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Abstract: The focusing characteristics of electron guns sufficiently affect the quality of 13 

electron beam welding. At present, no systematic theoretical method calculates the beam 14 

waist and beam spot parameters that reflect the focusing characteristics of electron gun. 15 

Aiming at this problem, this paper contains a theoretical analysis of the relationship among 16 

the potential on the electron gun axis, the diameter of beam waist, and the trajectory of 17 

charged particles that pass through the focusing coil. A simulation model based on a F19-01 18 

high-voltage electron gun for this study is developed using the CST simulation platform. The 19 

model simulates the variation of electron beam waist and beam spot diameter under different 20 

electrostatic focusing and magnetic focusing parameters. Results of a single-parameter study 21 

show that an increase in the cathode-to-anode distance leads to the increment in the beam spot 22 

diameter, whereas an increase in the bias cup aperture, as well as increases in anode aperture 23 

and focusing current, cause its decrease. An orthogonal test confirms that the aspect ratio of 24 

the electron beam welding seam under the same power can be improved effectively by 25 

selecting the cathode-to-anode distance of 28.4 mm, the bias cup aperture of 6 mm, and the 26 

anode aperture of 10 mm. Thus, the experimental data prove the correctness of the theoretical 27 

and simulation analyses. 28 

Key words: electron gun; beam source parameters; focus characteristics; waist diameter; 29 

beam spot diameter 30 

1. Introduction 31 

Beam spot is the focal point of the electron beam focused on the welding work surface. The 32 

beam spot is an important indicator that reflects the focusing characteristics of the electron 33 

gun. When the beam size is the same, smaller beam spot diameter means more concentrated 34 

energy. And the weld seam width reduces the heat reaction zone of the weld to improve the 35 

quality of welding. Therefore, studying the influence of beam source and electromagnetic 36 

structure parameters on the beam spot size is crucial to develop higher performance electron 37 

guns1-2. 38 

At present, the research on electron gun beam spot mainly focuses on how to simulate the 39 

effects of electron gun voltage, bias cup internal arc, and other parameter on the electron 40 

beam spot. Both finite element analysis method and relevant theoretical models are adopted. 41 

Wang et al. calculated the effect of different model structures on beam spot and beam flow by 42 

analyzing electric field theory3-4. Wang et al. used simulation software to simulate the 43 

variation of electron beam spot and beam current under different structural parameters5-8. Xin 44 

verified the desired electron gun performance by using different electronic simulation 45 

software designs 9-11. Kornilov et al. determined the optimal operating parameters by studying 46 



the electron gun emission pattern 12-14. Xu et al. first obtained the required parameters of the 47 

focusing coil by theoretical calculation and the required results by simulation 15. Feng 48 

analyzed the influence of the leakage field of the focusing coil on the beam current and 49 

reduced the influence of the leakage field through corresponding measures to ensure beam 50 

quality 16. Yin et al. conducted a detailed theoretical study on the magnetic field part of the 51 

electron gun. And the results were verified and optimized by using a 3D particle simulation 52 

program17. 53 

In summary, the current research on electron gun beam spot under different electron gun 54 

voltages and bias cup internal arcs is mainly focused on theoretical analysis and simulation 55 

research. The effect of beam source structure and electromagnetic parameters on beam spot is 56 

seldom studied. Therefore, the beam source structure of domestic F19-01 high-voltage 57 

electron gun is taken as an example. Both the theory and CST simulation model of electron 58 

gun are established. The influences of the change of the beam source structure on the electron 59 

gun axis potential and the trajectory of the electron beam when it passes through the focusing 60 

coil under the same beam current are theoretically analyzed. Eventually the theoretical 61 

analysis results are verified by single-parameter tests. Moreover, orthogonal tests are 62 

designed to explore the influences of different structures on the beam spot size quantitatively. 63 

