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Preface 

In this report all activities concerning IAP (experimental physics) and ICP (theoretical and 

computational physics) in AECENAR are documented for the period 2021 – April 2025. 

The following reports are part of the report: 

IECF  

  

X-Ray  

 

 

 

 

Mass Spectrometer Concept Mass Spectrometer with Deflection based on 

Helmhotz Coils 
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1 Lists of Abbreviations and Symbols 

1.1 LIST OF ABBREVIATIONS 

 

HCL : Hydrogen Chloride 

HF : Hydrogen Fluoride 

Hg : Mercury 

SO 2 : Sulfur Dioxide 

CAD : Computer Aided Design 

FreeCAD : a CAD software 

PCB Printed Circuit Board 

Op-amps : operational amplifier 

Max : maximum 

Min : minimum 

 

ICF : Inertial Confinement Fusion 

CAD : Computer Aided Design 

IECF : Inertial Electrostatic Confinement Fusion 

PLCS : Industrial Programmable Automation Systems 

FreeCAD : A CAD software 

MISTLETOE : Graphical User Interface 

PLC : Programmable Logic Controller (Industrial 

Programmable Logic Controller) 

LINAC : Linear accelerator 

1.2 LIST OF SYMBOLS 

R m : Average resistance Ω 

U : Potential difference V 
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E : Electric field Vm -1 

U b : Acceleration voltage V 

d : Distance between cathode and anode m 

F : Electric force N 

e : Charge of an electron C 

W : Electrical work between the cathode and the anode I 

E c : Kinetic energy J or ev 

m : Mass of an electron Kg 

V : Speed of the electron ms -1 

V f : Final velocity of the electron ms -1 

m r : Relativistic mass of an electron Kg or ev.C -2 

C : Speed of light ms -1 

Ɣ : Lorentz factor  

V r : Relativistic speed of an electron ms -1 

V c : Classical speed of an electron ms -1 

X : Position of the electron m 

t : Time s 

has : Acceleration of the electron ms -2 

R : Radius of the circular trajectory of the electrons m 

B : Magnetic field T 

q : Charge C 

E K : K-shell binding energy ev 

E L : Binding energy of the L layer ev 

E M : M-shell binding energy ev 

E K α : Difference between K-shell energy and L-shell energy ev 

E K β : Difference between K-shell energy and M-shell energy ev 

I : Intensity of the current flowing through the two coils HAS 

N : Number of turns  
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R ′ : Radius of each coil m 

d ′ : Distance between two coils m 

D : Diameter of each coil m 

µ 0 : Vacuum permeability Hm -1 

x : Distance measured along the central axis of the coils m 

 

V : Volume of the ionization chamber m 3 

IE1 : First ionization energy ev 

IE2 : Second ionization energy ev 

m : Mass of an ion Kg 

Z : Electric charge of an ion  

R : radius of curvature of an ion m 

E c  : Kinetic energy of an ion J or ev 

q : Charge C 

U : Potential difference V 

v : Speed of an ion ms -1 

F : Magnetic force N 

B : Magnetic field T 

Your : Offset voltage offset V 

HAS : Voltage gain  

CMRR : Common mode rejection ratio dB 

µ 0 : Vacuum permeability H/m 

µ r : Relative permeability of magnetic material  
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µ : Magnetic permeability of the material H/m 

I : Current intensity flowing through the two coils HAS 

D : Diameter of each coil m 

N : Number of turns  

R ′ : Radius of each coil m 

d ′ : Distance between two coils m 

x : Distance measured along the central axis of the 

coils 

m 

 

 



 

 

19 

2 Summary 

2.1 Actual Status of Projects in Apr 2025 
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2.2 IAP Physics Lab 
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2.3 Posters of partly realized projects 

2.3.1 IAP Physics Lab Training Device 
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2.3.2 IECF (Intertial Electrostatic Confinement Fusion) 
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2.3.3 X-Ray 
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2.3.4 Intertial Confinement Fusion 
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2.3.4.1 Light-ion Driver for ICF 
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2.3.5 Mass Spectrometer 

2.3.5.1 Magnetic Beam Deflection 
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2.3.6 Plasma Code 
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2.4 Actual Status of projects 
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2.5 To be further realized 

2.5.1 Cyclotron 
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❖ Capacitance of cyclotrone 
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➢ C is the capacitance in farads (F) 

C(tCт=77.5𝘱F 

 

❖ The Magnet:  

➢ Magnetic Fields: Magnetic fields are used to exert forces on charged particles. In particle 

focusing, the magnetic field strength and direction are crucial for controlling particle paths. 

𝐵 = 𝜇0𝐼/𝑔  

𝜇0= permeability 

I= intensity in Amp 

g=height of air gap 

 

❖ Frequency: 

➢ 𝑓 = 𝑞𝐵/2𝜋𝑚 = (1.602 × 10−19)(1𝑇)/2(3014159)(1.6726219 × 10−27 =15.2 MHz 

➢ q is the charge of the proton (+1 elementary charge, approximately 1.602 x 10^-19 Coulombs). 

➢ B is the magnetic field strength (1 Tesla). 

➢ π (pi) is approximately 3.14159. 

➢ m is the mass of the proton (approximately 1.6726219 ×  10−27 kg) 

 

 

❖ Accelerating voltage 

➢ for a desired particle energy of 1.2 MeV and a magnetic field strength of 1 Tesla, we can use 

the following formula: 𝐸 = 𝑞. 𝑉 

➣ E is the energy of the particle (1.2 MeV, which can be converted to joules). 

➣ q is the charge of the particle 1.602 × 10−19Coulombs 

➣ V is the accelerating voltage. 

➢ 𝑉 = 𝐸/𝑞 = 

 

❖ Deflection voltage 

➢ 𝑉𝑑𝑒𝑓 = 𝐵𝑥 𝑅  𝑥 𝑚 𝑥 𝑣2/𝑞. 𝑑. 

➢ B is the magnetic field strength.=1T 

➢ R is the radius of the particle's path. 

𝑅 = 2𝜋. 𝑚. 𝑣/𝑞. 𝐵 

➢ m is the mass of the proton (use the rest mass).= 1.6726219 ×  10−27(kg) 
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➢ v is the velocity of the proton. 

𝑣 = (𝑞/𝐵). (𝑅/𝑚)  

➢ q is the charge of the proton= 1.602 × 10−19(C) 

➢ d is the distance of deflection. 

 

❖ The voltage (V) required for a cyclotron is 

𝑉 = 𝑞𝐵𝑅/√2𝑚𝐸  

➢ V is the voltage in volts (V). 

➢ q is the charge of the particle. 

➢ B is the magnetic field strength. 

➢ R is the radius of the cyclotron's path. 

➢ m is the mass of the particle. 

➢ E is the desired energy of the particle 

 

❖ The radius of the particle's path in a cyclotron 

 

Radius R=𝑚𝑣/𝑞𝐵 

 

➢ R is the radius of the path. 

➢ m is the mass of the particle. 

➢ v is the velocity of the particle. 

➢ q is the charge of the particle. 

➢ B is the magnetic field strength. 

Requirements 

● Cyclotron Diameter: 12 inches (304.8 mm) 

● Inner cylinder Diameter : 10 inches (254 mm) 

● Magnetic field : 1 Tesla 

● Desired energy: 1.2 MeV 

● Cyclotron Frequency: 15 MHz 

❖ Dee (electrode) Voltage 

𝑉𝐷𝐸𝐸~𝑝𝑒𝑎𝑘 = √2 𝑉𝑟𝑚𝑠 = √2𝑃𝐿/𝑅𝐶  
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2.5.2 Electrical Propulsion for Space  
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2.5.2.1 Rowowski Coil (Conceptional Realization done) for Electrical Propulsion Vacuum Chamber 
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2.5.3 X-Ray Detection by Laue pattern 

 



Summary 
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Remark: Vacuum Chamber Technology described in section IECF prototype realization 



To be further realized 
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Remark: Source for X-Ray done in Master Thesis of Rouwayda Sakka  
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3 IAP-Physics Lab Testrig 

Content taken from the following master thesis: 

 

 

3.1 Requirements for IAP-Physics Lab Testrig 

3.1.1 System Requirements  

The electron accelerator must be able to produce electrons and accelerate them. 

The Helmholtz coil must be able to deflect the trajectory of the electrons. 

The target (made of copper) must be able to emit X-rays after collision with the electrons. 

The detector must be able to detect X-rays. 

3.1.2 Mechanical requirements: 

The cathode must be able to withstand thermal and electrical stress. 

The cathode must be tungsten. 
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The anode must be made of stainless steel. 

The tube must be made of stainless steel. 

The vacuum pump must be able to create a vacuum in the stainless steel tube. 

The electron accelerator must be manufactured according to the mechanical design. 

The Helmholtz coil is to be made from two pieces of plastic on which a copper strip is wound (Each 

piece is wound with 267 turns). 

The target that emits X-rays when colliding with electrons must be made of copper. 

The window must be made of glass to allow X-rays to pass through. 

A camera must be placed inside the tube to be able to follow the trajectory of the electrons. 

The detector must be placed outside the window to capture the X-rays and send a signal to the 

computer. 

3.1.3 Electrical requirements: 

A power supply must be capable of supplying 9V to tungsten. 

Tungsten must be able to generate enough electrons to produce X-rays. 

A power supply must be capable of providing a voltage of 10 kV. 

A power supply must be capable of supplying a voltage of 21.7 V and a current of 3.61 A to 

the Helmholtz coil. 

3.1.4 Magnetic requirements: 

The Helmholtz coil must be able to generate the magnetic field necessary to deflect the 

electrons. 

The Helmholtz coil must be able to generate a magnetic field of 0.01 T. 

3.1.5 Safety requirements: 

3.1.5.1 Electrical safety: 

The anode, made of stainless steel, must be insulated from the tube to prevent voltage from 

extending and passing through the tube. 

All electrical connections must be coated with the appropriate insulation depending on the current 

and voltage flowing through the connections. 

9V cables and connections must be insulated with... 

10 kV cables and connections must be insulated with... 

21.7V cables and connections must be insulated with... 
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3.1.5.2 Radiological safety: 

For X-ray protection, a metal box with a lead plate inside must be placed at the point of X-

ray emission. 

3.1.5.3 Chemical safety: 

The lead must be completely enclosed to ensure that no toxic gases are emitted. 

3.2 System Design and Mechanical Design of IAP-Physics Lab Testrig 

In this chapter, we will examine two distinct aspects. The first will be devoted to mechanical design, 

covering the following elements: fundamental principles, Computer-Aided Design (CAD), and the 

implementation phase. The second will deal with automation, which involves the automatic 

collection and analysis of data using computerized systems. 

We will have a particle source that will be accelerated by a potential difference. The accelerated 

particles, in this case electrons, will then enter a tube where their trajectory will be modified, leading 

to different avenues of study, each with a distinct objective. These electrons will either ionize the 

gases inside the mass spectrometer, follow a trajectory resulting in the production of X-rays, 

contribute to nuclear fusion reactions (ICF), or follow a trajectory that we envision as a future target. 

To illustrate, to generate X-rays, we heat tungsten with 8 volts of power, acting as an electron source. 

These electrons are then accelerated by a 10 kV potential difference between the cathode and anode, 

resulting in uniform rectilinear motion. Then, a 0.01 T magnetic field deflects the electrons' trajectory 

over a radius of 3.37 cm, before they collide with a copper target placed at a 45-degree angle in 

another tube. This interaction generates X-rays. The resulting X-rays are detected using the "XR1 

Pro" detector. 

 

2112022-IAP-mass 

spectrometer and linear accelerator.FCStd 

Figure II. 2: System design for a physics laboratory training device with some physical measuring 

instruments 

1 - Electron Accelerator: Device for producing electron beams. 
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2 - Magnetic Sector Mass Spectrometer: In mass spectrometry, ions from a sample are generated, 

separated, and quantitatively detected according to their varied trajectories in electric and/or 

magnetic fields, based on their mass/charge ratios. 

3 - High Voltage Power Supply (10 kV): Electrical device generating a high voltage of 10,000 volts. 

4 - Electron Beam: This configuration is ready to be used for future application. 

5 - Electron-Copper Interaction: Process to generate X-rays by interacting electrons with copper. 

6 - Vacuum Pump: A device that sucks gas molecules into an enclosed space to create a partial 

vacuum. Its role is to generate a relative vacuum to prevent particle collisions with the air. 

7 - Inertial Confinement Fusion (ICF) Target: A target structure in energetic fusion where a high-

energy electron beam triggers nuclear fusion reactions by compressing and heating a target filled 

with thermonuclear fuel. 

8 - Inertial Electrostatic Confinement Fusion (IECF): A class of energetic fusion devices that use 

electric fields to contain plasma, as opposed to magnetic fields. 

9 - Control Box: Serves as an interface between sensors and actuators, with a connection to the 

computer for visualization and data processing, through programmable automated systems (PLCS). 

 

Figure II. 3: Trajectory of electrons before the production of the X-ray 
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Figure II. 4: Glass disc for observing the electron beam 

 

Figure II. 5: Measurement of certain components of the acceleration zone 
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Figure II. 6: Specific measurements of the certain component of the prototype 

07032023-IAP-mass 

spectrometer and linear accelerator.FCStd 

 

3.3 Mechanical Realization of IAP-Physics Lab Testrig 

 

Figure II. 7: Length and 

width of the electron 

production and acceleration 

zone 
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Due to the availability of stainless steel components at the AECENAR Center, which can be used in 

the design of certain parts of our prototype, and considering the essential characteristics of stainless 

steel in terms of corrosion resistance, durability, ease of maintenance as well as flexibility in 

modification and welding, we made the decision to opt for the complete realization of the prototype 

in stainless steel. 

