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Design and Simulation of 400-kW Sheet Beam Optics and 

Magnetic Field for DC and RF Power Sources 

Atif Alvi, Munawar Iqbal, Faizan Elahi, Ghalib U. Islam 

We present the design, simulation and analysis of 400 kW sheet beam gun. The beam optics, beam 

envelop and the magnetic field of the gun is designed and then simulated in CST PS. 100% beam 

transmission is achieved at the target similar to the size of the electron source. A space charge beam 

current of 5 A is obtained at 80 kV of acceleration voltage. Deformation calculated by the thermal 

analysis at 3000 °C temperature of the cathode has no significant effect on the electrodes. Besides 

metallurgical applications, the beam perveance 0.22 µP at 80 kV is useable for RF power amplification 

in klystron technology for linear accelerators. 
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Introduction 

Sheet beam electron guns are promising candidates 

for the purpose of RF power amplification of klystron 

technology in colliders, accelerators, synchrotron, and 

nuclear applications for particle acceleration [1, 2]. 

Sheet beam electron guns used in klystrons reduce the 

space charge effects significantly due to flattening out 

of beam spatially, that allows an increase in beam 

current without significant increase in the beam current 

density, allowing for reduced cathode current densities 

and focusing field strengths. The low current density 

reduces the possibility of metal melting [3 - 5]. 

Operation of sheet beam guns at low voltage, 

minimizes the possibilities of electrical breakdown and 

can reduce the cost of accelerator [4, 6]. Further, sheet 

beam guns requires small focusing magnetic field and 

are highly interaction efficient [7]. The sheet beam 

lateral dimensions with 12:1 aspect ratio, permit high 

power to be attained with low current densities at the 

cathode. Therefore, beam current can be increased in 

sheet beams without increasing the beam current 

density. This is one of the advantages of sheet beam 

electron guns in klystrons over multiple beam 

structures [2].  

In this work, we have simulated a sheet beam 

electron gun in diode configuration using CST-PS. 

Beam optics analysis using electromagnetic focusing 

are performed at 80 kV of acceleration potentials. 

Moreover, thermal and structural analyses have been 

done at 3000 °C using CST-MPhysics module. The 

temperature distribution and deformation at whole 

assembly and on individual components have been 

calculated. The analysis shows the maximum stability 

of the gun at the desired temperature. 

Beam Optics and Magnetic Field Design 

We used a long cylindrical filament made of 

Tungsten of diameter 1 mm with length of 140 mm. 

Focusing electrode and anode made from Tantalum 

have rectangular geometries as shown in Fig. 1. 

Optimized geometrical and electrical parameters are 

listed in Table 1 below.  

Fig.1. Side view of the sheet beam gun. 

After extensive optimization and calculations, a gun 

with excellent simulation performance is obtained. To 

focus and guide the beam on the target, it is necessary 

to design and simulate appropriate electromagnet. For 

the proper design and optimization of electromagnet, 

we have to account for; the radial divergence of the 

magnetic field that affects the beam’s shape and size, 

self-magnetic field of the electron beam and space 

charge effects in the region between cathode to anode. 

The azimuthal correction has to be done to the field 

structure to generate beam that do not spiral. The ratio 

of radial to axial magnetic field components (Br/Bz), 
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acts as the figure of merit for good transmission of the 

beam. Its value should be around 2% to guarantee 99% 

beam transmission [2, 8]. By designing the magnetic 

coils using optimized parameters as given in Table 2, a 

uniform region of magnetic field of 160 Gauss is 

generated as shown in Fig. 2. 

Table 1 
Input geometrical and potential parameters 

Sr. 

# 
Input parameters Units 

Optimized 

values 

1 Cathode Length mm 140 

2 Cathode Diameter mm 1.0 

3 Cathode to focusing 

electrode edge distance 
mm 3.5 

4 Focusing electrode slit 

spacing 
mm 6.0 

5 Anode to focusing 

electrode edge distance 
mm 4.0 

6 Cathode to anode distance mm 8.0 

7 Anode slit spacing mm 7.50 

8 Cathode potential 

/Accelerating potential 
kV -80 

9 Focusing electrode 

potential 
kV -83.9 

10 Anode Potential V 0 

11 Work-site Potential V 0 

Table 2 
Input and output specifications of electromagnetic coils 

Sr. 