2. Electron gun focus principle 64 

 65 

1-cathode  2-bias cup  3-anode  4-beam path 5-focusing coil  6-workpiece  R1-bias cup hole 66 

radius  L-distance between anode and cathode R2-anode hole radius  P-distance from waist to 67 
magnetic center  Q-distance from beam spot to center surface of magnetic lens 68 

Fig.1 Brief diagram of electron beam focusing path 69 

As shown in Fig.1, cathode 1 is heated so that charged particles overflow its surface. When 70 

the charged particles pass through the high-voltage electric field generated by the beam 71 

source structure, they are continuously converged by the electric field force. As the charged 72 

particles approach each other, the space charge force also increases. After the beam enters 73 

anode 3, the velocity of the charged particles that pass through the high-voltage electric field, 74 

which is directed to the axis, decreases continuously under the force of space charges, and a 75 

beam waist where the velocity is zero is generated. After that, the electron beam passes 76 

through the internal channel of the anode in an emission shape. A current is inputted to the 77 

focusing coil. A focusing magnetic field occurs in the center of the coil, and the divergent 78 

electron beam current is focused on the surface of the welding workpiece to obtain a beam 79 

spot. 80 

According to the effect of the electromagnetic lens on the electron beam current, the beam 81 

spot radius of the electron beam and the beam waist radius satisfy the following formula. 82 

 
21 r

P

Q
r  ,                                                              (1)  83 

where r1 is the beam spot radius of the electron beam, r2 is the band beam waist radius, P is 84 

the distance from the beam waist to the central plane of the magnetic lens, and Q is the 85 

distance from the beam spot to the central plane of the magnetic lens. 86 
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 The fixed welding height does not change in the actual welding process. And Q is regarded 87 

as a constant. According to experience, the distance between the beam waist and the center of 88 

the magnetic lens is approximately 500 mm. And the changes in the beam source structure 89 

parameters make the position of the beam waist vary within a few millimeters. Thus, Q/P is 90 

approximately regarded as a constant value. The waist is approximately linear. When the size 91 

of the electron beam spot is difficult to measure, the influences of different beam source 92 

structures on the beam waist radius are analyzed theoretically, which reflect the variation 93 

characteristics of the beam spot under different beam source structure parameters. 94 

Only the effect of the electric field in the paraxial region on the electrostatic focusing of the 95 

electron beam needs to be considered because the electron beam current only moves in the 96 

paraxial region. According to the force analysis of charged particles in the electric field, the 97 

following formula is obtained. 98 
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where E is the electric field strength, e is the amount of electron charge, V' is the electric field, 100 

and V''z is the focusing strength. 101 

According to Formula (2), the force on the charged particle in the r direction depends on the 102 

magnitude of V''z. When V''z>0, the greater V''z is, the greater the convergence degree of the 103 

electron beam will be. 104 

According to the space potential equation under the first type of boundary conditions solved 105 

by Wang et al. 18, the general expression of the on-axis potential Vz is: 106 
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,               (3) 107 

where a is the increase of the bias cup-anode distance, b is the thickness of the bias cup, c is 108 

the increase of the bias cup-cathode distance, R1 is the radius of the bias cup hole, R2 is the 109 

radius of the anode hole, σ is the bias cup potential, α=a+b，and β=a+b+c. 110 

In the Formula (3), the parameters, such as R1, R2, b, a, and c, are taken as the actual working 111 

conditions, among which the cathode potential, the bias cup potential, and the anode potential 112 

are taken as −150000, −151600, and 0 V respectively. After solved in MATLAB, the changes 113 

in V’’z under different beam source structure parameters and the same beam current are 114 

analyzed theoretically, as shown in Fig.2. 115 

 116 

(a) Bias cup aperture                      (b) Cathode-anode distance                         (c) Anode aperture 117 

