown in Fig. 5. The half-width at half maximum 

(HWFH) alpha spread is about 8.9%. 

 

 
(a) 

 
(b) 

Fig. 4 (a) the electron beam trajectories in the MIG and (b), 

detail plot at the cathode region. 

 

 
Fig. 5 the normalized beam current as of the function of beam 

alpha. 

 

The beam alpha value can be adjusted by changing the 

applied voltage on the modulation anode and the results are 

shown in Fig. 6. As the voltage increases, the alpha value 

increases, which agrees with the analysis in section II. The 
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beam alpha is relatively sensitive to the voltage at the 

modulation anode. With a ~280 V variation of the voltage, the 

shift of the center alpha value is 0.1. The alpha spreads have 

similar values at lower voltages but they increase when the 

voltages become larger. When the voltage is higher than 

33.3 kV, although the alpha spread does not increase, the 

simulations show a long tail at a high alpha value range, which 

means a small number of electrons have high alpha values. At 

even higher voltages, larger than 34 kV, part of the electrons is 

reflected due to the alpha value being too high with the beam 

transportation rate no longer 100%.  

 
Fig. 6 the electron beam alpha as of the function of voltage on 

the modulation anode. 

 

The beam alpha can also be changed by varying the 

compression ratio 𝐹𝑚, which can be implemented by shifting 

the position of the superconducting magnet or adjusting the 

drive currents of the solenoids. The simulation results are 

shown in Fig. 7. By shifting the position of the magnet by -2 

mm to 2 mm, the magnetic field compression ratio changed 

accordingly from 21.7 to 22.2, the beam alpha center value 

changes linearly from 1.53 to 1.10. However, there is a 

relatively large difference in the alpha spread when the shift 

distance is large. A nearly constant alpha spread at ±0.25 mm 

was found from the simulation, which indicates the tolerance 

allowed during assembly. 

 
Fig. 7 the electron beam alpha as of the function of magnetic 

field compression factor and the shift of magnetic field profile. 

Not only the 𝐵𝑧𝑐 affects the beam alpha value and its spread, 

simulations also showed the 𝐵𝑟𝑐  (which is equivalent to the 

field angle 𝜃) has a significant impact on the beam quality.  

From the results shown in Fig. 8, the beam alpha varies when 

keeping the 𝐹𝑚 the same and changing only the 𝜃 value. As it 

increases, the alpha value increases. The optimal 𝜃  is 2.1 

degree, where a minimum alpha spread is achieved. The effect 

on the alpha spread is roughly symmetric at the optimal value. 

When an inadequate 𝜃 is used, the alpha spread can be huge. 

However, since 𝜃 is small, 𝐵𝑟𝑐  is also small. It did not see a 

significant influence on the beam laminarity.   

 
Fig. 8 the electron beam alpha as the function of the magnetic 

field angle at the emitter surface. 

The impact of the alpha value and its spread to the beam-

wave interaction efficiency of the 48 GHz gyroklystron was 

also investigated from the PIC simulations. The output power 

drops as the alpha spread increased. The trend showed a 1% 

increment in the alpha spread would result in a 1.55% drop in 

the output power. With a 9% alpha spread from the MIG gun, 

the output power of the gyroklystron was 1.97 MW, slightly 

less than the required 2 MW. Fixing at a 9% alpha spread, the 

output powers of the gyroklystron at different alpha values were 

also shown in Fig. 9. When the beam alpha increases, the output 

power increases as well due to the transverse beam energy 

becoming larger. However, when the alpha value was larger 

than 1.42, the ripple at the output power increased rapidly and 

the interaction became unstable. 

 
Fig. 9 the output power of the gyroklystron as the function of 

the alpha value and its spread. 
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V. DISCUSSION AND CONCLUSION 

In this paper, the different configurations of MIGs are 

analyzed and a standard triode-type MIG was designed for a 48 

GHz gyroklystron, which is proposed to drive the linearizer for 

the CompactLight X-ray free electron laser (XFEL). The 

synthesis method was used to determine the initial parameter 

values and suitable ranges. The MIG was further optimized and 

a low alpha spread of 8.9% was achieved. The simulation 

results showed that the field angle at the emitter surface also 

played an important role in the beam quality. It changes the 

alpha value and has a significant effect on the alpha spread, 

which is beyond the theoretical prediction. Its impact on the 

beam laminarity is small because the magnetic field angle is 

small. An optimal triode type MIG requires a good match 

between the electric and magnetic field at the emitter area. The 

magnetic field at the emitter surface can be finely adjusted by 

introducing extra coils at the cathode region to control the 

magnetic field angle. The experimental study of the MIG and 

the 48GHz gyroklystron will depend upon the outcome of the 

XFEL project, which is currently on the research and 

development design stage. 
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