# 

Input parameters Units Optimized 

values 

1 Coil Internal Diameter mm 1000 

2 Coil External Diameter mm 1080 

3 Coil Width mm 180 

4 Distance Between the 

Two Coils 

mm 1300 

5 Coil Current A 19.0 

6 Coil Turns - 1500 

7 Magnetic Field near each 

coil 

Gauss 989 

8 Coils Magnetic Field at 

center 

Gauss 160 

9 Uniform Magnetic Field 

Region 

mm × 

mm 

265 × 186 

Fig. 2 (a) shows the designed electromagnet and 

Fig. 2 (b) shows the magnetic field variation. The field 

is uniform in the area of (265 × 186) mm2. 80 keV 

electron beam is generated by keeping the designed 

electron gun at the center of this field which bends and 

focuses the beam throughout in a uniform laminar flow 

at 180°. 

Fig.2. Electromagnet design and the simulated field. 

Beam Trajectory and Energy 

The simulated sheet beam trajectories at 80 kV are 

shown in Fig. 3. A rectangular beam of size (7 mm×134 

mm) is obtained on the work-site. As a result of the 

optimized azimuthal correction of the field structure, 

smooth beam trajectories without the beam spiral about 

the primary axis of the gun are obtained. 

Fig.3. Simulated electron beam trajectories with 80 keV 

beam energy. 

Electric Field/Surface Gradient 

Fig.4. Electric field variations at the focusing electrode. 

Lower cathode current density and surface gradient 

are important for the life of the gun and to avoid electric 

breakdown. The maximum current density of 0.06 

A/cm2 is observed at the edges of the cathode which 

reduces to 0.05 A/cm2 at the center. The analysis of 

electrostatic field on electrodes’ surfaces is crucial to 

avoid the electrostatic breakdown of the gun. There is 

a desire to minimize the electric field as long as the 

beam performance is not compromised. To avoid the 

edge enhanced field strength, flat focusing electrode is 

designed. Electric field intensity of 25.3 × 106 V/m, is 

observed at the focusing electrode as shown in the Fig. 

4.
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Results and discussions 

Beam Current and Perveance 

The beam perveance is one of the main figures of 

merit in the development of electron beam guns. It is 

the measure of the space charge forces which spread 

the beam in the radial direction in the phase space. The 

long cylindrical cathode produces a rectangular beam 

where the beam width is many times of its length. The 

beam focusing is uniform and transport is stable as long 

as the focusing strength exceeds the space charge 

forces that push the beam apart. The space charge of 

the beam is calculated by the beam perveance, which is 

current saturation and is defined, (P = I/V3/2). The low 

perveance, provides low space charge. With 5 A beam 

space charge current, the space charge forces are 

negligible. The perveance of the beam is 0.22 µP at 80 

kV of the sheet beam which is suitable for RF power 

amplification in klystron technology in linear 

accelerators. 

Beam Size and Beam Scalloping Parameter 

A sheet beam of uniform density is generated at 80 

kV of acceleration potential, the simulated beam profile 

at the target is shown in Fig. 5. The profile shows the 

sheet beam with dimensions (7 mm×134 mm). The 

normalized emittance and the beam current density of 

the beam are 18 π-mm-mR and 1.609 A/cm2, 

respectively. 180° focusing of the beam allows to avoid 

the cathode from contamination and ion bombardment 

of the back-streaming electrons. The ripple rate of the 

beam is less than 5% which shows the laminarity and 

good focusabilty of the beam during transmission. 

Fig.5. Simulated sheet beam profile at the target. 

Thermal Analysis of the Assembly 

Temperature Analysis 

Operation of electron gun under high temperature 

can result in geometrical changes, which in turn effects 

the beam stability and output parameters [9, 10]. 