Fig.2 Influence of different beam source structures on focusing strength 118 

It can be seen from Fig.2 that the focus intensity V''z of the on-axis potential first increases 119 

with the increase of the on-axis distance, and gradually decreases to zero after reaching the 120 



maximum focus intensity. Combining equation (2) and Fig.2, it can be seen that with the 121 

increase of the bias cup aperture and the anode aperture, V''z is increasing under the same 122 

beam current, that is, the higher the degree of convergence the electron beam is subjected to, 123 

the smaller the beam waist radius. With the increase of the anode aperture, V''z keeps 124 

increasing, that is, the higher the convergence degree of the electron beam, the smaller the 125 

beam waist radius. Moreover, with the increase of the cathode-anode distance, V''z decreases 126 

continuously. And both the convergence degree of the electron beam and the beam waist 127 

radius decrease continuously. According to the formula (1), it can be obtained that the beam 128 

spot radius of the electron beam decreases continuously with the increase of the bias cup 129 

aperture and the anode aperture. With the increase of the distance between the cathode and 130 

the anode, the beam spot radius increases continuously. 131 

After leaving the beam source structure, the charged particles are gradually dispersed due to 132 

only the mutual space charge force. And they need to pass through the focusing coil for 133 

secondary focusing to make the focus fall on the weld. Since the focusing coil generates an 134 

inhomogeneous magnetic field after energizing, its magnetic field is simplified in the 135 

theoretical analysis as the magnetic induction intensity B, which continuously increases the 136 

magnetic field along the z direction, B=B0·z. Assuming its mass is m, a charged particle with 137 

a charge quantity q is shown in Fig.3. 138 
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Fig.3 Charged particles enter an inhomogeneous magnetic field 140 

At the speed of v0, it enters the magnetic field from the coordinate origin. The angle between 141 

the speed direction and the z axis is θ. On the hypothesis of ignoring gravity, the charged 142 

particles are only affected by the Loren magnetic force in the magnetic field. The equation of 143 

motion is expressed as follows. 144 

qvB
dt

dv
m  .

             

                                (4) 145 

Velocity v=vzi+vyj+vxk and B=B0·zi is substituted into Formula (4) to obtain the three 146 

directions vectors: 147 
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According to the relationship between position and velocity, the equation is obtained as 149 

follows. 150 
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                                                         (6) 151 

When t=0, The initial conditions are: x=y=z=0, vz=v0cosθ, vy=v0sinθ, and vx=0, MATLAB 152 

software is used to substitute Formulas (5) and (6) into Formula (4). The trajectory of the 153 

charged particle in the non-uniform magnetic field can be obtained at this time. When v0=500 154 

m/s, θ=60°, and qB0/m=1000, the particle trajectory is shown in Fig.4. 155 

 156 

Fig.4 Particle trajectories 157 

Fig.4 shows that the trajectory of the charged particles in the magnetic field that is 158 

continuously strengthened along the Z direction is a spiral with a gradually decreasing radius. 159 

And a space charge force exists between the charged particles. Thus, the particle beam will 160 

diverge again after leaving the focusing coil. And the thinnest position of the beam is defined 161 

as the beam spot in this process. The influence of electromagnetic parameters on the beam 162 

spot based on aforementioned theoretical formulas is not clear because the actual magnetic 163 

field is more complicated than that of theoretical description. Therefore, CST simulation 164 

analysis is used to study the variation law of the beam spot under different electromagnetic 165 

parameters. 166 

3. Simulation verification  167 

3.1 Simulation model  168 

According to the structural parameters of the experimental equipment F19-01 high-voltage 169 

electron gun, the three-dimensional models of the cathode, anode, bias cup, and focusing coil 170 

of the electron gun are established in Pro/E (shown as Fig.5). The following assumptions are 171 

adopted: 1) Because the beam source structure is mainly studied, the materials of the cathode, 172 

anode, and bias cup are set to PEC (ideal conductive and magnetic material); and 2)The axis 173 

of the electron gun overlapped by default. The cathode is equated to a thin circular sheet with 174 

the same emitting surface area because charged particles are emitted only from the cathode 175 

surface. 176 

              177 

a) Cathode                           b) Bias cup                           c) Anode                          d）Focusing coil 178 

