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Within this paper the construction of a compact pulsed electron gun for ultrafast electron diffraction is reported. This design 

utilized AutoCAD modeling and SIMION electron optic simulation. The electron gun consists of a sapphire (Al2O3) substrate 

(10 mm) in diameter with a 20 nm coated layer of silver for a laser-activated photocathode. The electron pulses are emitted 

by frequency-tripled femtosecond laser beam pulses that hit the thin film and then are accelerated by an electric field between 

the photocathode and a grounded anode. The electron beam is then collimated by a magnetic lens. Currently, beam profile 

characteristics are being configured and tested, however, completion of the gun is established and is emitting reasonable 

results at 35kv. 

 
 

I. Introduction 

 

Ultrafast Electron Diffraction (UED) allows in depth 

analysis of the crystal lattice structures of materials at the 

nanoparticle level. UED, like X-Ray diffraction, utilizes 

high energy electrons that pass-through objects to reveal 

their internal lattice structures. Generating these high energy 

electrons can be done by using an electron gun that is 

designed to take a laser pulse, up to the femtosecond level, 

and hit it against a photocathode that then releases the high 

energy electrons. These electrons are then focused by a 

magnetic field to allow more accurate precision when 

interacting with the material. After interaction, the electrons 

scatter and generate diffraction patterns. This procedure is 

exemplified in most reflection high-energy electron 

diffraction (RHEED) and transmission electron diffraction 

(TED) experimental setups.  

 

The fundamental usage of this approach is to take advantage 

of the electron’s sensitivity to nuclei. X-Rays do not interact 

with nuclei and therefore in conjunction both diffraction 

patterns can make a more complete picture of the molecular 

structure and even can construct “molecular movies”, which 

show how the material changes over even 10 billionths of a 

second in thermal expansion. 

 

Furthermore, electron guns have various usage within the 

scientific community. They are used in electron 

spectroscopy, electron laser beam machining, and electron 

microscopes for example. The electron gun can be 

considered as a lens that focuses the electrons onto a 

specimen. Electron beams can be emitted in various forms 

and can either be focused by electrostatic lenses or bent by 

magnetic lenses. The characteristics of an electron gun 

typically depend on its intended utility. For electron optical 

work, a fine beam of electrons is required and are usually 

emitted from a sharp tip. For electron beam machining, high-

energy coherent photons are required. Since electron guns 

have such various demands, it is more appropriate to 

customize each electron gun for its intended usage. 

 

II. Electron Propulsion and Optics 

 

The theory behind electron gun design can be placed into 

two categories. The emission of electrons, and the flight path 

and characteristics of the electrons. For my design, I utilize 

basic photoemission techniques and a magnetic lens setup. 

The electron gun is activated by photoemission, this occurs 

with the aid of a femtosecond laser. Therefore, the 

photoelectric effect, Eq. (1) is essential, it describes the 

excitation and emission of electrons from metal surfaces 

when struck by light. For the sapphire substrate coated with 

silver to work I will need to utilize its low energy function to 

extract electrons. 

 

                            𝐸𝑘𝑖𝑛 = ℎ𝑤 − 𝜑                                         (1) 

 
Where: ℎ is Planck’s constant, 𝑤, is the frequency of the 

incident photon and 𝜑, is the work function of the metal. 

One technique to apply the photoelectric effect to electron 

gun design is to utilize a photocathode, essentially a metal 

attached to a substrate that will take the position of emitting 

electrons from within the gun after being activated by the 

laser pulse. The principle for this approach is to use a 

material that is inert, such as Au, or Ag, and house it on a 

substrate with a high transmissivity for UV light, high 
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thermal conductivity and vacuum capability such as 

sapphire. 

The Lorentz Force Law, Eq. (2) will attribute to describing 

the amount of force or kinetic energy a point charge will 

experience, in this case the electron pulse packets, within an 

electric, magnetic or combination of electric and magnetic 

fields.                           

 

                                F = q (E + v x B)                                 (2) 

 

Where: F is the Force present upon the electron, q is the 

charge of the particle, E is the electric field present, V is the 

velocity of the electron, B is the magnetic field present. 

Magnetic lenses utilize a non-uniform magnetic field with 

axial symmetry to focus electrons with a magnetic force. 

The force of the magnetic field is perpendicular to the 

magnetic field and the velocity of the electrons, this is 

shown in the Biot-Savart Law, Eq. (3) 

 

                           𝐵=(μo4𝜋) ⨜𝐼𝑑𝐼 𝑥 𝑟|𝑟|3                              (3) 

 

Where: 𝐵 is the magnetic field, μo is the magnetic constant 

of the wire, 𝐼 is the current passing through the wire, and 𝑟 is 

the displacement vector of the wire. When an electron 

interacts at some point through a magnetic lens, it 

experiences all different forms of the magnetic field force. 