 

Figure II. 8: Cross-sectional diameter of some mass spectrometer tubes 

 

Figure II. 1: The curved tube where the magnetic field is applied 

 

 

Figure II. 2: Preparing the window for X-rays with the appropriate flanges 
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Figure II. 3: Welding and Assembly of Prototype Components 

 

 

Figure II. 12: The assembled prototype also integrates the X-ray production device 
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Figure II. 13: Final Prototype with its Specialized Control Device 

3.4 IAP-Physics Lab Testrig Automation (Process control system) 

 

Figure II. 24: Representative diagram of the Process Control System for IAP-PhysicsLab Testrig 
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3.4.1 PLC control panel 

 

 

Figure II. 25: Representative diagram of the prototype control panel 

 

 

3.4.2 Instruments  

 

Figure II. 4: Some classifications of the constituent elements of the prototype 

3.4.2.1 Electron gun filament (tungsten) 
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3.4.2.2 Radiation Detector (XR1 Pro) 

 

3.4.2.3 Tesla Meter KT-102 (Measuring Range: 0-2500 mT ) 

 

 

3.4.3 Panel Wiring Diagram 
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Figure II. 27: Representative diagram of the panel wiring 

3.4.4 Graphical User Interface (GUI) 

 

Figure II. 28: Representative diagram of the graphical user interface of the prototype 

3.4.5 Modbus Address - Point Interface (PLC) 

 

X-ray production Modbus (PLC) addresses Physical Addresses 

(PLC) 

High voltage power 1280 Y0 

Vacuum pump 1281 Y1 

8V power supply for 

tungsten 

1282 Y2 

22V power supply for 

Helmholtz coil 

1283 Y3 

Valve 1 1284 Y4 

Pressure sensor 4100  

 



IAP-Physics Lab Testrig 

 

62 

3.5 IAP-Physics Lab Testrig Vacuum testing & X-Ray Testing 

3.5.1 System Test Specification  

 

00001: Ensure complete air evacuation 

 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the pump 95% empty 

Presence of a leak Possibility of air leakage in 

certain places: welding-

flanges-anode-cathode-

tungsten-windows 

Seal leaks 

Turn off the system Turn off the pump The pump stops extracting air 

Use of silicone Apply silicone to the areas 

where there are air leaks 

Stop leaks and achieve 95% 

vacuum when restarting the 

pump 

Postcondition The system is off  

 

00002: Tungsten power supply 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the tungsten power 

supply 

Obtain a continuous supply of 

8 V 

Turn off the system Turn off the tungsten power 

supply 

Continuous power supply 

stops 

Postcondition The system is off  

 

00003: Obtain electrons 

Stage Description of the stage Expected Result 

Precondition The system is off.  

Turn on the pump Turn on the pump 95% empty 

Turn on the tungsten power 

supply 

Turn on the tungsten power 

supply 

Obtain a continuous supply of 

8 V 
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Burning tungsten Burn the tungsten by 

supplying it with 8V power 

Get electrons around the 

tungsten (the lamp will light 

up) 

Turn off the tungsten power 

supply 

Turn off the tungsten power 

supply 

The lamp will go out 

Turn off the pump Turn off the pump The pump stops extracting air 

Postcondition The system is off  

 

00004: High voltage 

Stage Description of the stage Expected Result 

Precondition The system is off  

Turn on the system Turn on the high voltage Obtain a continuous supply of 

10 kV 

Turn off the system Turn off the high voltage Continuous power supply 

stops 

Postcondition The system is off  

 

00005: Detector 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the detector The detector emits a signal 

when exposed to X-rays 

Turn off the system Turn off the detector The detector is not working 

Postcondition The system is off  

 

00006: Acceleration of electrons 

Stage Description of the stage Expected Result 

Precondition The system is off  
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Turn on the pump Turn on the pump 95% empty 

Turn on the tungsten power 

supply 

Turn on the tungsten power 

supply 

Get a continuous power 

supply (8V) 

Turn on the high voltage Turn on the high voltage Get a continuous power 

supply (10 kV) 

Turn on the detector Turn on the detector The detector is working 

Acceleration of electrons Connect high voltage to the 

anode and cathode 

X-ray emission (The detector 

emitting a signal will indicate 

that the electrons leaving the 

tungsten were accelerated as 

they passed between the 

anode and cathode, and 

struck the copper.) 

Turn off the high voltage Turn off the high voltage No X-ray emission (the 

detector will not give a signal) 

Turn off the detector Turn off the detector The detector is not working 

Turn off the tungsten power 

supply 

Turn off the tungsten power 

supply 

The lamp will go out 

Turn off the pump Turn off the pump The pump stops sucking air 

Postcondition The system is off  

 

00007: Helmholtz coil 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the Helmholtz coil by 

supplying it with a supply of 

21.7 V 

Obtain a magnetic field (B = 

0.01 T) 

Turn off the system Turn off the Helmholtz coil The magnetic field stops 

Postcondition The system is off  
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00008: Electron deflection 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the pump Turn on the pump 95% empty 

Turn on the tungsten power 

supply 

Turn on the tungsten power 

supply 

Get a continuous 8V power 

supply 

Turn on the high voltage Turn on the high voltage Get a 10 kV continuous power 

supply 

Turn on the Helmholtz coil Turn on the Helmholtz coil on 

the bent tube 

Obtain a magnetic field (B = 

0.01 T) 

Turn on the detector Turn on the detector The detector is working 

Deflection of electrons The electrons will be 

subjected to a magnetic field 

of 

B = 0.01 T as they pass 

through the curve 

X-ray emission (The detector 

emitting a signal will indicate 

that the electrons leaving the 

tungsten were accelerated, 

passing between the anode 

and the cathode, deflected 

and struck the copper.) 

Turn off the high voltage Turn off the high voltage DC power supply stops, No 

X-ray emission (the detector 

will not give a signal) 

Turn off the detector Turn off the detector The detector is not working 

Turn off the Helmholtz coil Turn off the Helmholtz coil The magnetic field stops 

Turn off the tungsten power 

supply 

Turn off the tungsten power 

supply 

The lamp will go out 

Turn off the pump Turn off the pump The pump stops extracting air 

Postcondition The system is off  
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3.5.2  System Test and Results 

3.5.2.1 Vacuum test 03-05-23 

Analysis of test results: 

To locate air leak locations, we applied soap and water to the surface of the device and then 

compressed the air inside; 

 

  

Figure III. 1: Tools used to determine air leak locations 

When we spot bubbles appearing, this indicates an air leak at that location. 
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Figure III. 2: Air leak locations 

What we need to do: 

We will redo the welding in the places where there were leaks during the previous welding. 

We will be replacing the gasket on the flanges due to leaks. 

3.5.2.2 Vacuum Test 9-6-2023 

Analysis of test results: 

First, we cleaned the stainless steel tube with special and precise tools; 
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Figure III. 3: During cleaning of the stainless steel tube 

 

After cleaning, we noticed a small hole due to a soldering error. 

 

Figure III. 4: An illustration of the device being prepared for welding improvement 
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To determine if there is still an air leak, we will retest the application of soapy water to the 

surface of the device and the air pressure inside the device. 

When we spot bubbles appearing, this indicates an air leak at that location. 

 

Figure III. 5: Carrying out a new check for the presence of air leaks 

These flanges were leaking: 

   

Figure III. 6: air leak locations 

What we need to do: We will add silicone around the flanges. 

3.5.2.3 X-ray test 03-07-23 

Analysis of test results: 

First, we started the pump and ensured the necessary vacuum; 

Next, we turned on the tungsten via the control panel; We tried to power the tungsten with 

a voltage between 6 and 12 volts, but in this case, the tungsten drew more than 20 amps, 

causing the power supply to reduce the voltage to 3.5 volts. (The power supply we used can 

handle 0 to 20 amps); 

Then we turned on the high voltage (10 kV), and the problem of electron leakage appeared 

at the ends of the cylinder, and the electrons did not penetrate the single hole in the plate, 
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but deflected to the screw on the plate (which indicates a problem in the uniform 

distribution of charges). 

 

 

Figure III. 7: Control system 
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Figure III. 8: Power supply for tungsten 

 

 

 

 

 

 

 

 

 

 

Figure III. 9: Alimentation d'une 
tension de 7 V au tungstène 



IAP-Physics Lab Testrig 

 

74 

 

 

 

 

Figure III. 10: Leakage and deflection of electrons towards the screw on the plate 

 

 

What we need to do: 

- We will use another power supply (from 0 to 200 A). 

- We will remove the screw to distribute the loads evenly. 

 

3.5.2.4 X-ray test 17_07_23 

Analysis of test results: 

We followed the same steps as in the previous test, but this time we used a power supply 

(capable of supplying up to 200 amps) responsible for supplying energy to the tungsten 

with a voltage range between 6 and 12 volts. Through it, we were able to supply tungsten 

with 6 to 8 volts, but when we gave 9 volts to the tungsten, it caused it to burn because it 

was consuming a high percentage of amps. 

Then we turned on the high voltage, but the electrons didn't penetrate the hole; instead, they 

deflected in different directions away from the plate, indicating insulation problems. And 

there's still electron leakage around the cylinder. 
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Figure III. 11: Leakage and deflection of electrons when applying 6 volts 

 

 

 

Figure III. 12: Leakage and deflection of electrons when applying 8 volts 

 

WHAT WE NEED TO DO: 

-We will wrap the plate with insulating rubber, while leaving the wall and what is adjacent 

to it ~ 2 cm without insulation. 

-We will insulate the cylinder with rubber to prevent electron leakage. 
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3.5.2.5 X-ray test_24_07_23 

Analysis of test results: 

We followed the same steps as those adopted in the previous test, with the difference that 

we placed rubber on the disc to ensure insulation and left the hole and what is adjacent to 

it 2 centimeters without insulating them, and we covered the cylinder with black silicone to 

prevent any leakage of electrons. 

When we gave 6 volts to the tungsten, we noticed that we still had electrons leaking from 

the cylinder, and although the electrons did not penetrate the hole in the disk, this time we 

came close to violating it, because they directed the electrons around the 2 centimeters left 

around the hole; 

However, there is still another direction of electrons around the edges of the plate, 

indicating that there is still a problem with insulation. 
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Figure III. 13: Persistence of electron leakage due to insulation problems 

 

 

 

Figure III. 14: Approach of the electron line through the plate opening 

 

Tests Issue Solution Result 

Vacuum test 

03.05.23 

Air leak Re-weld in some areas 

and replace the gasket 

Negative 

Vacuum test 

09.06.23 

Air leak Add silicone around 

the flanges 

Positive 

X-ray test 03.07.23 Tungsten drew 

over 20 amps, 

Use another power 

supply and remove 

Negative 
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causing the power 

supply to reduce 

voltage to 3.5V 

instead of 8V + 

electron leakage + 

electron deflection 

on the plate due to 

lack of uniform 

charge distribution 

the screw to distribute 

the loads evenly 

X-ray test 17.07.23 Tungsten burning 

at 9 V + insulation 

problem + electron 

leakage 

Wrap the plate with 

insulating rubber and 

insulate the cylinder 

with rubber to prevent 

electron leakage 

Negative 

X-ray test 07/24/23 Another direction 

of electrons 

around the edges 

of the plate 

(insulation 

problem) 

 

Replace the bolts on 

the plate flanges with 

rivets + replace the 

rubber with another 

type of insulation 

 

 

-------- 
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4 Electron Flux Measurement with Rogowski Coil 
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4.1 Introduction 

4.1.1 Task 

Measure the current and voltage for different waste incineration (plastic, non-plastic, 

medical) with an electro filter voltage of 40 kV. 

Master Thesis task 

4.1.2 Current Transducer Approach 

4.1.2.1 In terms of alternating current measurement (AC): 

In Dommar store, there is a current transducer capable of measuring an alternating current 

between 0 and 5 A (shown in the figure). It transforms the current into an electric voltage 

between 0 and 10 V used in the control done through the computer. The figure also shows 

other characteristics of the current transducer.   

Figure 1: current transducer. 

 

However, standard current transducers available in the market are capable of measuring an 

up to 5A alternating current. In our case, the alternating current can have a current value 

up to 10A. A proposed solution is to use a transformer 10/5 (an input of 10A is reduced to 

5A). In Dommar the available transformer is of 30/5. In this case the precision is lowered.  

This Monday the store manager will contact and will let me know about the possibility of 

getting the 10/5 transformer from Beirut. 

Price of the transducer: 50$. 

Price of the transformer: unknown. 6$ (transformer 20/5). 
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4.1 In terms of installation and connection 

As seen on the electrical panel board, the current transducer should be placed between 

the two circuit breakers available on the electrical panel board to be protected against 

temperate. The alternating current coming from the network is connected to the 

transducer in order to measure it.            

 

 

 

 

 

 

 

 

 

 

 

        

 

 

 

Figure 2: transducer installation. 

 

4.1.1 Questions: 

1) Where should we place the transformer? 

2) Where is the network’s wire? Is it the one going in from below the current breaker? 

Or the one going out form above? 
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4.2 Rogowski Coil Approach 

4.2.1 In terms of alternating current measurement (AC), there are Rogowski Coil: 

 

 

4.2.2 What is a Rogowski Coil? 

The Rogowski coil is defined as an electrical device that is used to measure alternating 

current (AC). It is also used to measure the high-speed transient, pulsed current or 

sinusoidal current. The name Rogowski coil was named after the German physicist Walter 

Rogowski [1]. 

A Rogowski coil is an evenly wounded coil with N number of turn and constant cross-

section area A. There is no metal core in a Rogowski coil [1]. 

The end terminal of the coil is returned through the central axis of the coil to another end. 

Therefore, both terminals are at the same end of the coil [1]. 

This entire assembly wrapped around the current-carrying conductor whose current we 

need to measure [1]. 

4.2.3 How does a Rogowski Coil Work? 

Rogowski coils work on the principle of faraday’s law. It is similar to AC current 

transformers (CTs). In current transformers, the voltage induced in a secondary coil is 

proportional to the current flow through the conductor [1]. 

The difference between Rogowski coils and AC current transformers is in the core. In 

Rogowski coils, an air core is used and in the current transformer, a steel core is used [1]. 

When current passes through the conductor, it will create a magnetic field. Due to an 

intersection with a magnetic field, a voltage is induced between the terminals of the 

Rogowski coil [1]. 
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The magnitude of voltage is proportional to the current passes through the conductor. 

Rogowski coils are close pathed. Generally, the output of Rogowski coils is connected with 

the integrator circuit. So, the coil voltage is then integrated to provide an output voltage that 

is proportional to the input current signal [1]. 

4.2.4 Rogowski Coil Current Sensor 

Rogowski coil current sensors are preferred due to no magnetic saturation, no overheating, 

or no hysteresis loss. As such there are very low magnetic losses in Rogowski coils. And it 

has very low insertion impedance [1]. 

It is able to sense the current flowing through the conductor. Hence Rogowski coils can also 

function as current sensors [1]. 

Rogowski coils are an air-cored toroidal winding wrapped on a conductor. For large 

currents, the output does not saturate due to the non-magnetic core [1]. 