Fig.5 Beam source structure and focusing component 179 
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The 3D part model of Pro/E is imported into the CST. And then the simulation model of 180 

electron gun is established by assembling according to the actual dimensions. Its spatial 181 

dimension is shown in Fig.6. The cathode is located 0.3mm below the opening in the center 182 

of the bias cup, and the focusing coil is 451mm from the anode bottom. 183 

 184 

Fig.6 Model structure drawing 185 

3.2 Effect of different parameters on beam spot 186 

The CST Particle Studio module is used to simulate the whole process of electron beam 187 

emission from electron gun to verify the accuracy of the theoretical model. Simulation 188 

conditions: acceleration voltage is of 120 kV, beam current is of 50mA, and the number of 189 

cathode emission particles is 10000. 190 

3.2.1 Bias cup aperture 191 

According to the actual welding conditions, the cathode distance and the anode aperture are 192 

set as 29.3 mm and 10 mm. And the bias cup aperture is taken as 4, 4.5, 5, 5.5, and 6 mm 193 

respectively. The cross-section size of the same beam flow at the same location (shown as 194 

Fig.7) is obtained when the bias cup aperture changes based on CST software simulation 195 

model. 196 

 197 

Fig.7 Beam spot diameter with different bias cup aperture 198 

As shown in Fig.7, the electron beam spot diameter decreases from 0.280mm to 0.198mm as 199 

the bias cup aperture increases from 4.0mm to 6.0mm with an overall decreasing trend. 200 

3.2.2 Cathode-anode distance 201 

According to the actual welding conditions, the bias cup aperture and the anode aperture are 202 

set to 10mm and 10mm respectively; the cathode-anode distance is set as 28.5, 28.7, 28.9, 203 

29.1, and 29.3mm. The cross-section size of the same beam flow at the same location (shown 204 

as Fig.8) is obtained when the distance between cathode and anode changes based on CST 205 

software simulation model. 206 

451 mm 



 207 

Fig. 8 Beam spot diameter with different distances between anode and cathode 208 

Fig. 8 shows that the electron beam spot diameter increased from 0.233mm to 0.248mm 209 

as the cathode-anode distance from 28.5mm to 29.3mm with an overall increasing trend. 210 

3.2.3 Anode aperture 211 

According to actual welding conditions, the bias cup aperture and cathode distance are set as 212 

10mm and 29.3mm respectively; and the anode aperture are taken as 8.5, 9, 9.5, 10, and 213 

10.5mm. The cross-section size of the same beam flow at the same location (shown as Fig.9) 214 

is obtained when the anode aperture changes based on CST software simulation model. 215 

 216 

Fig.9 Beam spot diameter with different anode aperture 217 

As shown in Fig.9, the electron beam spot diameter decreases from 0.321mm to 0.237mm as 218 

the anode aperture diameter increases from 8.5 mm to 10.5 mm, with an overall decreasing 219 

trend. 220 

3.2.4 Focusing coil position 221 

Restricted by the internal structure of the electron gun, the distance between the focusing coil 222 

and the cathode emitting surface is at least 400mm. Thus, the beam source parameters are set 223 

the same, and the distances between the focusing coil and the cathode emitting surface are 224 

taken as 400, 425, 450, 475, and 500mm. The cross-section size of the same beam flow at 225 

different focusing coil positions (shown as Fig.10) is obtained based on CST software 226 

simulation model. 227 

 228 



Fig.10 Influence of focusing coil position on beam spot 229 

As seen from Fig.10, the beam spot diameter gradually decreases from 0.30mm to 0.18mm 230 

with the increase in distance between the focusing coil and the emitting surface of the cathode 231 

within the selected distance. 232 

3.2.5 Focusing coil current 233 

The same beam source parameters are set, and the focusing coil currents are taken as 3.0, 3.1, 234 

3.2, 3.3, and 3.4A in the range of focusing coil currents used. The cross-section size of the 235 

same beam flow at different focusing coil currents (shown as Fig.11) is obtained based on 236 