This produces a spiraling effect and correction; thus, 

producing a focusing action. That focusing power is 

dependent on the strength of the magnetic field and the 

characteristics of the particles that pass through the lens. 

These principles are utilized within the following electron 

gun design. 

 

III. Design 

 

My design consists of a three-part triode electron gun. The 

components are a photocathode, pinhole/grid and anode Fig. 

1.  

 
 

Fig. 1 AutoCAD model of triode “not drawn to scale”. (a) 

sapphire (Al2O3 10 mm diameter with silver 20 nm thin film 

coating. (b) 200-micron pin hole. (c) grounded anode. 

 

The cathode consists of a sapphire (Al2O3) substrate (10 

mm) in diameter with a 20 nm coated layer of silver. This 

will facilitate the electron creation, excitation and mark the 

exact zero point of travel for the electron to interact with the 

material. This is important to note because the distance from 

cathode to material will determine the overall effectiveness 

of the electron gun.  

 

The cathode will be housed within an aluminum cylinder 

and connected to the high voltage source via a screw taping 

and wire. This will bring the overall cathode to a negative 

voltage designated by the high voltage feedthrough and 

facilitate the negative terminal of the electric field. The 

anode consists of a pinhole aluminum cylinder and mesh all 

housed within an aluminum cylinder. The pinhole is 200-

microns ID. The mesh is an ultrathin grid. This mesh is 

adequate due to it not creating any interference under TEM 

experiments. The aluminum cylinder is also tapped and 

grounded to ground the entire anode system and complete 

the electric field for electron propulsion. Furthermore, there 

will be an added extension to the gun Fig. 2; a magnetic 

solenoid will be placed around the anode to utilize the 

capabilities of a magnetic focusing lens. 

 

 

 
 

Fig. 2 AutoCAD model of magnetic focusing and deflection 

system, “not drawn to scale”. (a) magnetic solenoid wrapped 

around anode for immediate impact upon electrons entering 

the pinhole. (b) magnetic deflection in both x and y 

directions for centering of electrons. 

 

I developed a magnetic coil system inside of the vacuum 

chamber that would allow the magnetic field focusing and 

reflection to take place as close as possible from the 



3 
Dargan 

emittance of electrons from the anode. The paradigm of the 

magnetic lens and reflection coils is in the order of lens and 

then reflection coils. The magnetic lens is wrapped around 

the aluminum housing for the anode thus the electrons 

experience the magnetic lens as soon as they transverse 

through the electric field. From here the magnetic deflection 

coils area attached to stainless-steel brackets and screw 

clamps and generate the magnetic field in both the X and Y 

directions. Once the electrons experience the magnetic 

reflection coils, they will interact with the test material with 

the minimum amount of distance available so that there is 

limited space charge effect. 

 

IV. SIMION Simulation 

 

SIMION is a very powerful tool that computes the complex 

electric, and magnetic field potentials and then properly 

conveys the influence it has upon an electron. It has a great 

capability to simulate the effectiveness of electron guns. The 

purpose of using SIMION will be to behave as an ion optics 

workbench and model then simulate an electron gun of my 

design. 

 

To begin the modeling process, a configuration of the cubic 

grid dimensional “sandbox” where the simulation will 

virtually take place must be defined. This is created by 

generating potential arrays (PA), grid units that consists of 

grid points, and cells and replicate real space. PA’s define 

the geometry of the electrodes/magnetic poles I design. They 

also express the potentials between electrodes and poles. The 

For my simulation, I created a 300x – 300y – 1z cylindrical 

potential array area. This gave me 300 grid units in both the 

x and y direction, each grid unit was the equivalent to 1mm 

in real space, to create my electron gun design. From this 

point I was able to replicate my physical design into virtual 

space Fig. 4-6. 

 

 
 

Fig. 3 SIMION modeling software representation of 

photocathode and anode pair in 3d space “Top left view” 

 

 

 

 

 
Fig. 4 SIMION modeling software representation of 

photocathode and anode pair in 3d space “Front facing 

view” 

 

 

Fig. 5 SIMION modeling software representation of 

photocathode and anode pair in 3d space “Back facing view” 

 

For my design simulation, I have set the two electrodes apart 

by 10 mm and the potentials as -60kv and 0v, see Fig. 7-8 

for the photocathode and anode respectively. Regarding the 

solenoid magnetic potential, I have it set 350 Gauss. 

Fig. 6 2D representation of triode electron gun design, (A) 

Photocathode, (B) Pinhole/Grid, (C) Anode 
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Fig. 7 2D representation of equipotential ray distribution at 

60kv between photocathode and anode at 10 mm and 

equipotential ray distribution at 350 Gauss between both 

poles 

 

 

Fig. 8 2D triode configuration with simulation start. 