It can be designed for a wide range of current measurements as well as protection 

applications. Rogowski coil sensor converts the input current to an output voltage. And it 

can sense the current flowing the conductor by integrating the output voltage [1]. 

There are two types of Rogowski coils; Rigid and Flexible [1]. 

4.2.5 Rogowski Coil Design 

Consider the conductive element ‘dr’ at distance ‘x’ from the origin. The current-carrying 

conductor is placed at the center of the coil. The figure below shows the arrangement of a 

typical Rogowski coil [1]. 

 

 

 

 

 

 

As per biot-savart law, the magnetic strength at distance x is given by; 

 

https://www.electrical4u.com/biot-savart-law/
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The magnetic flux density a t point ‘dr’ is 

 

Where μ is the permeability of free space 

From the above equations, the magnetic flux density due to a current flowing through the 

conductor is 

 

The magnetic flux is given as 

 

Where dA is rectangular cross-section area for element ‘dr’ and that is given as 

   

 

 

 

Therefore, total flux is 

  

 

 

As per Lenz’s law, the voltage induced due to N turns is 

 

 

 

https://www.electrical4u.com/magnetic-flux/
https://www.electrical4u.com/what-is-flux-types-of-flux/
https://www.electrical4u.com/lenz-law-of-electromagnetic-induction/
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So, mutual inductance (M) for  the Rogowski coil is 

 

Now, assume that sinusoidal current flowing through the conductor with an amplitude ‘Im’ 

and frequency ‘f’. 

So, the voltage induced in the Rogowski coil is given by 

 

 

At time t=0, the magnitude of voltage is maximum. So, the peak voltage is given as; 

 

RMS value of the voltage; 

RMS value of an AC current represent the equal amount of power in DC current 

 

 

So, 

Hence, the induced voltage is proportional to RMS current flowing through the conductor 

and frequency of the current. 

4.2.6 Rogowski Coil Integrator 

According to components used in integrator, there are two types of integrator [1]; 

• Passive Integrator 

• Active Integrator 

 

i. Passive integrator 

 

https://www.electrical4u.com/mutual-inductance/
https://www.electrical4u.com/fundamental-frequency-and-harmonics/
https://www.electrical4u.com/rms-or-root-mean-square-value-of-ac-signal/
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The value of R and C can be estimated by the below equations. 
  

 

 

 

 

 

Where, 

Ф = Target phase error 

XC = Capacitive Impedance 

R = Resistance 

f = Input Frequency 

 

ii. Active Integrator 

 

 

 

 

 

 

Here, the RC element is in a feedback path of an Amplifier. The gain of the amplifier can be 

adjusted by using the below equation. 

 



Electron Flux Measurement with Rogowski Coil 

 

87 

 

 

1- Questions: 

a) which type of integrator should be used ? 

b) what is the system that must be installed to make a 0-10 volts control ?  
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4.2.7 Rogowski Coil  

 

 

 

 

 

Fig.1: Lumped-element model of Rogowski coil. 

𝑉𝐶𝑜𝑖𝑙 = −𝑛𝜇0𝐴
𝑑𝐼

𝑑𝑡
= ∓𝑀

𝑑𝐼

𝑑𝑡
 [2] 

4.2.8 Construction of Rogowski coil 

Fig.2 Shows the schematic of the Rogowski sensor in the circular cross-section, which N, x0, 

a and b are the structural parameters of Rogowski coil [2].  

 

 

 

 

 

 

 

 

Fig.2: Circular cross-section 

Rogowski coil. 

the optimal values of the structural parameters of the sensor, shown in table (1), were 

calculated. The sensor with the parameters of Table 1 was constructed [2]. 

 

Tab.1: Structural Parameters of Rogowski coil for Alvand tokamak. 



Electron Flux Measurement with Rogowski Coil 

 

89 

 

This sensor contains 3366 wire turns which is wrapped on a teflon non-magnetic core [2]. 

The Rogowski sensor produces an output voltage signal Vout equivalent to equation (13). 

Due to the factor N, the sensor output voltage has a high gain; therefore, the output signal 

will be easily distinguished from the noises of other parts of the system [2]. 

𝑉𝑜𝑢𝑡 = 𝜇𝐴
𝑁

𝑙

𝑑𝐼

𝑑𝑡
  

The winding was returned in the opposite direction to that of the pitchadvancement turn 

along the central axis of the coil, in order to avoid the effect of a magnetic flux. In this case, 

both terminals are set at the same end of the coil. Therefore, interference of the unwanted 

magnetic fields is prevented [2]. 

4.2.9 Design experiment of Rogowski Coil in laboratory   

I used a rubber tube, then I wraped the turn of the coil around this tube . 

 

 

 

 

 

 

 

 

Fig.3: Rubber tube. 
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Fig.4: Rubber tube with coils 

 

Fig.5: Rogowski Coil without integrator. 

4.2.10 Design and construction of active integrator 

The DC-control active-type integratorwas constructed. As shown in Fig.6 the time constant 

of this integrator was selected ten times more than the time duration of the signal [2]. By 

connecting the output of Rogowski coil to the inverting input terminal of operational 

amplifiers, the input and output differ in phase and the role of this integrator is shown in 

equation [2]: 

𝐺(𝑠) = −𝑅𝑓𝑡𝑜𝑡 / 𝑅𝑖𝑛(1 + 𝑅𝑓𝑡𝑜𝑡𝐶𝑐𝑠) 

Operational amplifier OP07CP has ultralow drift and high accuracy to form in-phase 

amplifier circuit [2]. The negative feedback resistance, Rftot , is equivalent to the resistance 
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of R1, R2 and R3. This resistor, parallel to the Cf capacitor, provides a path to discharging 

the capacitor while the circuit is not operating and prevents its saturation [2]. The transfer 

function of the active integrator can be given by equation [2]:  

𝐺(𝑠) =
−[(𝑅1+𝑅2) + (𝑅1𝑅3+𝑅2𝑅3 + 𝑅1𝑅2)]

𝑅𝑖𝑛(1 + [(𝑅1+𝑅2) + (𝑅1𝑅3+𝑅2𝑅3 + 𝑅1𝑅2)]𝐶𝑓𝑠)
 

The reconstructed signal of the measured current is amplified after the integration. The gain 

of this integrator is 10. Roffset is defined is Rin=R1 can eliminate the bias currents of 

operational amplifiers and the output offset voltage. Cb1 and Cb2 capacitors were added to 

remove noise on the input bias voltage [2]. 

 

 

 

 

 

 

 

 

 

Fig.6: The constructed 

active integrator with DC gain control. 

4.2.11 Electronic tools used to create an active integrator 

There are: 

Operational amplifier OP07CP,  R1, R2,and Rin    

 

 

 

 

 

R3      Roffset  
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Cb1, Cb2, Cf     Battery 9v DC  

      

 

 

 

 

Battery connecting tape 

 

 

 

 

 

 

4.2.12 Using EagleCAD to create a schematic and to do switch to board 

Schematic file 

 louay.sch

 

Board file 

 louay.brd

 



Electron Flux Measurement with Rogowski Coil 

 

93 

 

Fig.7: Schematic 

 

Fig.8: Board 
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4.3 Construction of an active integrator connected to the coil in laboratory 

 

Fig.9: Electric circuit 

Using the drawn circuit, we build the active integrator which is connected to the coil. This 

is how we build the Rogowski Coil. 

 

Fig.10: Rogowski Coil 

NOTE: We need another battery 9v DC.  
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4.3.1 The formulas that should be used after construction a rogowski coil: 

The voltage produced by a Rogowski coil is [3] 

𝑣(𝑡) =
−𝐴𝑁𝜇0

𝑙

𝑑𝐼(𝑡)

𝑑𝑡
 

Where, 

• 𝐴 = 𝜋𝑟2, is the area of one of the small loops, 

• 𝑁, is the number of turns, 

• 𝑙 = 2𝜋𝑅, is the length of the winding (the circumference of the ring), 

• 
𝑑𝐼(𝑡)

𝑑𝑡
, is the rate of change of the current threading the loop, 

• 𝜇0 = 4𝜋. 10−7, V·s/(A·m) is the magnetic constant, 

• 𝑅, is the major radius of the toroid, 

• 𝑟, is its minor radius. 

 

 

 

 

 

 

 

 

Fig.11: Major radius and minor radius of the toroid. 

 

This formula assumes the turns are evenly spaced and that these turns are small relative to 

the radius of the coil itself [3]. 

 

The output of the Rogowski coil is proportional to the derivative of the wire current. The 

output is often integrated so the output is proportional to the wire's current [3]: 

𝑉𝑜𝑢𝑡 = ∫ 𝑣 𝑑𝑡 = 
−𝐴𝑁𝜇0

𝑙
𝐼(𝑡) + 𝐶𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 

In practice, an instrument will use a lossy integrator with a time constant much less than the 

lowest frequency of interest. The lossy integrator will reduce the effects of offset voltages 

and set the constant of integration to zero [3]. 

At high frequencies, the Rogowski coil's inductance will decrease its output [3]. 

The inductance of a toroid is [3]: 
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𝐿 = 𝜇0𝑁2(𝑅 − √𝑅2−𝑟2) 

2} The values of the Structural parameters used in the construction of a rogowski coil: 

Parameters Values 

R1 100 kΩ 

R2 100 kΩ 

R3 1 kΩ 

Rin 100 kΩ 

Roffset 50 kΩ 

C1 (Cb1) 0.1 μF 

C2 (Cb2) 0.1 μF 

C3 (Cf) 0.1 μF 

Operational amplifier OP07CP 

Battery 1 9 Volts DC 

Battery 2 9 Volts DC 

N (Number of turns) 94 Turns 

R (Major radius) 8 cm 

r (Minor radius) 1 cm 

Tab.2: Structural Parameters of Rogowski. 

 

4.3.2 Fix some errors in the installed electrical circuit in the lab 

- Common ground - Pin 5 is NC - Output is on pin 6 - Pin 8 and the ground are the OS 
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4.3.2.1 Update on EagleCAD 

 

New Schematic file 

 louay.sch

 

New Board file 

 louay.brd

 

Fig.12:  New schematic 

 

 Fig.13: New Board 
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4.3.2.2 Update on the electrical circuit in lab 

  Fig.14: New Electrical circuit 

  Fig.15: Rogowski Coil 

Note: All that remains is to mount the oscilloscope wires. 

4.4 Comparison between op07cp and op77f 

The operational amplifier OP07CP is the same as OP07C, the OP77 is the next generation of the 

OP07. 
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Fig.16: Electrical specifications of OP77F 
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Fig.17: Electrical specifications of OP07C 

 

By comparing the outputs of the two operational amplifiers, we demonstrate that we can 

use the OP77F instead of OP07CP in the simulation because the output of the two 

operational amplifiers are very close and also because the spice model of OP07CP is not 

available on internet. 

 

4.4.1 How to insert and use the OP77F code downloaded from the Internet into the LTspice: 

 

op77f.cir
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Fig.18: Step one 

 

Fig.19: Step two 
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Fig.20: Step three 

 

 

Fig.21: Step four 
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4.4.2 The electronic circuit schematique in LTspice 

Fig.22: Schematic without values 
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Fig.23: Schematic with values 
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Fig.24: The six options of simulation 

 

 

We use two options of simulation: (Transient) and (DC in ont) 
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4.4.3 Simulation (DC on pnt) 

Fig.25: First simulation 
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Fig.26: Results of first simulation 
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4.4.3.1 Simulation (Transient) 

Fig.27: Second simulation 
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Fig.28: Results of second simulation 
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4.4.4 Add an input voltage to the schematic 
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4.5 Remaining tasks 

1. First task: The Rogowski coil should be tested first by doing several measurements in the 

laboratory, and then plotting the voltage as a function of current. From this diagram, we can 

find out the equation that relates both voltage and current.  

2. Second task: A numerical comparison should be made between the voltage values that we 

obtain through the equation we mentioned earlier and the theoretical equation in the article 

(the equation written on page 18). 

3. Third task: When making sure that the comparison was close, then we must design and 

construct a small plastic house in order to put the Rogowski coil inside it, and of course there 

must be an exit for two electrical lines. 

If the comparison is too far, another type of coil and another type of core should be used. 

4. fourth task: In the fourth stage, the Rogowski coil must be given to a person specialized in 

the PLC to doing the power control system. 

5. Final task: In the last stage, the Rogowski coil must be tested at the station. Of course, we 

must measure the current in the area located before the large voltage (40 KV), that is, 

directly before entering into the Electro filte . In other words, at the region where the voltage 

is found at its normal value (220 volts). 

After that, there is a physical equation through which we can identify the value of the current 

in the Electro filter, which is: 

𝑉1/𝑉2 =  𝐼2/𝐼1 

With,  

V1= 220 v ,  
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V2= 40 Kv , 

I1= Done in final task , 

I2= ??  

 

After we get the value of the current I2, we can evaluate the work and efficiency of this 

Electro Filter, and this is what we want to reach in this work. 

 

4.6 Literature 

[1] https://www.electrical4u.com/rogowski-coil/ 

[2] https://www.sciencedirect.com/science/article/abs/pii/S1738573319301755 

[3] https://en.wikipedia.org/wiki/Rogowski_coil 

 

 

 

https://www.electrical4u.com/rogowski-coil/
https://www.sciencedirect.com/science/article/abs/pii/S1738573319301755
https://en.wikipedia.org/wiki/Rogowski_coil
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5 X Ray and Gamma Ray Shielding 

 

X-Ray and Gamma ray shielding 
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5.1 Introduction 

In order to create a workplace isolated of the gamma radius ,we elaborated this document 

5.2 Gamma ray  

5.2.1 Description of Gamma rays   

A gamma ray, or gamma radiation (symbol γ), is a penetrating form of electromagnetic radiation 

arising from the radioactive decay of atomic nuclei. It consists of the shortest wavelength 

electromagnetic waves and so imparts the highest photon energy. 
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A gamma ray refers to the high-frequency electromagnetic radiation of a photon whose wavelength 

is less than about ten nanometers (<10 −8 m), which corresponds to frequencies above about 30 

petahertz (> 3 × 10 16 Hz). 