CST software simulation model. 237 

 238 

Fig.11 Effect of focusing coil current on beam spot 239 

Fig.11 shows that the beam spot diameter gradually decreases from 0.22mm to 0.17mm as the 240 

focusing current increases from 3.0A to 3.4A within the selected focusing current range. 241 

4.  Experimental verification 242 

To verify the accuracy of the theoretical calculation and simulation model, a single-variable 243 

experiment is designed for the F19-01 electron gun to explore the influences of the bias cup 244 

aperture, the cathode-anode distance, and the anode aperture on the beam spot size. As shown 245 

in Fig.12. The test parameters are set as follows: accelerating voltage U=120 kV, beam 246 

current I=50mA, welding speed 800mm/min, welding height 330mm, and test plate material 247 

1Cr18Ni9Ti. Because the beam spot size cannot be measured during welding, the aspect ratio 248 

of the weld is adopted as the experimental index. Under the same beam current, the larger the 249 

aspect ratio of the weld is, the smaller the beam spot will be. 250 

 251 

        252 

a)  Anode                                                                                 b) Bias cup 253 

Fig.12 Anodes and bias cups with different pore sizes 254 



As the volume of the test plate is too small relative to the vacuum chamber, in order to make 255 

the test plate can be located within the effective working distance of the electron gun, it is 256 

necessary to fix the metal block on the table and clamp the test plate on the metal block so 257 

that it will not move when the table is moved. The clamping method is shown in Fig.13. 258 

          259 

Fig.13 Test plate clamped 260 

4.1 Bias cup aperture 261 

To study the influence of bias cup aperture on the the aspect ratio of the weld, the bias cup 262 

aperture is 4, 4.5, 5, 5.5, and 6mm for testing. Moreover, The distance between the cathode 263 

and anode is 29.3mm, and the anode diameter is 10 mm. The variation law of the welding 264 

seam aspect ratio with the diameter of the bias cup is obtained (shown as Fig.14). 265 

 266 

 267 

a）Influence of bias cup aperture on depth to width ratio of weld 268 

                        269 

b）Weld quality analysis 270 

Fig.14 Welding line with different bias cup aperture 271 
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Fig.14 shows that within the selected range, as the diameter of the bias cup increases from 4.0 272 

mm to 6.0 mm, the aspect ratio of the weld increases from 8.29 to 29.7. Combined with the 273 

simulation results: the beam spot diameter decreases from 0.28 to 0.198mm. The conclusion 274 

can be drawn: which proves that under the same beam current, with the increase in bias cup 275 

aperture, the diameter of the beam spot becomes smaller，eventually leading to an increase in 276 

the weld depth to width ratio. 277 

4.2 Cathode-anode distance 278 

To study the influence of the cathode-anode distance on the the aspect ratio of the weld, the 279 

influence of the cathode-anode distance is 28.5, 28.7, 28.9, 29.1, and 29.3 mm for testing. 280 

Moreover, the diameter of the bias cup is 29.3 mm, and the diameter of the anode is 10 mm. 281 

The variation law of the weld aspect ratio with the distance between the cathode and anode is 282 

obtained (shown as Fig.15). 283 

 284 

a）Influence of anode and cathode distance on depth to width ratio of weld 285 

                    286 

b）Weld quality analysis 287 

Fig.15 Welding line with different anode and cathode distance 288 

Fig.15 shows that within the selected range, as the increase of the cathode-anode distance 289 

from 28.5 mm to 29.3 mm, the aspect ratio of the weld decreases from 14.45 to 11.3. 290 

Combined with the simulation results:the beam spot diameter increases from 0.233 to 291 