Therefore, it is important to analyse the gun’s operation 

under high temperature conditions. It is necessary to 

perform thermal and then structural analyses of the gun 

structure to analyse its operation for long duty cycles 

under high temperature to avoid any thermal run-out. 

For the current geometry of sheet beam a three-

dimensional finite elemental analysis is performed 

using CST M Physics. A 3D view of the complete gun 

with temperature distribution is shown in Fig. 6. 

Fig.6. Temperature distribution on complete gun assembly. 

Fig.7. Temperature distribution on (a) SS casing, (b) 

Focusing electrodes, (c) Anode, (d) Alumina insulators. 

The source is set under a thermal load of 3000 °C to 

evaluate temperature distribution, thermal strain, and 

stress at various components of the gun. We calculated 

the maximum thermal strain of 0.013 at the focusing 

electrodes. Focusing electrode is at 1030 °C 

temperature.  Anode electrodes (at 310 °C) correspond 

to a negligible thermal strain of 0.007. The temperature 

on Mo-blocks and clamp on the face side of focusing 

electrodes is the same due to conduction and internal 

heat generation from the filament. An Alumina 

insulator is used between clamps and Mo-block, which 

bear strain of 0.01 at temperature 810 °C. The inner 

layer between Mo-blocks and tight clamps acts as heat 

absorber and is responsible for the decrease in 

temperature gradient. The temperature variations at 
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different components of the gun are shown in Fig. 7. 

Structural analysis of the assembly 

Structural analysis is used to estimate the structural 

deformation of the electrodes due to thermal expansion 

in axial as well as radial directions [11]. The thermal 

analysis becomes more important under critical 

geometry, when the gun has a long filament without 

any support except at the ends. Any geometrical 

change, as a result of structural deformation due to 

temperature, reflects on the beam cross section [10]. 

High temperature (3000 °C) and internal heat capacity 

cause the maximum deformation of 1.24 mm on the 

whole gun assembly. A specially designed spring 

assembly allows the expansion of cathode along its 

length that reduces the deformation significantly at the 

cathode. The deformation on the whole gun assembly 

is shown in Fig. 8, and the maximum deformation at 

various components (not shown) are given in Table 3. 

Fig.8. Deformation on whole gun assembly. 

Thermal and structural analyses of the gun under 

steady state condition are summarized in Table 3.  

Table 3 
Thermal and structural analyses of the gun 

Electrode Temp. 

(°C) 

Stress 

(MPa) 

Strain Deformation 

(mm) 

Complete 

Gun 

3000 4.77 0.018 1.24 

Cathode 3000 2.24 0.013 0.40 

Focusing 

Electrode 

(FE) 

1030 0.14 0.013 0.60 

Anode 310 0.10 0.007 0.10 

Casing 450 0.40 0.011 0.01 

HV 

insulators 

810 1.13 0.010 0.24 

Conclusion 

The space charge forces are minimized with the 

control over perveance as a result a desired radius of 

the beam can be obtained at the desired target. A two-

scenario keeping the same geometry of the gun with 

different magnetic field is worked out. The first 

scenario is used with 10 keV beam energy 5A with 

perveance of 5 µP of the gun. This is high perveance 

which is useable for refractory material processing. The 

second scenario is used with 80 keV beam energy 5A 

beam current with perveance of 0.22 µP. This gun is a 

potential applicant for the use in the klystron for 

microwave amplification for linear accelerator in the 

field of high energy physics experiments. The main 

feature of the sheet beam klystron is that the beam 

current may be increased beyond the round beam value 

without increasing the beam perveance and lowering 

the efficiency. Thus, the wider the beam, the more 

output power may be obtained. Further, the space 

charge forces are negligible due to the high aspect ratio 

of the beam. Beam focusing is uniform and transport is 

stable. The ripple rate of the beam is also less than 2% 

which shows the laminarity and good focusabilty of the 

beam during transmission. The first application is the 

evaporation of refractory metals for coating in the field 

of nanotechnology and also expected to be used in 

klystrons for advanced particle accelerators and 

colliders.  
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