 

Figure 1: Illustration of an emission of a gamma ray (γ) from an atomic nucleus 

Gamma rays from radioactive decay are in the energy range from a few kiloelectronvolts (keV) to 

approximately 8 megaelectronvolts (~8 MeV), corresponding to the typical energy levels in nuclei 

with reasonably long lifetimes. The energy spectrum of gamma rays can be used to identify the 

decaying radionuclides using gamma spectroscopy. Very-high-energy gamma rays in the 100–1000 

teraelectronvolt (TeV) range have been observed from sources such as the Cygnus X-3 microquasar. 

5.2.1.1 Characteristics of Gamma Rays / Radiation 

Key features of gamma rays are summarized in following few points: 

✓ Gamma rays are high-energy photons (about 10 000 times as much energy as the visible photons), the 

same photons as the photons forming the visible range of the electromagnetic spectrum – light. 

✓ Photons (gamma rays and X-rays) can ionize atoms directly (despite they are electrically neutral) through 

the Photoelectric effect and the Compton effect, but secondary (indirect) ionization is much more 

significant. 

✓ Gamma rays ionize matter primarily via indirect ionization. 

✓ Although a large number of possible interactions are known, there are three key interaction mechanisms  

with matter. 

• Photoelectric effect 

• Compton scattering 

• Pair production 

✓ Gamma rays travel at the speed of light and they can travel thousands of meters in air before spending 

their energy. 
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✓ Since the gamma radiation is very penetrating matter, it must be shielded by very dense materials, such 

as lead or uranium. 

✓ The distinction between X-rays and gamma rays is not so simple and has changed in recent decades.  

According to the currently valid definition, X-rays are emitted by electrons outside the nucleus, while 

gamma rays are emitted by the nucleus. 

Gamma rays frequently accompany the emission of alpha and beta radiation 

 

Figure 2: Total photon cross sections.Source: Wikimedia Commons 

5.2.2 Sources of Gamma rays  

Natural sources of gamma rays on Earth include gamma decay from naturally occurring 

radioisotopes such as potassium-40, and also as a secondary radiation from various atmospheric 

interactions with cosmic ray(are high-energy protons and atomic nuclei which move through space 

at nearly the speed of light. They originate from the sun, from outside of the solar system,[1] and 

from distant galaxies.) particles. Some rare terrestrial natural sources that produce gamma rays that 

are not of a nuclear origin, are lightning strikes and terrestrial gamma-ray flashes, which produce 

high energy emissions from natural high-energy voltages. Gamma rays are produced by a number 

of astronomical processes in which very high-energy electrons are produced. Such electrons produce 

secondary gamma rays by the mechanisms of bremsstrahlung, inverse Compton scattering and 

synchrotron radiation. A large fraction of such astronomical gamma rays are screened by Earth's 

atmosphere. Notable artificial sources of gamma rays include fission, such as occurs in nuclear 

reactors, as well as high energy physics experiments, such as neutral pion decay and nuclear fusion. 
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A sample of gamma ray-emitting material that is used for irradiating or imaging is known as a 

gamma source. It is also called a radioactive source, isotope source, or radiation source, though these 

more general terms also apply to alpha- and beta-emitting devices. Gamma sources are usually 

sealed to prevent radioactive contamination, and transported in heavy shielding.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

5.3 Protecting Against Exposure 

5.3.1 Time, Distance and Shielding 

There are three general guidelines for controlling exposure to ionizing radiation: 

• minimizing exposure time, 



X Ray and Gamma Ray Shielding 

 

120 

• maximizing distance from the radiation source, 

• shielding yourself from the radiation source. 

Time is an important factor in limiting exposure to the public and to radiological emergency 

responders. The amount of radiation exposure increases and decreases with the time people spend 

near the source of radiation. The maximum time to be spent in the radiation environment is defined 

as the “stay time.” The stay time can be calculated using the following equation: 

 

 

Distance can be used to reduce exposure. The farther away people are from a radiation source, the 

less their exposure. Doubling the distance from a point source of radiation decreases the exposure 

rate to 1/4 the original exposure rate. Halving the distance increases the exposure by a factor of four. 

How close to a source of radiation can you be without getting a high exposure? It depends on the 

energy of the radiation and the size (or activity) of the source. Distance is a prime concern when 

dealing with gamma rays, because they can travel at the speed of light. Alpha particles can only 

travel a few inches and beta particles around 10 feet. 

Shielding: As ionizing radiation passes through matter, the intensity of the radiation is diminished.  

Shielding is the placement of an “absorber” between you and the radiation source. An absorber is a 

material that reduces radiation from the radiation source to you. Alpha, beta, or gamma radiation 

can all be stopped by different thicknesses of absorbers. 

Shielding material can include barrels, boards, vehicles, buildings, gravel, water, lead or whatever 

else is immediately available. 

stop-alphaα ALPHA – can be stopped after traveling through about 1.2 inches of air, about 0.008 

inches of water, or a piece of paper or skin. A thin piece of paper, or even the dead cells in the outer 

layer of human skin, provides adequate shielding because alpha particles can’t penetrate it. 

However, living tissue inside the body offers no protection against inhaled or ingested alpha 

emitters. 

βstop-beta BETA – can only be stopped after traveling through about 10 feet of air,  less than 2 inches 

of water, or a thin layer of glass or metal. Additional covering, for example heavy clothing, is 

necessary to protect against beta-emitters. Some beta particles can penetrate and burn the skin. 

γ GAMMA: To reduce typical gamma rays by a factor of a billion, thicknesses of stop-gammashield 

need to be about 13.8 feet of water, about 6.6 feet of concrete, or about 1.3 feet of lead. Thick, dense 

shielding  is necessary to protect against gamma rays. The higher the energy of the gamma ray, the 

thicker the shield must be. X-rays pose a similar challenge. This is why x-ray technicians often give 

patients receiving medical or dental X-rays a lead apron to cover other parts of their body. 

Source: ANS, The Center for Nuclear Science and Technology Information 

(http://nuclearconnect.org/know-

nuclear/science/protecting#:~:text=Thick%2C%20dense%20shielding%20is%20necessary%20to%20

protect%20against,apron%20to%20cover%20other%20parts%20of%20their%20body.) 

 

http://nuclearconnect.org/know-nuclear/science/protecting#:~:text=Thick%2C%20dense%20shielding%20is%20necessary%20to%20protect%20against,apron%20to%20cover%20other%20parts%20of%20their%20body
http://nuclearconnect.org/know-nuclear/science/protecting#:~:text=Thick%2C%20dense%20shielding%20is%20necessary%20to%20protect%20against,apron%20to%20cover%20other%20parts%20of%20their%20body
http://nuclearconnect.org/know-nuclear/science/protecting#:~:text=Thick%2C%20dense%20shielding%20is%20necessary%20to%20protect%20against,apron%20to%20cover%20other%20parts%20of%20their%20body
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there are many many materials, which can be used for radiation shielding, but there are many many 

situations in radiation protection. It highly depends on the type of radiation to be shielded, its energy 

and many other parametres. For example, even depleted uranium can be used as a good protection 

from gamma radiation, but on the other hand uranium is absolutely inappropriate shielding of 

neutron radiation. 

Figure 3:Principles of Radiation Protection – Time, Distance, Shielding 

5.3.2 Shielding of Gamma Radiation 

In short, effective shielding of gamma radiation is in most cases based on use of materials with two 

following material properties: 

1. high-density of material.  

2. high atomic number of material  (high Z materials) 

However, low-density materials and low Z materials can be compensated with increased thickness, 

which is as significant as density and atomic number in shielding applications.   

A lead is widely used as a gamma shield.  Major advantage of lead shield is in its compactness due 

to its higher density. On the other hand depleted uranium is much more effective due to its higher 

Z.  Depleted uranium is used for shielding in portable gamma ray sources.  

https://www.nuclear-power.net/wp-content/uploads/2015/09/radiation_protection_principles.gif
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In nuclear power plants shielding of a reactor core can be provided by materials of reactor pressure 

vessel, reactor internals (neutron reflector). Also heavy concrete is usually used to shield both 

neutrons and gamma radiation. 

Although water is neither high density nor high Z material, it is commonly used as gamma shields. 

Water provides a radiation shielding of fuel assemblies in a spent fuel pool during storage or during 

transports from and into the reactor core. 

In general, the gamma radiation shielding is more complex and difficult than the alpha or beta 

radiation shielding. In order to understand comprehensively the way how a gamma ray loses its 

initial energy, how can be attenuated and how can be shielded we must have detailed knowledge of 

the its interaction mechanisms. 

5.3.3 Gamma Rays Attenuation 

The total cross-section of interaction of a gamma rays with an atom is equal to the sum of all three 

mentioned partial cross-sections:σ = σf + σC + σp  

σf – Photoelectric effect 

σC – Compton scattering 

σp – Pair production 

Depending on the gamma ray energy and the absorber material, one of the three partial cross-

sections may become much larger than the other two. At small values of gamma ray energy the 

photoelectric effect dominates. Compton scattering dominates at intermediate energies. The 

compton scattering also increases with decreasing atomic number of matter, therefore the interval 

of domination is wider for light nuclei. Finally, electron-positron pair production dominates at high 

energies. 

 

Based on the definition of interaction cross-section, the dependence of gamma rays intensity on 

thickness of absorber material can be derive. If monoenergetic gamma rays are collimated into a 

narrow beam and if the detector behind the material only detects the gamma rays that passed 

through that material without any kind of interaction with this material, then the dependence should 

be simple exponential attenuation of gamma rays. Each of these interactions removes the photon 

from the beam either by absorbtion or by scattering away from the detector direction. Therefore the 

interactions can be characterized by a fixed probability of occurance per unit path length in the 

absorber. The sum of these probabilities is called the linear attenuation coefficient: 

 

μ = τ(photoelectric) +  σ(Compton) + κ(pair) 
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Figure 4: The relative importance of various processes of gamma radiation interaction with matter 

5.3.3.1 Linear Attenuation Coefficient 

The attenuation of gamma radiation can be then described by the following equation. 

 

, where I is intensity after attenuation,  Io is incident intensity,  μ is the linear attenuation 

coefficient (𝑐𝑚−1), and physical thickness of absorber (cm). 

 

Figure 5: Dependence of gamma radiation intensity on absorber thickness 

The materials listed in the table beside are air, water and a different elements from carbon (Z=6) 

through to lead (Z=82) and their linear attenuation coefficients are given for three gamma ray 

energies. There are two main features of the linear attenuation coefficient: 

• The linear attenuation coefficient increases as the atomic number of the absorber increases. 

• The linear attenuation coefficient for all materials decreases with the energy of the gamma rays. 
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Half Value Layer 

The half value layer expresses the thickness of absorbing material needed for reduction of the 

incident radiation intensity by a factor of two. There are two main features of the half value layer: 

• The half value layer decreases as the atomic number of the absorber increases. For example 35 m of air 

is needed to reduce the intensity of a 100 keV gamma ray beam by a factor of two whereas just 0.12 mm 

of lead can do the same thing. 

• The half value layer for all materials increases with the energy of the gamma rays. For example from 0.26 

cm for iron at 100 keV to about 1.06 cm at 500 keV. 

Example: 

How much water schielding do you require, if you want to reduce the intensity of a 500 keV 

monoenergetic gamma ray beam (narrow beam) to 1% of its incident intensity?  

The half value layer for 500 keV gamma rays in water is 7.15 cm and the linear attenuation coefficient 

for 500 keV gamma rays in water is 0.09𝑐𝑚−1.The question is quite simple and can be described by 

following equation:  

If the half value layer for water is 7.15 cm, the linear attenuation coefficient is: 

 

Now we can use the exponential attenuation equation: 

 

 

 

 

 

The required thickness of water is about 47.5 cm.  This is relatively large thickness and it is caused 

by small atomic numbers of hydrogen and oxygen. If we calculate the same problem for lead (Pb), 

we obtain the thickness x=2.8cm. 

Table of Linear Attenuation Coefficients (in 𝑐𝑚−1) for a different materials at gamma ray energies of 

100, 200 and 500 keV. 

Absorber 100 keV 200 keV 500 keV 

Air   0.000195/cm   0.000159/cm   0.000112/cm 

Water 0.167/cm 0.136/cm 0.097/cm 

Carbon 0.335/cm 0.274/cm 0.196/cm 



X Ray and Gamma Ray Shielding 

 

125 

Aluminum 0.435/cm 0.324/cm 0.227/cm 

Iron 2.72/cm 1.09/cm 0.655/cm 

Copper 3.8/cm 1.309/cm 0.73/cm 

Lead 59.7/cm 10.15/cm 1.64/cm 

 

Half Value Layers 

 

 

The half value layer expresses the thickness of absorbing material needed for reduction of the 

incident radiation intensity by a factor of two. With half value layer it is easy to perform simple 

calculations. 

Source: www.nde-ed.org 

Table of Half Value Layers (in cm) for a different materials at gamma ray energies of 100, 200 and 

500 keV. 

Absorber 100 keV 200 keV 500 keV 

Air 3555 cm 4359 cm 6189 cm 

Water 4.15 cm 5.1 cm 7.15 cm 

Carbon 2.07 cm 2.53 cm 3.54 cm 
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Aluminium 1.59 cm 2.14 cm 3.05 cm 

Iron 0.26 cm 0.64 cm 1.06 cm 

Copper 0.18 cm 0.53 cm 0.95 cm 

Lead  0.012 cm  0.068 cm  0.42 cm 

 

Mass Attenuation Coefficient 

When characterizing an absorbing material, we can use sometimes the mass attenuation coefficient.  

The mass attenuation coefficient is defined as the ratio of the linear attenuation coefficient and 

absorber density (μ/p). The attenuation of gamma radiation can be then described by the following 

equation: 

I=I0.e-(μ/p).pl 

, where p is the material density, (μ/p) is the mass attenuation coefficient and ρ.l is the mass 

thickness. The measurement unit used for the mass attenuation coefficient cm2g-1. 

For intermediate energies the Compton scattering dominates and different absorbers have 

approximately equal mass attenuation coefficients. This is due to the fact that cross section of 

Compton scattering is proportional to the Z (atomic number) and therefore the coefficient is 

proportional to the material density p. At small values of gamma ray energy or at high values of 

gamma ray energy, where the coefficient is proportional to higher powers of the atomic number Z 

(for photoelectric effect σf ~ Z5; for pair production σp ~ Z2), the attenuation coefficient μ is not a 

constant. 