Simulates the photoemission of electrons, “in blue” from the 

(A) photocathode, entering the (C) anode, passing through 

(B) mesh grid and pinhole and traveling through the anode 

tube (Electric Field and Magnetic Field) 

 

 

 

 

 

 

 

 

 

For my design model, I had the electrons generate at the 

surface of the photocathode at 0 kinetic, energy with a 3D 

gaussian source distribution Fig. 8. This was to simulate the 

process of photoemission due to the femtosecond laser 

pulses hitting the photocathode. Once emitted, I set the 

parameters of the electrons to be grouped, thus they would 

experience space charge and coulombic repulsion forces.  

 

This setup would allow me to get a more realist flight path 

of the electrons. The final parameter I set was the packet size 

of electrons; I decided to run 6,000 electrons per simulation 

two different times. Once, under the effect of the electric 

field only and again with both the electric field and magnetic 

field potentials. 

 

For my analysis of the simulation I have decided to record 

eight parameters: Time of flight (TOF), x, t, and z coordinate 

positions once trajectory ends, kinetic energy (KE) KE error, 

and hit count, or how many electrons managed to complete  

 

their trajectory and hit the intended target, see Table. 1.  

 

These parameters are great indicators on the emittance and 

coherence of the electron beam. To put simply, the faster the 

TOF and KE the better the emittance. The KE error will 

allow me to see if there is any loss of energy when the 

electrons are emitted. Furthermore, mapping the x, y, z 

coordinates of the electrons that hit the target can showcase 

the coherence of the beam, while also visualizing the effects 

of coulombic forces and space charge effects on the beam. 

 

 

 

 



5 
Dargan 

 Electric Field Electric & 

Magnetic Field 

AVG Time of 
Flight (TOF) 

9.59E-04s 9.50E-04s 

AVG Kinetic 
Energy (KE) 

59870J 59867J 

AVG Kinetic 
Energy Error 

2.1% 2.0% 

Hit Count 798 794 

Electron Loss 20.2% 20.6% 

 

Table. 1 This table showcases the recorded data of the 

emitted electrons, both with the effects of the electric field 

separately and magnetic field congruently. 

 

Regarding the coherence of the beam, I have looked at the y 

and z axis recorded data to see the spread of the electrons as 

they hit the material Fig. 9. 

 

 

Fig. 9 (below) x and y coordinate mapping of electrons that 

hit material showcasing the beam coherence of the 

simulation. (With electric and magnetic field) 
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V. Manufacturing and Testing 

 

The complete design has been established and is 

incorporated within a vacuum chamber for electron beam 

characterization testing Fig. 10.  

 

 
 

Fig. 10 Picture taken of complete unassembled electron gun. 

(left) Assembled photocathode and anode configuration. 

(right) Assembled magnetic focusing and deflection plates. 

(bottom) Complete assembled electron gun fitted within 

vacuum chamber and attached to 8” flange shown with 

Helium-Neon laser emitting through anode exit aperture. 

 

The vacuum chamber has an external magnetic field for 

added focusing and contains power feedthroughs for the 

internal magnets.  

 

The distance between photocathode and anode is between 

8mm-10mm. Testing has been conducted under 35kv and 

electron beam imaging has been captured upon a phosphorus 

screen using a camera Fig. 11. 

 

 
 
Fig. 11 (top) Focused electron beam spot displayed upon 

phopshor screen in dark room. Slight abberition within the 

center created by femtosecond laser. (bottom) electron beam 

spot displayed upon mm scale. 

 

 
 

Chamber conditions were under vacuum pressures at 10-7 

Torr levels. At these levels, voltage was slowly applied to 

the photocathode while also being exposed to the 

femtosecond laser. At this point, any electrical sparks that 

were observed, either physically by sight or hearing and 

digitally by observing the change in pressure, was recorded 

down for future reference. The maximum voltage that has 

been stably recorded has been at 35kv. Current beam spot 

size is being determined but appears to be under 1 mm. 
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VI. Conclusion 

 

The creation of the electron gun has been successfully 

fulfilled and is now going through physical testing for 

verification and comparison to the digital simulation. The 

usage of a 20 nm Ag thin film photocathode in conjunction 

with a femtosecond UV laser for photoemission has been 

successful and can work at 35kv under stable conditions. 

Further steps are to troubleshoot any sparking issues that 

occur so that a new level of applied voltage can be attained 

closer to 60kv. Furthermore, the implantation of a faraday 

cup within the chamber will be used for the collimation of 

the electron beam to gather the current density of the beam. 

Then, the application of a material sample will be used to 

create a diffraction pattern with which the spatial resolution 

of the electron gun can be determined from the transfer 

width of the patterns. These added data elements will be able 

to define the utility of the electron gun more accurately.  
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