0.248mm. The conclusion can be drawn: which proves that under the same beam current, 292 

with the increase in cathode and anode distance, the beam spot diameter gradually increases, 293 

eventually leading to an decrease in the weld depth to width ratio. 294 

4.3 Anode aperture 295 

To study the influence of anode aperture on the the aspect ratio of the weld, the anode 296 

aperture is 8.5, 9.0, 9.5, 10.0, and 10.5 mm for testing. Moreover, the distance between the 297 

cathode and anode is 29.3mm. And the diameter of the bias cup is 5mm. The variation law of 298 

the weld aspect ratio with the anode aperture is obtained (shown as Fig.16). 299 
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 300 

a）Influence of anode aperture on depth to width ratio of weld 301 

 302 

b）Weld quality 303 

Fig.16 Welding line with different anode apertures 304 

Fig.16 illustrates that within the selected range, as the anode aperture increases from 8.5 mm 305 

to 10.5 mm, the aspect ratio of the weld increases from 10.78 to 15.2. Combined with the 306 

simulation results: the beam spot diameter increases from 0.321 to 0.237mm.The conclusion 307 

can be drawn: which proves that under the same beam current, with the increase in bias cup 308 

aperture, the diameter of the beam spot becomes smaller，eventually leading to an increase in 309 

the weld depth to width ratio. 310 

4.4 Focusing current 311 

The cathode and anode distance is 29.3 mm, the bias cup aperture is 5 mm, and the anode 312 

aperture is 10.0 mm. The same test plate is placed at a distance of 100 mm (focusing current 313 

1922 mA), 200 mm (focusing current 1993 mA), 300 mm (focusing current 2066 mA), 400 314 

mm (focusing current 2173 mA) and 500 mm (focusing current 2348 mA) from the working 315 

platform for down-beam experiments. The variation law of weld width with focusing current 316 

is obtained (shown as Fig.17). 317 

 318 

 319 

a）Effect of focusing current on weld width   320 
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 321 

              b) Effect of focusing current on the beam spot diameter 322 

 323 

c）Weld width 324 

Fig.17 Weld widths under different focusing current 325 

As can be seen from Fig.17, with the test plate height rising from 100mm (focus current 326 

1.92A) to 500mm (focus current 2.34A)，the aspect ratio of the weld increases from 9.69 to 327 

18，weld width reduced from 1.31mm to 0.9mm. Combined with the simulation results: with 328 

the increase of focusing current from 3A to 3.4A, the electron beam spot diameter decreases 329 

from 0.22mm to 0.17mm. The conclusion can be drawn: as the focusing current increases, the 330 

electron beam spot diameter tends to decrease, which eventually leads to an increase in the 331 

electron beam weld depth to width ratio. 332 

The variation trend of electron beam spot diameter under different focusing structures was 333 

obtained by numerical analysis, the variation of the electron beam weld depth to width ratio 334 

with different focusing structures is then analyzed using experiments. The two trends 335 

coincide,which verifies the correctness of the theoretical results and the simulation model. 336 

4.5 Orthogonal experiment 337 

The change in the focusing coil current will cause the height of the beam spot to change. Thus, 338 

the aspect ratio of the weld varies sharply. It makes the test results not clear. Therefore, only 339 

three parameters including the bias cup aperture, anode aperture, and cathode and anode are 340 

considered in this orthogonal experiment. The influences of three parameters on the beam 341 

spot are studied. Taking the above three parameters as experimental factors, a three-factor 342 

orthogonal experiment is carried out. And four levels are set for each factor. The four-level 343 

and three-factor orthogonal test results are shown in Tab.1. 344 

 345 

 346 

 347 

 348 

 349 
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 351 

Tab.1 Four-level three-factor orthogonal test 352 

Parameters Index 

Number 

cathode-anode 

distance 

A/mm 

Bias cup aperture 

B/mm 

Anode aperture 

C/mm 

Depth to width 

ratio of weld 

01 28.4 6.0 10.0 40.4 

02 28.4 5.5 9.5 27.14 

03 28.4 5.0 9.0 13.67 

04 28.4 4.5 8.5 9.93 

05 28.7 6.0 8.5 25.125 

06 28.7 5.5 10.0 22.25 

07 28.7 5.0 9.5 14.57 

08 28.7 4.5 9.0 9.73 

09 29.0 6.0 9.0 28.157 

10 29.0 5.5 8.5 26.285 

11 29.0 5.0 10.0 11.48 

12 29.0 4.5 9.5 9.93 

13 29.3 6.0 9.5 31.833 

14 29.3 5.5 9.0 23 

15 29.3 5.0 8.5 11.21 

16 29.3 4.5 10.0 9.7 

 353 

Tab.2 Analysis of test results 354 

Parameter  

 