5.3.3.2 Validity of Exponential Law 

The exponential law will always describe the attenuation of the primary radiation by matter. If 

secondary particles are produced or if the primary radiation changes its energy or direction, then 

the effective attenuation will be much less. The radiation will penetrate more deeply into matter 

than is predicted by the exponential law alone. The process must be taken into account when 

evaluating the effect of radiation shielding. 
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Figure 6: Example of build-up of secondary particles. Strongly depends on character and parameters of primary particles 

5.3.3.3 Buildup Factors for Gamma Rays Shielding 

The buildup factor is a correction factor that considers the influence of the scattered radiation plus 

any secondary particles in the medium during shielding calculations. If we want to account for the 

buildup of secondary radiation, then we have to include the buildup factor. The buildup factor is 

then a multiplicative factor which accounts for the response to the uncollided photons so as to 

include the contribution of the scattered photons. Thus, the buildup factor can be obtained as a ratio 

of the total dose to the response for uncollided dose. 

The extended formula for the dose rate calculation is: 
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5.4 Pulsed power accelerators 

Pulsed power accelerators have been used for many years as intense sources of X-rays.  

The dominant trend in the development of pulsed power accelerator technology over the last decade 

has been towards higher power and shorter pulse widths. 

Limitations in high voltage,high current switch performance,and in power fiow through vacuum 

insulator housings led to the development of highly modular designs. This modular approach 

requires precise synchronization of the various modules and efficient methods of combining the 

power from these modules to drive a common load.  

5.4.1 Construction and operation  

The machines which have been constructed consist of three or more essential elements, an energy-

storage device such as a Marx generator, a pulse-forming network, and a diode used for beam 

generation. the pulse line provides a fast-rise, short-duration pulse which is applied to the vacuum 

diode. 

The pulsed electron accelerator consists from electron source with vacuum chamber for irradiation, 

Marx high voltage pulsed generator .Planar diode electron source has explosive emission cathode 

on the basis of carbon fiber materials and carbon nanotubes . The diameter of cathode is 1.0 – 10.0 

cm. An anode is metal net from stainless steel. The pressure of residual gas in stainless steal vacuum 

chambers is 10-5 Torr. The nylon high voltage insulator has evacuated central metal electrode for 

connection with cathode. The Ti foil with thickness 15 microns uses for output electron beam from 

vacuum chamber to air. The two separated Marx generators with pulse duration 20 and 100-200 nsec 

are used in this accelerator in dependence on pulse duration. The regulation of output voltage from 

Marx generator realizes by variation of charging voltage and gas pressure in the sparks. 
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Figure 7: The structure of electron accelerator. 

5.4.2 MAIN PARAMETERS OF ACCELERATOR  

The main parameters of electron accelerator are next: 1. Kinetic energy………………..200 – 400 keV. 

2. Beam current…..………………...10 – 1000 A. 3. Beam pulse duration ………..20 and 100 nsec. 4. 

Repetition…..………………0.01 - 10 Hz. The change of pulse duration 20 and 100 nsec is realized by 

change of type for Marx generator. 

5.5 Monitoring Radiation Exposure 

Personal radiation detection devices (Luxel Aluminum Oxide or Thermo-Luminescence Dosimeters 

- TLD badges) are used to monitor the radiation dose that a wearer may have received from an 

exposure, but these devices offer no additional protection to the wearer. These devices measure 

exposure in only a small area of the body. The chances of these devices being located in an area of 

the body that is exposed is very small.  

5.5.1 Measurement of beam current  

The beam diagnostic includes the standard units. The current transformers (Rogowski Coils) and 

Faraday Cups are used for measurements of beam current. The high resistive dividers are used for 

measurements of accelerating voltage. The block-diagram of system for beam measurement is given 

on next  Fig. This system uses PXI-1025, scope, switches and software LabVIEW 6.1. from National 

Instruments. 
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Figure 8:the diagram of beam parameters measurement system. 
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Figure 9:The monitoring screen for beam parameters measurement system 

5.6 DESIGN OF X-RAY ROOMS 

5.6.1 Room size 

General radiographic rooms should be approximately 16𝑚2. There should be 

sufficient space for a permanently built protective cubicle. 

5.6.2 Doors and Walls 

• Access doors should be of the sliding type giving better radiation protection.  

• A clearing of 1.5 m is recommended. The overlap should be 100 mm each side. 

• The doors should be lined with leadsheet of 2 mm thickness.  

• The walls should be 230 mm kiln baked solid clay brick or 2 mm leadsheet 

sandwiched between partitioning or 115 mm brick with 6 mm barium plaster. 

• Walls should be protected up to a height of 2.2 meter. 

5.6.2.1 Lead equivalence 

 

 

5.6.2.2 Barium plaster 

Barium plaster  mix: 

 1 part coarse barium sulphate 

 1 part fine barium sulphate, 1 part cement 

5.6.2.3 Windows and air conditioning units  

• Windows and air conditioning units should be sited at least 2 m above the floor. Alternatively 

access    near the window must be prevented effectively.  

• Windows of upper floor x-ray rooms can be of normal height. 



X Ray and Gamma Ray Shielding 

 

132 

5.6.3 Protective cubicle  

• A protective cubicle allowing space for the control as well as the operator should be constructed in 

the x-ray room.  

• The cubicle should be located such that unattenuated direct scatter radiation originating on the 

examination table or the erect bucky do not reach the operator in the cubicle.  

• The x-ray control for the system should be fixed within the cubicle and should be at least 1.02 m 

from any open edge of the cubicle wall which is nearest to the examination table.  

• The size of the window should be at least 30 cm x 30 cm.  

• The minimum height of the cubicle is 2.2 meter.  

• The lead equivalence of the wall or panel as well as the protective glass should be at 2 mm, i.e., 230 

mm brick or 115 mm brick barium plastered (6 mm) or 2 mm leadsheet. 
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6.2 Abstract 

This work mainly consist to building an X-ray detector to place in Nano satellite launched into space 

to measure the incident energy and the intensity to which the satellite is exposed.  

During this thesis, a PIN photodiode BPW34 in visible domain is used as detector to enhance 

quantum efficiency and response speed, and thus, we use a plastic scintillator on the top to convert 

X-ray into visible ray. In earth, there are not source of X-ray so we obliged to build one by using an 

evacuated X-ray tube to trying if our detector is functional or not. And a high voltage is applied to 

accelerate the electron beam between the cathode and the anode. 

We have seen that when the high voltage is applied the short circuit is occur and we were 

electrocuted.  

6.3 X-Ray Detection (Master Thesis Master Thesis Presentation 8.12.21) 
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6.4 Introduction 

In this thesis, an X-Ray detector device will be designed and implemented for Satellite purpose. The 

system is responsible to detect the quantity and intensity of X- rays on a satellite launched in the 

space. 

An X-Ray beam is a kind of electromagnetic radiation which is the interference of electric field and 

magnetic field, both of which are propagated perpendicular to each other. As we know, the 

difference between all types of electromagnetic radiation lies in the wavelength and frequencies. 

On the other hand, relative to quantum mechanics the electromagnetic radiation can be considered 

as a set of particles that flight at speed of light and known as photons. [8] 

The X-Ray energy is measured in electron-volt (eV), where 1 eV is the energy of electron when 

applied a potential energy equal 1 volt. 

In chapter 1, naturally, we need a source to provide X-Ray and to give us the opportunity to conduct 

this experience. Accordingly, we used an evacuated X-Ray tube (most widely used) consist of 

aluminum filament (cathode) and copper road (anode). To generate an electron beam inside the x-

ray tube, a potential difference is applied then transform it into power in range of 35 to 60 kV.  

In chapter 2, it include the concept of solid state detector, usually formed from semi-conductor 

materials( silicon  the  most widely used ) and in this  master thesis we used a PIN photodiode as 

detector to enhance quantum efficiency and response speed. In addition, we used an organic 

scintillators to convert the X-Ray into visible light (inorganics are better but more expensive), in this 

process the radiation-matter interaction can take place. Subsequently, in energy range = [1-150 k 

eV] two types of interactions can occur: photoelectric effect, Compton scattering effect. 

Also, the intensity will decrease while interaction because of the higher atomic number Z which in 

relation with the masse absorption coefficient of silicon, will discuss that in the chapter below.  

In chapter 3, in order to obtain 48 KV as an output voltage, we should to use a transformer 

220V/12KV, then will introduce the Cockcroft-Walton (voltage multiplier circuit) that convert low 

AC to high DC, In this thesis we use two stages of cockroft-walton each one consist two capacitors 

and 2 diode and finaly in this way can achieve 48 KV.  

Vacuum pump used has a rating of 600 torr while we need to 760 torr to acheive 100% vacuum. Will 

combine all parts together ( source, vacuum pump , transformer , Cockcroft Walton) and will show 

the practical design procedure of the X- ray Source and detector. In addition to the hardware 

implemented and testing.  
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In chapter 4, the result will obtained by turning on the high voltage where the detector placing 

below the source in the same side of anode. Thus, we use a data reduction software (MATLAB) to  

analyze the spectrum we obtained and transform it to frequency domain to make sure if the light 

detected is an X-Ray.  

6.5 Source  

X-rays source are created by bombarding a tungsten target with electrons inside a device known as 

the x-ray tube. 

An x-ray tube is a vaccum tube that convert electrical input power into x-ray , the tube must have: 

source of electron , high voltage ,  metal target ( often tungsten )  

6.5.1 X-ray tube process 

As pointed out Coolidge in 1913. Filament tube is the most common type of laboratory X-Ray source, 

the electron beam can flight from the  cathode ( filament ) to the anode (target ) by applying a high 

potential     ( up to 60 kV ) between them. Once the electrons hit the target, it causes x-ray energy to 

be released from the metal's atomic structure. As the energy is very high, 99% of input energy will 

lost as heat. 

For this reason, we must have to passing water through the anode to protect it from the melting 

(without water the tube can be damage in second).  [6]  

 

 
Figure 10: Component of X-ray tube.  

6.5.2 Selection of XRD Tubes According to Anode Material : 

 

        Anode 

       material  

     Atomic 

    number  

                                Application  
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Copper ( Cu )        29 Often used for most diffraction testing.  

Most widely used as anode material. 

Moly ( Mo )        42 Often used for testing on steels and metal alloys with elements 

in the range Titanium (Ti) (Z = 22) and Zinc (Zn) (Z = 30) as 

higher atomic number. 

Cobalt ( Co )         27  Suitable for ferrous samples, the Iron (Fe) fluorescence 

radiation it causes interference and cannot be eliminated by 

other way. 

Iron ( Fe )         26   Testing of ferrous samples. Again for use with metals instead 

of Co and Cr tubes in case we can't use. 

Chromium ( Cr )        24 Used for complex organic materials as well as strong radiative 

measurements on steel. 

Tungsten ( W )        74  Mostly used where the intense white spectrum is more 

important than the characteristic.  

                                       Table 1: Comparison between different anode materials.  

 

6.6 Detector  

6.6.1 Concept of solid state radiation detectors:  

Most of solid state detectors (SSDs) are manufactered from semiconductor materials that exploit the 

small energy gap between the both of the valence band and the conduction band. Hence, an incident  

sufficient  energy can ionize electrons from the valence band to the conduction band creating holes 

. when applying an external electric field, the generated electron are produced a signal by drifting 

the electron and consequently the passage of an ionizing particle can be detected by collecting all 

the change carriers released by the energy deposition in the semiconductor. Since, the interaction 

between photons and matter is exploited the fundamental notion underlying the detection process 

is the  x-ray  interaction with matter. 

The different types of this interaction in a range of energy equal to 150 KeV will be listed below: 

6.6.1.1 Interaction of X-rays with matter : 

In general, the most important variable that characterizes the X-ray radiations‘ penetration and 

diffusion is the probability per unit of path length. Where, a photon will interact with 

the body, which is commonly known as the attenuation coefficient “μ“. This quantity depends on 

the both of  photon energy E and atomic number Z of the body. When the atom is exposed to 

radiation in the energy range 1~1000 keV, two types of interactions can occur: the photoelectric effect  

and the Compton Scattering effect. A pair production processes can take place at energie higher than 

1022 Kev . However, such an energy level is out of scope in this thesis. For Si, the main contribution 
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to the attenuation coefficient comes from  photoelectric process  at energy E < 55 KeV. As the energy 

increases, Compton scattering is dominates.   

6.6.1.2 Photoelectric effect:  

In this process, the photons can be completely absorbed by the atom, their energy lead to the ejection 

of an electron in condition of that energy must be larger than binding energy Be.  This process is 

known as “photoelectric effect”. The ejected electron is emitted with a kinetic energy equal to the 

difference between the both of incident photon energy and the binding energy of the electron:  

                                                                                  𝐾𝑒=𝐸−𝐵𝑒 

 

                                                   Figure 11: Principle of photoelectric effect.  

 

 

2.1.4 Compton effect:  
 

In 1992, Arthur Compton observed that when the incident photon energy “E” is much larger than 

the binding energy of the K-shell electron “Be”, then, the ratio Be /E can be neglected. Therefore, 

Compton discovered that, when the photon scatters after a corpuscular behavior of the incident 

photons on individual electrons, the binding energies of these electrons do not affect the 

interaction. Hence, this last can be ignored.  This effect is known as “Compton scattering”. 

Furthermore, it is classified as an inelastic process. The following equation, below, describes the 

Compton effect mathematically:  
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𝐸′ =
𝐸

1+∈ (1 − 𝐶𝑂𝑆𝜃)
 

 

 when the photon with energy E striking a quasi-free electron, this electron is scattered with an 

angle 𝜃  with energy E', with 𝜖=𝐸/𝑀𝐶2. The Compton electron recoils at an angle 𝜃′ with energy 

𝐸𝑒′=𝐸−𝐸′ that may adapt to any value between 0 and the so-called Compton edge, the 

backscattering energy. The specter of energy is continuous due to the secondary interactions with 

other atoms is measured through the detector. [1] 

 –––

 

Figure 12: Principle of Compton effect.   

6.6.1.3 X-ray intensity : 

When x-rays encounter any form of matter, along the thickness x, after the distance dx into the body, 

the X-rays intensity becomes decreasing because it's partly transmitted and partly absorbed. The 

decrease in intensity is given by:  

dI

dx
=  −μI 

 

After integration along the direction x:  

I = I0e−μx 
Where  I and I0 successively is the transmitted intensity and the initial intensity of the beam. Often, 

instead of μ, the mass absorption coefficient will be μ/𝜌  with 𝜌 is the density of the body. Then: [8] 

 

I = I0e(−μ/ρ)ρx 

6.6.2 Scintillators 

Scintillator is a specific material that allows to absorb radiations and incident striking particles. Then, 

these absorbed radiations will be transformed into detectable visible or near-visible light photons. 
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Hence, into electric signal. Scintillator is used for many applications, specilly that requires high 

enegentic particles, or for indirect detectable hard x-ray applications. 

There is two different types of scintillators: organic, and inorganic. It depends on the mecanism of 

light emissions and on the forming material of it. Organic scintillator is an aromatic hydrocarbon 

conpounds containing a benzenic cycle. For instance, naphthalene (C10H8), and anthracene 

(C14H10) are classified as organic scintillator. While, inorganic scintillator is ionic crystals doped or 

undopped with an activator. For instance, NaI(Tl),and CsI(Tl) are classified as inorganic scintillator. 

This last one has a lattice effect as a mechacanism of it. Where, the electrons in the valence band are 

bound at the lattice sites, while those in the conduction band are free to move throughout the crystal. 

If the incident radiation transfers sufficient energy , the electrons in the valence band can reach  the 

conduction band leaving holes behind , the passage of ejected electrons through the crystal may 

ionize the crystal. If the incident  energy is not sufficient, the electron of the valence band will not 

reach the conduction band and will form a bound state, called exciton, with the hole. [1] 

  

Figure 13: Electronic energy band of an inorganic scintillator doped with an activator   

6.6.2.1 Detection of the Scintillation Light: 

In order to understand how the scintillation light will be detected. The silicon properties, especially 

its band structures, should be known. When the system conserved its total energy and momentum, 

a photon absorption between different bands through an electronic transition will occur. Precisely, 

the interaction of photons with silicon occurs by the electrons excitation from the impurity states, 

into higher energy states (if it is available). In addition to, the probability of the excitation within the 

same band. Furthermore, there is a phenomenon, related to what had aforementioned, called “Van 

Hove singularities“, that occurs when the conductions' joint density of the states and the valence 

band reach their maximum, for certain photon energy. In addition to that, when two regimes with 

an excitation energy E1, and E2 meet the Van Hove singularities conditions. Then, the characteristic 

points of silicon absorption are at E= E1 and E2.[1] 
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6.6.2.2 Optimization of the scintillator for indirect detectors: 

As pointed out in [Martin, 2006] a scintillator for high resolution X-ray imaging should fulfil the 

following requirements: 

According to Martin, 2006. To obtain a high X-ray resolution from a scintillator, firstly, the atomic 

number (Z) should be above 50 to maximize the efficiency of photon absorption, plus, the density 

should be higher than5 𝑔/𝑐𝑚3. Secondly, the wave length of the emissions have to well matched by 

photodiode, and the quantum yield should be greater than15 𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝐾𝑒𝑣. In addition, the 

scintillation efficiency should be linear with the X-ray flux, and the afterglow should be smaller than 

4 decades of magnitude in 2 milliseconds. Finally, a good mechanical strength should be possessed, 

with the priority to for non-toxic and machinable ones. [2] 

6.6.2.3 lastic Scintillators: 

In contrast of inorganic , There are many  organic materials scintillate upon irradiation .also, some 

organic scintillators have a crystal forms (e.g. anthracene and naphthalene),while the large number 

of organic scintillators are in form of liquids or plastics. They for the most part contain various 

aromatic compounds in the matrix , whose electronic states in π-molecular orbitals are promptly 

excited by traversing  radiation to make excitons. consequently, excitons are captured by 

incorporated fluors and decay radiatively with visible photons generated.  

Comparing with crystal scintillators, plastic scintillators presents a better radiation hardness and the 

environmental tolerance, which fits the outfield applications. Their quick response is adequate  for 

the radiation fluxe measurments 

In the other hand, plastic scintillators has some disadvantages such as the poorly light yield which 

equal to 10000 𝑝ℎ𝑜𝑡𝑜𝑛𝑠/ 𝑀𝑒𝑉 , a non-linear ionization energies, a low stopping powers and 

photoelectric peak ratio, due to the effectiveless atomic number (𝑍 ≅ 6) and the low density of 

polymer in it (~1 𝑔/𝑐𝑚3). In addition, this type of scintillators has no resolution information, that is 

needed for gamma-ray specroscopy.[3] 
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6.6.2.4 Comparison btween plastic and crystals scintillators 

I. Energy resolution : 

 is amount of  optical photons emitted per MeV of energy recived by the crystals, and it depends  

with the intensity of the light yield (photons / MeV). And since the light yield of crystals scintillators 

is higher than plastic scintillators, the result is that the energy resolution of crystals scintillators is 

better. 

II. Detection efficiency : 

It is a function of the ability to attenuate photons and is expressed in terms of the mass 

absorption, which is proportional to the density and the atomic Z number. Same that 

energy resolution, the detection efficiency of crystals scintillators are better than the last one. 

III. Quantum efficiency : 

it means that how many photons will be stopped by the detectors, if scintillator is irradiated by an 

incident beam. For more detection efficiency, and a better energy resolution, the materials of high 

atomic number and high density is recommended. 

Table 2: Comparison between the organics and inorganics scintillators 

 Atomic 

number (z)  

Density  

( g/c𝒎𝟑) 

Light yield  

(ph/Mev ) 

Detection 

efficiency  

Energy 

resolution  

NaI (Tl)  Z= 53  3.67  38000-

55000  

High 

detection 

efficiency  

High energy 

resolution  

Plastic 

scintillator  

Z= 6  1  10000 Low 

detection 

efficiency  

Low energy 

resolution  

6.6.3 Photodiode: 

The principle of the photodiode has a depleted semiconductor region and the consequently 

separation of electrons and holes by the electric field. For fast detector requirement, we need to thin 

depletion region (time resolution). In contrast, to achieve a high quantum efficiency (the number of 

electron-holes pairs generated per incident photon) the depletion region must be thick enough so 

that a large part of the incident light can be absorbed. In addition to the reverse bonding between 

the quantum efficiency and the time response. Otherwise, in the visible and near-infrared 

wavelength range, photodiodes are typically reverse biased with moderate biases, as this reduces 

the carrier transit time and the diode capacitance (time resolution). However, for sure the reverse 

bias is below the breakdown voltage. [4] 
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6.6.3.1 p-n photodiode:  

P-N photodiode has many important features. For instance, it has fast time response, noise 

equivalent power (NEP), and the quantum efficiency. Furthermore, when the depletion layer is 

striking by a flux of photon, with a generation rate equal to G0, then, a photo-generated current will 

take place and added to the diffusion current. [4] 

6.6.3.2 PIN photodiode: 

There are many type of p-n junction photodiodes used in this situation but the special one is the  

p-i-n photodiode detectors and is the most-common photodetectors used ,because the depletion 

zone thickness (the intrinsic layer = space charge ) can be tailored to optimize the quantum efficiency 

and speed of  response.  [7] 

6.6.3.3 p-n junction: 

The difference of fermi levels in P-N junction cause a surplus carries’ diffusion to the other material, 

until thermal equilibrium. In this situation, the fermi levels will be merged. Therefore, the remaining 

ions will create a depletion zone (a stable space charge region), where the electric field will stop 

further diffusion. 

 
 

                                            Figure 14:  p-n junction process  

When an external voltage is added. Where the cathode is connected to P side, and the anode for n 

side, the electrons and holes will be pulled out of the depletion zone. Thus, this zone will be enlarged, 

and the potential barrier will be higher (high electron volt). Hence, the diffusion across the junction 

will be suppressed, and the current will be reduced (known as “leakage current”). [5] 
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                                  Figure 15: Reverse bias and p-n junction and energy diagram   

6.6.3.4 Attenuation coefficients of Si: 

In X-ray transport and the deposition of the photo energy calculations, an important coefficient 

known as ‘‘The masse attenuation“ should be take into consideration. 

𝜇

⍴
=  

𝑁𝐴 𝜎

𝑀
 (𝑐𝑚2/𝑔) 

 

with 𝜇 is the linear absorption coefficient with a unit 𝑐𝑚 −1 and 𝜌 is the density of the material.  

 

As shown in the figure, the 

photoelectric effect is the 

dominant interaction in Si 

with  E < 55Kev. The strong 

decrease in the mass 

attenuation coefficient in k-

edge at 1839 eV implies 

limitations in the detection 

capabilities of hard X-rays. 

The probability of the 

photoelectric  effect and the 

Compton scattering are 

equally important at E=55 

Kev . Around 200 keV, the 

total absorption is done 

from the compton effect.[1] 
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6.6.3.5 Characteristics of our photodiode: 

• dimensions :Length = 5.4 mm ; Width =  4.3 mm ; height = 3.2 mm  

(5.4*4.3*3.2 ) 

• radiant sensitive area : 7.5 𝑚𝑚2   

 

• high photo sensitivity  

• high radiant sensitivity   

• angle of half sensitivity : 𝜃 = ±65 °   

• wavelength sensitivity : 430 to 1100 nm  

 

 

• fast response time   

• high speed photodetector  

 

 

Two essential characteristics to avoid destroy the photodiode is: 

1. breakdown voltage : 𝑉𝑅 = 60 𝑣  

2. operating temperature range : -40 to 100 ℃ 

 

The photodiode used is a BPW34 PIN photodiode type that have both of high speed and high radiant 

sensitivity, clear plastic scintillator on the top. It is sensitive to light which have a wavelength in the 

range of 430 to 1100 nm (visible light and near infrared radiation). 

 

Figure 16: Sensitivity of photodiode in 
terms of wavelength.  

 

Wavelength of peak sensitivity is at 𝜆𝑝= 

900 nm  

 

 

sensitivity 

spatial 

resolution  

    time            

resolution  
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When the incident light is stopped, the diode capacitance will begins to give off its stored energy. 

 

Figure 17: Discharging the voltage of diode 

capacitance.  

6.7 Realization of X-Ray Sensor in Nano satellite and laboratory testing 

6.7.1 Detector 

6.7.1.1 Box of X-RAY sensor 

box.04 21v X-RAY sensor.FCStd
 

 

 

source A-Y.FCStd
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wire.FCStd
 

 

6.7.1.2 Integration of X-Ray Sensor into IAP-SAT: 

 

 

Data Reduction Software on Raspberry Pi 3: 
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Communication of Sensor Data to Ground Station with HackRF: 

 

6.7.1.3 X-Ray detector amplifier: 

This project will present the design and implementation of an X-ray detector system that is based on 

low-cost PIN diodes (BPW34).  General procedure of designing the preamplifier and shaping 

amplifier will be presented as well as the practical approach to implement this system.  

 Typically, the PIN diodes (detectors) have low-voltage output signal and have to be amplified via 

an extremely low-noise preamplifier. The preamplifier acts as a first stage in a chain of amplifiers 

that has very sensitive characteristics. Then, a shaping amplifier is used to make a reasonable signal 

shape that has the shape of a tail which can be processed and interpreted by a microcontroller. An 

ADC will then be used to transform these analog quantities to digital. figure 11 below shows the 

overall process of converting input charges from a detector into digital readable signal proportional 

to input charges. 

 

                              Figure 18: Silicon detector amplification stages  

There are mainly 3 types of preamplifiers and are listed below. However, we are just interested in 

charge-sensitive preamplifiers which are the type used for charge detector applications.  

• Voltage-sensitive preamplifier. 

• Current-sensitive preamplifier. 

• Charge-sensitive preamplifier. 
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6.7.1.4 charge amplifier 

As mentioned before, the PIN diode, when used to detect X-rays, outputs a very weak charge pulse 

having a pulse width of several tens of nano seconds. Since the detector is can be modeled as a 

capacitive device, its impedance is high and the preamplifier should be designed according to this 

criterion. For these applications, an integrator amplifier (using capacitor feedback) is used since it 

has high impedance, integrates weak charge pulses and converts them to voltage pulses ready for 

further amplification. 

The first stage of charge amplifier (preamplifier) is usually a low-noise FET and its open loop gain 

must be set high in a way that the second amplification stage is not influenced by the detector 

capacitance.  

When X rays strike into the detector, signal charges Qs are generated with an amplitude proportional 

to the particle energy. These signal charges are all integrated in the feedback capacitance Cf (since it 

can be approximated that the current entering the op amp is equal 0) and then a pulse output eout(t) 

is generated.  

 

                               Figure 19: Amplifier circuit of incident power  

  In general, the following characteristics are required for the design of a good X ray charge  

  amplifier: 

• High gain 

• Low noise (Excellent signal-to-noise ratio) 

• Excellent integration linearity  

• High speed rise time 

• High temperature stability 
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6.7.1.5 gain 

The gain of charge amplifier is given in 2 ways; amplifier gain alone or the gain for detector/amplifier 

together. Amplifier gain (Gc) which is also referred to charge gain is given as: 

 𝐺𝑐 =
𝑉𝑜𝑢𝑡

𝑄𝑠
=

1

𝐶𝑓
 [

𝑉

𝐶𝑜𝑙𝑢𝑚𝑏
] 𝑜𝑟 [

𝑉

𝑝𝑖𝑐𝑜𝐶𝑜𝑙𝑢𝑚𝑏
] (1) 

 

The charge fall time of the amplifier can be determined by the feedback resistance and capacitor. 

𝜏𝑓 = 𝑅𝑓𝐶𝑓 

Amplifier with detector gain can be referred to as sensitivity (Rs). Sensitivity is expressed as output 

voltage mV per one MeV of energy particle irradiated onto the detector. The amplitude of the signal 

charge obtained with a semiconductor detector is determined by the input particle energy such as 

X-rays and also by the material of the semiconductor.  