cathode-anode 

distance 

A/mm 

Bias cup aperture 

B/mm 

Anode aperture 

C/mm 
 

K1 91.4 125.515 83.83  

K2 71.675 98.675 83.47  

K3 75.852 50.93 73.557  

K4 75.743 39.29 72.55  

k1 22.85 31.378 20.96  

k2 17.918 24.668 20.86  

k3 18.963 12.732 18.39  

k4 18.93 9.8 18.13  

range 4.932 21.573 2.83  

The optimal 

solution 
28.4 6.0 10.0  

Note: K-the sum of the factor test results , k-the mean of the sum of the factor test results 355 

According to the analysis of the test results in Tab.2, among the three beam source structure 356 

parameters, the bias cup aperture has the greatest influence on the beam spot size, followed 357 



by the cathode-anode distance. And the anode aperture has the smallest influence. Moreover, 358 

the optimal results within the selection range of the beam source structure is obtained: the 359 

distance between the cathode and anode is 28.4 mm, the diameter of the bias cup is 6 mm, 360 

and the diameter of the anode is 10 mm. 361 

When the optimal solution is obtained by CST simulation software, the electron gun beam 362 

path and electric field distribution are shown in Fig.18. The comparison results of welds 363 

before (cathode– anode distance 29.3mm, bias cup aperture 5mm, and anode aperture 364 

10mm)and after optimization are shown in Fig.19. 365 

 366 

         a）Beam path 367 

 368 

               b）Electric field distribution 369 

            Fig.18  Beam trajectory and electric field distribution 370 

  371 

                                                  a）Before optimization              b) After optimization 372 

             Fig.19 Comparison of welds before and after optimization 373 

 374 

Depth 16.4 mm 

Width 1.2 mm 

Depth 20.2 mm 

Width 0.5 mm 
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5. Conclusions 375 

1）To solve the problem that there is no systematic theoretical method to calculate the beam 376 

waist and beam spot diameters reflecting the focusing characteristics of electron guns, the 377 

variation law of electron beam waist and beam spot under different electrostatic focusing 378 

structures and magnetic focusing structures is explored by establishing an electron gun on-379 

axis potential model. 380 

2）Using CST simulation software, the changes of electron gun beam waist and beam spot 381 

under different electrostatic and magnetic focusing structure parameters are analyzed. What’s 382 

more, the theoretical analysis results are compared with the simulation results, the two trends 383 

coincide. 384 

3）The results of the theoretical and simulation analysis are verified by single-parameter tests. 385 

The influences of different parameters on the electron beam spot are explored by designing 386 

orthogonal experiments. Theoretical, simulation and experimental comparisons show that the 387 

beam spot diameter can be reduced by increasing the aperture of bias cup and anode under the 388 

same beam current condition. The spot diameter decreases by increasing the cathode-anode 389 

distance. The spot diameter of the beam also decreases with increasing the current of the 390 

focusing coil. The bias cup aperture has the greatest influence on the spot diameter. The 391 

distance between cathode and anode has the least effect on spot diameter.  392 

4）When the Cathode-anode distance is 28.4 mm, the aperture of bias cup is 6 mm and the 393 

aperture of anode is 10 mm, The depth to width ratio of electron beam weld is 40.4；The 394 

ratio of weld depth to width before electron gun structure optimization is 13.6，The ratio of 395 

weld depth to width was increased by 197%. 396 
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