 𝑄𝑠 =
𝐸. 𝑒−

𝜀
 (2) 

Where, 𝐸 is the particle energy (MeV), 𝑒− is the elementary charge (1.6𝑒−19 C), and 𝜀 is the energy 

required to create one electron/hole pair.  For silicon, 𝜀 varies between 3.62 eV and 3.71 eV. From 

equations (1) and (2), amplifier’s sensitivity can be written as: 

 𝑅𝑠 =
𝑉𝑜𝑢𝑡

𝐸
=

𝑒−

𝐶𝑓
.
1

𝜀
[

𝑚𝑉

𝑀𝑒𝑉
] (3) 

6.7.1.6 Noises: 

Noises in charge amplifiers come generally from 3 sources: Thermal noise of first-stage FET, shot 

noise caused by the gate current of the first stage FET and dark current of the detector, andthermal 

noise caused by the feedback resistance. The noise of the first-stage FET is given as: 

 𝑒𝑛1 = √
8

3
.
𝐾𝑇

𝑔𝑚
 (4) 

 Where, K is Boltzmann constant, T is the absolute temperature in Kalvin, and 𝑔𝑚 is the mutual  

 conductance of first-stage FET. The second noise source, shot noises, can be expressed as: 

 𝑖𝑛 =  √2𝑞(𝐼𝐺 + 𝐼𝐷) (𝐴/√𝐻𝑧) (5) 

  Where, q is the elementary charge, 𝐼𝐺  is the gate leakage current of first-stage FET, and 𝐼𝐷 is the  

  dark current of the detector. The third and final source of noises can be presented as: 

 𝑒𝑛2 =  √4𝑘𝑇𝑅𝑓 (𝑉/√𝐻𝑧) (6) 

   Where, Rf is the feedback resistance. From equations (4), (5), and (6), the total noise of a charge  
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   amplifier can be written as: 

 𝑒𝑛𝑡(𝑗𝑤) = 𝑒𝑛1
2 . (1 +

𝐶𝑖𝑛

𝐶𝑓
)

2

+ [𝑖𝑛2 + (
𝑒𝑛2

𝑅𝑓
)

2

] .
1

(𝑗𝑤𝐶𝑓)
2 (7) 

The first term is constant over the entire frequency range and amplified by the noise gain (1 +
𝐶𝑖𝑛

𝐶𝑓
)  

determined by the input capacitance. The second term component is constant regardless the input 

capacitance but it decreases with the frequency. 

6.7.2 Electrical Circuit Testing with Oscilloscope 

6.7.2.1 Experiment 1: I-V characteristics of BPW34 diode: 

The I-V characteristics of a photodiode are studied with the same manner of an ordinary diode. The 

diode is studied under reverse voltage of 12 V to ensure its ionization and with a 100 ohms resistor 

to measure the current across it using an oscilloscope. A flash light from the phone is used as 

luminance input. 

    

                                        Figure 20: Circuit design of BPW3                      

6.7.2.2 Experiment 2: Preamplifier Design: 

 

                                      Figure 21: Preamplifier circuit design.  
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                                                Figure 22: Voltage visualization on oscilloscope.  

However, the output is constant (left figure) no matter how much light is presented at the 

photodiodes.  After some modifications, a 10-pF capacitor is mounted between the photodiodes and 

the operational amplifier and it can be seen from the right figure above a nearly charging and 

discharging signal shape. (FAILED) 

6.7.2.3 Experiment 3: Preamplifier Design: 

Another experiment was done by presenting a bias voltage for the photo diodes by connecting a 

voltage divider network into the non-inverting operational amplifier pin. The output can still be 

seen as very noisy. (FAILED) 

 

                         Figure 23: Preamplifier circuit (for another exp).  
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 Figure 24: Voltage visualization on oscilloscope for sec exp.  

6.7.3 Preamplifier Design: 

The previous experiments gave unsatisfactory results due to several reasons, such as: 

• A JFET transistor should be used at the output of the detector with low capacitance junction 

to collect the charges from the detector. JFET transistor suggestions can be: 2N4416, 2SK152, 

2N6550. 

 

Figure 25: The used preamplifier circuit.  

• Another operational amplifier with JFET input should be used such as TLE2072 or OPA324. 

6.7.3.1 Monitoring: 

Another approach was taken in order to monitor the energy received by the photodiodes. The 

photodiodes in this experiment were dealt with as current sources. A resistor is connected to the 
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reverse diodes in order to get a voltage image of the current. An Arduino Uno is used to read the 

voltage coming from the photo diodes through its analog pin A0 which will be then converted into 

current. 

 

Figure 26: Circuit of the system.  

The nominal voltage, when the diodes are exposed to normal room lights, was approximately 750 

mV. When an external light source (phone flashlight) is exposed to the diode array at a distance of 

approximately 8 cm, the voltage rises to 1780 mV. A complimentary filter is used to filter out 

measurement noises which has the following form:  

 𝑉𝑓𝑖𝑙𝑡 = 𝛼. 𝑉𝑓𝑖𝑙𝑡 + (1 −  𝛼). 𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (8) 

Where, 𝛼 is a wheighing constant between 0 and 1 which prefers one variable over the other, where 

it was chosen as 0.8. The current is calculated by dividing the output voltage by the load resistance 

of 10 k ohms.  

 

Figure 27: Testing diode for the visible light.  

 This experience depends on visible light  by using flash light to make sure the diodes is working. 
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The light intensity, at this stage, can be calculated from the current graphs given by the datasheet of 

the BPW34 photodiodes. It is noteworthy that there are 4 diodes connected in parallel so the current 

is added. 

6.7.4 Testing X-ray sensor with X-ray source 

6.7.4.1 X-ray source overview, Parameters of our system 

The X-ray source consists of a vacuum tube including an a tungsten filament as cathode and a copper 

road as anode (or any element having an atomic number between 20 and 80). A high potential 

electric source is applied between the anode and the cathode that will result in electrons being 

accelerated from cathode to anode. Once the electrons hit the anode at high speed, x-rays are 

generated. The basic requirements used for building the x-ray test stand are: 

Parameter Value 

Vacuum pump pressure 600 torr 

Anode to cathode voltage 48 KV 

Filament voltage 24 DCV 

Cathode Material Aluminum 

Anode Material  Copper 

Container Glass 

Container dimensions 50 cm length and 6 cm diameter 

                                  Table 3: Parameters of our system 

Where a pressure of 760 torr represents 0% air inside the tube or 100 % vacuum. The used vacuum 

pump has a rating of 600 torr which is 
600

760
= 0.789 or approximately 79% of vacuum.  

 

Figure 28: Vacuum pump, 600 torr.  
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The cathode filament that is used to generate a cloud of electrons is nothing but a bulb light filament 

that is heated up by a DC voltage of 24 V (12 V didn’t work) which will generate 200 mA of DC 

current passing through the filament.  

 

Figure 29: The cathode filament (tungsten).  

The anode used is a copper rod from Air conditioners. Tungsten anode is much preferred but it is 

not available. Numerous support screws are used to fix the anode in place. The supports used for 

the anode are also used to pump the air outside the glass container.  

  

Figure 30: Cooper rod used as anode. 
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6.7.4.2 The glass container – rectangle vacuum container was destroyed, circular tube was ok 

 At first, a cubic-shape glass container was designed to have a cubic-shape of 40x6x8 cm in 

dimensions. Once everything is fixed in place, the vacuum pump is ON. 

After we turn on  vacuum pump , the glass container is broke because the difference between 

atmosphere pressure  and the inside pressure ( evacuated region )  becomes important.  

 

                                                        Figure 31: Rectangle glass container  

A circular-shaped glass container is now used with a thickness of 3 mm. Everything is fixed in place 

using silicone.  

 

cathode(+)                                                          copper                                                                     

filament                                                             anode(-)         

 

Figure 32: Cylindrical glass container that support 79% of Vacuum.  
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6.7.4.3 Cockcroft-walton voltage multiplier 

There are many uses of high voltage DC power supply. High DC voltage is mainly used in the 

industries where the requirement of high dc power is necessary. High DC voltage power is widely 

used in research work in the field of applied physics and for testing purpose in industries. High 

voltage is used for dielectric and insulation testing of electrical equipment at power frequency. There 

are many applications of High voltage DC power in electrical engineering such as electron 

microscope, x-ray, electrostatic precipitators, particle accelerator, etc. Dielectric behavior of electrical 

equipment can be tested by giving high voltage DC supply as an input to them, where the surviving 

capacity of equipment can be tested at all conditions. The voltage given to the equipment should be 

greater than the normal DC voltage to find out equipment’s sustaining capability of voltage and 

decide the voltage margin for the particular equipment. 

The circuit Cockcroft Walton generator or voltage multiplier is an electric circuit which generates 

DC power at high voltage. This circuit was discovered much earlier by Heinrich in 1919. The circuit 

got named after the British and Irish physicist John Douglas Walton and Earnest Thomson Walton, 

who first used this circuit in 1932 to power their particle accelerator. 

The main importance is given on designing of Cockcroft Walton Generator circuit, and its hardware 

implementation. It is a two stages voltage multiplier circuit having 220V AC as an input supply and 

48 kV DC as an output voltage. The entire work is categories into two main stages. First stage deals 

with generation of high DC voltage using multiplier circuit and second stage deals with conversion 

of high DC voltage into standard pulse. Then, a hardware implemented of circuit is done in the 

laboratory. 

6.7.4.4 voltage multiplier circuit 

As the name suggests, the Cockcroft-Walton is a voltage multiplier circuit which has a multiplication 

factor of two. A voltage multiplier is an electrical circuit that converts low AC voltage into high DC 

voltage. It is made of a voltage multiplier ladder network of capacitors and diodes to generate high 

voltages. 

 

Figure 33: Basic voltage multiplier circuit of 2 stages 

Output 

C1~4: 

Capacitor 

D1~4: Diode 
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The above circuit shows a basic multiplier circuit which consist of two half-wave rectifier circuits. 

Through addition of second diode and capacitor, we can increase its output voltage.  When the 

sinusoidal input voltage is positive capacitor C1 charges through diode D1 and when sinusoidal 

input voltage is negative, capacitor C2 charges through diode D2. The DC output voltage across the 

final stage presented by equation 1, below.  

 𝑉𝑜 = 𝑛 × 2 × 𝑉𝑝𝑒𝑎𝑘 (9) 

Where, n represents the number of stages, where each stage consists of two diodes and two      

capacitors as shown figure 24 above. 

6.7.4.5 Design criteria : 

The design criteria describe the selection of different elements. This includes selection of number of 

stages for required output, selection of capacitors, selection of diodes. 

Number of stage selection : 

In order to obtain  a desired output level, the number of stages in Cockroft-Walton voltage multiplier 

circuit should be selected. Therefore, the selection of stages should be accordance with required 

output voltage, and the voltage drop till last stage. In this work, the voltage drop is too small 

according to output voltage. 

The number of stages is given in equation 2 below in equation (2). 

 
𝑛 =

𝑣𝑜𝑢𝑡 + 𝑉𝑑𝑟𝑜𝑝

2 × 𝑉𝑝𝑒𝑎𝑘
 

(10) 

Where: 

         n= Number of stages 

         𝑣𝑜𝑢𝑡 = Output Voltage 

        𝑉𝑑𝑟𝑜𝑝 = Voltage drop till last stage 

        𝑉𝑝𝑒𝑎𝑘 = Input peak voltage 

 

Capacitors selection : 

Generally, the size of capacitors used in the Cockroft-Walton multiplier circuit is directly 

proportional to frequency of its input voltage. For the frequency of 50 Hz, the selected capacitor is 

100pF 30KV (code: 101k 30KV), as shown in figure 27 below. Therefore, it is better to select the 

capacitor of voltage rating twice (approximately) that of input voltage. In other word, the capacitor 

should voltage rating of 2 Vmax, where Vmax is the input voltage.  
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   Figure 34: Capacitor 101k 3o kV  

Therefore, for high voltage stage, capacitor pins should be good isolated for any potential electric 

arc. As shown in figure 28 below. 

 

Figure 35: Capacitor isolated pins  

 

Diodes selection:  

Selection of diode depends upon maximum reverse voltage across the diode (peak reverse voltage). 

For safety purpose, the required diode should have 2 Vmax as voltage rating. The selected diode is 

2CLG30KV/0.5A, as shown figure 29. Where the voltage rating of this diode is 30 KV and current 

rating is 0.5 Ampere. 
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Figure 36: 2CLG30kV/0.5A 

6.7.4.6 Step-up transformer: 

In order to obtain 48KV as an output voltage from 220 V of input voltage, a step-up transformer 

220/12KV 30 mA has been used, as shown in figure below. In this condition, the considered input 

voltage of Cockroft-Walton Voltage multiplier is 12KV. In other word, Vmax=12KV. 

 

 

 

Figure 37: 220V/12kV 30mA 

6.7.4.7 High voltage generation simulation 

 

Figure 38: Generation of high DC voltage via LT spice Simulink  
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Figure 31 shows the simulation circuit of the Cockcroft-Walton voltage multiplier. Table 1 below 

shows the ratings for circuit parameters used for simulation. 

                                                    Table 4: Circuit parameters  

Parameter Rating 

Input voltage 12 KV 

Input frequency 50 Hz 

Capacitor 100pF 30Kv 

Diode breakdown 30KV 

6.7.4.8 Output of the stages 

 

  

6.7.4.9 Data reduction software 

MATLAB could be a numerical and graphical computer program  bundle with numerical, graphical, 

and programming capabilities. it has built-in capacities to perform numerous operation, and there 

are tool kits that can be included to increase the capacities ( e.g., for signal processing ). There are 

adaptions accessible for diverse equipment stages, in both proficient and understudy version. 

6.8 Results in Time domain and in Frequency domain 

After many experiments mentioned before in the chapter 3, finally, fixing all the components in the 

system ( high voltage around 48 kv, vacuum pump , output circuit , glass container ). The following 

results were obtained :  
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Figure 39: The spectrum detected via photodiode in terms of time with calculated current. 

Although we know that the X-ray spectrum is continuous, the result obtained above shows a single 

peak because somthing wrong happen in high voltage, and thus, we were electrocuted (short 

circuit).  

Unfortunately, the laboratory not equipped to protect us  from  high voltage. 

For this reason , we will take this result and analyze it by converting it to frequency domain. If the 

frequency in a range of the X-Ray [1015ℎ𝑧  , 1020ℎ𝑧] this means that spectrum  is specific to X-Ray 

radiations.  



Conclusion: 
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                     Figure 40: The result in frequency domain (Fourier Transform).  

 

In the figure above the frequency is of an order of 102, therefore, the light detected by the 

photodiode is not able to make an X-ray radiation.   

6.9 Conclusion:  

To conclude, after entering the data into (MATLAB), the frequency is shown in the figure above 

demonstrate that radiation detected by the photodiode is not an X-Ray because the frequency must 

be in range 1015 to 1020Hz. Thus, there are many issues that caused the expected result not be appear 

and have to improve it. 

First, determine and improve the high voltage up to 60 kV, in addition to improve vacuum pump to 

achieve 90% vacuum at least. 

Secondly, the distance between cathode and anode must be close to each other (around 3 cm), 

moreover, the tungsten anode can be placed instead of the copper anode as it has a higher atomic 

number Z. 

To avoid destroying the anode soon a rotating anode can be used, in this way the electron beam hits 

the anode in a different place each time, also, we must have to passing water through the anode to 

protect it from the melting. 
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6.13 Annex:  Matlab code 

load data.txt 
t=data(:,1); % time 
v=data(:,3); % filtred voltage  
v1= v*10.^-3; 
r = 1e3 ; 
I=v1/r;% current  
%% figure(1) intensity in terms of time 
figure (1)  
  plot(t,I,'r') 
  grid on  
  xlabel ('time (s)') 
  ylabel ('intensity (A)') 
  xlim([ 14 , 16 ]) 
  %% curve fitting using smooth.spline  
figure (2) 
  plot(t,I,'r') 
  hold on  
  grid on  
  xlabel ('time (s)') 
  ylabel ('intensity (A)') 
  lowess_large= smooth(t,I,.001,'lowess'); % fiting non parametric curve  
  LL_plot = plot (t,lowess_large,'k+'); 
  legend ( ' intensity ' , 'fiiting curve ') 
%% voltage in terms of time  
figure(3)  
  plot(t,v1,'b') 
  grid on  
  xlabel ('time (s)') 
  ylabel ('voltage (v) ') 

%% fourier transform   
figure (6) 
  f2ft=fft(lowess_large); 

file:///C:/Users/Lenovo/OneDrive/Desktop/stage/MasterThesis_X-RayDetector.docx%23_Toc90659558


 

 

178 

  plot(fftshift(abs(f2ft))); 
  grid on  
  xlabel ( ' frequency (Hz) ') 
  ylabel (' intensity (A) ') 
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7 RF Linear particle accelerator 

A linear particle accelerators have many applications: they generate X-rays and high energy 

electrons for medicinal purposes in radiation therapy, serve as particle injectors for higher-energy 

accelerators, and are used directly to achieve the highest kinetic energy for light particles (electrons 

and positrons) for particle physics. Linear particle accelerator (often shortened to linac) is a type of 

particle accelerator that greatly increases the kinetic energy of charged subatomic particles or ions 

by subjecting the charged particles to a series of oscillating electric potentials along a linear beamline; 

this method of particle acceleration was invented by Leó Szilárd. 

7.1 Parts of LINAC and their functions 

 

The particle source (“Ion source” in Figure). The design of the source depends on the particle that 

is being moved. Electrons are generated by a cold cathode, a hot cathode, a photocathode, or radio 

frequency (RF) ion sources. Protons are generated in an ion source, which can have many different 

designs. If heavier particles are to be accelerated, (e.g., uranium ions), a specialized ion source is 

needed.  

A high voltage source for the initial injection of particles.  

A hollow pipe vacuum chamber. The length will vary with the application. If the device is used for 

the production of X-rays for inspection or therapy the pipe may be only 0.5 to 1.5 meters long. If the 

device is to be an injector for a synchrotron it may be about ten meters long. If the device is used as 

the primary accelerator for nuclear particle investigations, it may be several thousand meters long. 

Within the chamber, electrically isolated cylindrical electrodes (“drift tubes”) are placed, whose 

length varies with the distance along the pipe. The length of each electrode is determined by the 
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frequency and power of the driving power source and the nature of the particle to be accelerated, 

with shorter segments (“l1” in Figure) near the source and longer segments (“l4” in Figure) near the 

target. The mass of the particle has a large effect on the length of the cylindrical electrodes; for 

example an electron is considerably lighter than a proton and so will generally require a much 

smaller section of cylindrical electrodes as it accelerates very quickly. Likewise, because its mass is 

so small, electrons have much less kinetic energy than protons at the same speed. Because of the 

possibility of electron emissions from highly charged surfaces, the voltages used in the accelerator 

have an upper limit, so this can't be as simple as just increasing voltage to match increased mass.  

One or more sources of radio frequency energy (“RF source” in Figure), used to energize the 

cylindrical electrodes. A very high power accelerator will use one source for each electrode. The 

sources must operate at precise power, frequency and phase appropriate to the particle type to be 

accelerated to obtain maximum device power.   

An appropriate target. If electrons are accelerated to produce X-rays then a water cooled tungsten 

target is used. Various target materials are used when protons or other nuclei are accelerated, 

depending upon the specific investigation. For particle-to-particle collision investigations the beam 

may be directed to a pair of storage rings, with the particles kept within the ring by magnetic fields. 

The beams may then be extracted from the storage rings to create head on particle collisions. 

Additional magnetic or electrostatic lens elements may be included to ensure that the beam remains 

in the center of the pipe and its electrodes. Very long accelerators may maintain a precise alignment 

of their components through the use of servo systems guided by a laser beam. 

7.2 How it’s Work 

In source gives bunch of electrons which are then accelerated towards first drift tube (Bottom scheme 

in Figure) because of their negative potential and drift tube’s positive potential. When electrons 

comes inside tube, in that moment RF source shifts its polarity. First drift tube then becomes 

negatively charged and second drift tube positively charged. Electrons comes outside of tube 

because of its inertia and in that moment they are pushed with first drift tube and attracted by the 

second one in the same direction (Top scheme in Figure). As electrons are accelerating, their velocity 

becomes bigger and they travel longer distance in the same time. That is the reason why drift tubes 

must be longer as electrons comes closer to target; because of their greater velocity. If very great 

velocity is needed, because of long drift tubes and big number of drift tubes, linac must be very long. 

As the particle bunch passes through the tube it is unaffected (the tube acts as a Faraday cage), while 

the frequency of the driving signal and the spacing of the gaps between electrodes are designed so 

that the maximum voltage differential appears as the particle crosses the gap. This accelerates the 

particle, imparting energy to it in the form of increased velocity. At speeds near the speed of light, 

the incremental velocity increase will be small, with the energy appearing as an increase in the mass 

of the particles. In portions of the accelerator where this occurs, the tubular electrode lengths will be 

almost constant. 
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7.3 Electrons gun 

Electron guns comprise a cathode, where the electrons are produced. The cathode is at a high 

negative potential, typically in the range -30kV to -150kV. There is a vacuum gap between the 

cathode and an anode, which is at ground potential. The anode has a hole in it, so the electrons are 

accelerated towards it and then pass through the hole. They then travel at a constant speed (usually 

a third or more of the speed of light) until they impact on the work piece or target, where they release 

their kinetic energy as heat and X-rays. 

Tungsten filaments are widely used in scanning electron microscopy. Of all metals in pure form, 

Tungsten has the highest melting point, the lowest vapor pressure, the lowest thermal expansion 

and a very high tensile strength which are ideal properties for making an electron source. The 

operational temperature of the Tungsten filament lies around 2800 Kelvin, The difference in 

temperature has a direct effect on the source. 

The electron beam is visible because there is a low-pressure gas in the tube. Electrons striking the 

gas molecules give them energy, which is then released as light. 

7.4 High voltage power supply: 

The cathode ray tube/gas discharge tube does not require any sort of specialized power supply. Any 

high voltage power supply that can produce over 10kV of potential difference will work. 

The best type of power supply to use would probably be a (roughly) 20kV DC flyback transformer 

using a low current driver like a 555 oscillator and MOSFET. In fact, almost any of the "quick high 

voltage power supply" instructables we have here should work. However, we did not have a flyback 

power supply on hand, so I used a rectified sign transformer. 

 
We’ve included an electrical schematic that shows how to hook the diodes up to the transformer. 

 



 

 

182 

 

 

 
Transformer ( 12kv, 30 mA, 50hz) 



High voltage power supply: 
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7.4.1 Vacuum of the tube accelerator: 

 

 
Arnocanali pump 

7.4.2 Slit accelerator anode connected: 

When the slit anode is connected, the electrons are accelerated and then pass through the slit. 

 

 

 

 

7.4.3 Slit accelerator anode disconnected: 

When the slit is disconnected, the electrons stayed around the tungsten filament (cathode). 
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Tube accelerator:  



High voltage power supply: 
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The electrons beam pass from the cathode to the anode inside the accelerator tube. 
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8.3 Basics concerning Generation and Accelerating Electrons 

In order to analyze the structure of matter, it is necessary to build a device that produces X-rays. 

Therefore, in this chapter, we will cover the basics of X-rays, choosing the right pump, the right 

detector, as well as protection measures against these rays. And since the device will follow a path 

where electrons deflect before reaching the target and producing these rays, we must talk about the 

magnetic field responsible for the deflection of the electrons. 

Before starting the production of X-rays, it is imperative to examine the most commonly used 

methods for their production. Two key mechanisms stand out: bremsstrahlung and characteristic 

radiation. The bremsstrahlung effect involves the interaction of highly energetic electrons with a 

target, such as tungsten or molybdenum, resulting in an abrupt slowing of the electrons and the 

production of continuous X-rays over a wide range of energies. Characteristic radiation, on the other 

hand, arises from specific interactions between the incident electrons and the target atoms, where 

an X-ray photon is emitted when the electrons fill the vacant electronic levels. This radiation has 

well-defined energies, providing a precise method for materials analysis. 

In addition, we are exploring the innovative use of synchrotrons, which are particle accelerators that 

can achieve very high electron energies. In these devices, electrons circulate at high speeds in storage 

rings, subjected to intense magnetic fields, thus producing high-intensity and high-brightness X-

rays. This advanced technique has essential applications in materials science and structural biology 

research. 

In our study, we will take an innovative approach while respecting the fundamental principles of 

standard X-ray production. We will do this by heating tungsten to release electrons, which will then 

be accelerated by applying a potential difference. These electrons will then be directed towards the 

target where they will collide to produce X-rays. In the rest of our research, we will detail each step 

individually, outlining the pathway we will follow to ensure efficient and safe X-ray production in 

this particular configuration. 

8.3.1 Cathode  

In our experimental setup, the cathode plays a fundamental role as a negative electrode, made of 

tungsten, which has favorable electron emission properties when subjected to a heat source. The 

resistance of the tungsten used in our case is 0.21 ohm. Knowing that the first ionization energy of 

tungsten is about 7.6 eV, this corresponds to an initial energy of about 8 V required to heat the 

tungsten and allow the emission of electrons, in accordance with the process known as the 

"thermoinic effect". 

 

Figure I. 1: Tungsten filament 
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8.3.2 Anode 

 

Figure I. 2: Electron gun configuration 

The essential role of the anode in the X-ray tube is to receive the electrons emitted by the heated 

tungsten cathode and accelerate them towards the target. We use a positively charged anode in the 

form of a disc plate. This particular design includes a small central hole through which the electrons 

emitted by the cathode will pass in a straight line. The deliberate circular shape of the disc allows 

for an even distribution of electrical charges over the surface, thus ensuring that the electrons travel 

exclusively within the hole. This sophisticated anode design aims to optimize the efficiency of 

electron acceleration and ensure their precise path towards the target, thus contributing to the 

controlled and targeted production of X-rays for our study of the structure of materials. 

8.3.3 Acceleration of electrons 

 Establishing a potential difference (high voltage) between the cathode and the anode plays a key 

role in our experimental setup. This potential difference facilitates the acceleration of the electrons 

emitted by the tungsten cathode, allowing them to travel at high speed and in a straight line towards 

the central hole of the anode. By applying this high voltage, we create an electric field that attracts 

the electrons towards the anode, propelling them with significant kinetic energy. This ensures that 

the electrons follow a precise and controlled path towards the anode hole, promoting optimal 

interaction with the target for the desired X-ray production. 

8.3.3.1 Acceleration zone 

An accelerating voltage creates an electric field: E=
𝑈𝑏

𝑑
 

The electrons released by heating the tungsten experience a force F in the electric field : F= Ee = 
𝑈𝑏.𝑒

𝑑
. 

The electron undergoes work between the cathode and the anode: W= Fd = 
𝑈𝑏.𝑒.𝑑

𝑑
= U b .e 

This work increases the kinetic energy of the electron. 

The kinetic energy E_c of an electron is : E_c = 
1

2
mv 2 
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This equality with work gives: 
1

2
mv 2 = eU_b 

The final speed is then: v_f =√
2.𝑒.𝑈_𝑏

𝑚
 

8.3.3.2 Comparison between classical and relativistic calculations 

At accelerating voltages of 2.7 kV and above, the speed of electrons reaches 10% of the speed of light, 

so it is recommended to opt for relativistic calculations. 

Relativistic calculation of electron speed: 

Kinetic energy is equal to total energy minus remaining energy: 

E_c =m r .c 2 – mc 2 

This equality with work gives: 

U b .e = m r .c 2 – mc 2 

m r is related to m by the Lorentz factor ɣ: 

m r = ɣ.m =
𝑚

√1− 
𝑣^2

𝑐^2

 

Substituting, factoring and dividing by mc 2 , we get: 

𝑈𝑏.𝑒

𝑚.𝑐^2
= 

1

√1−
𝑣^2

𝑐^2

– 1 

Then add 1 and take the square: 

(1+ 
𝑈𝑏.𝑒

𝑚.𝑐2
) 2 =

1

1− 
𝑣2

𝑐2

 

Inverting the equation, multiplying by (-1) and adding (1), we obtain: 

𝑣2

𝑐2
= 1-

1

(1+ 
𝑈𝑏.𝑒

𝑚.𝑐2 
)

2 

Multiplying by c 2 and taking the square root, we finally obtain: 

v r =c.√1 − 
1

(1+
𝑈𝑏.𝑒

𝑚.𝑐2)
2 

Comparison between classical and relativistic calculations : 
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Ub = 10 kV ( here 1.3.5. Electron-matter interaction zone ) 

Classic calculation of final speed: 

v c = √
2.𝑒.𝑈𝑏

𝑚
= 0.198 C [19.8% of the speed of light]. 

Relativistic calculation of the final velocity: 

V r = c. √1 −
1

(1+
𝑈𝑏.𝑒

𝑚.𝑐2 )
2= 0.194 C     [19.4% of the speed of light]. 

Absolute difference: 

v c - v r = 0.198 C- 0.194 C = 12 * 10 5 m/s= 432 *10 4 Km/h. 

 

Relative difference: 

1-( v r / v c )= 1- 
0.194 𝐶

0.198 𝐶
= 0.02= 2% 

This difference increases if the acceleration voltage also increases: 

 

Figure I. 3: Comparison between classical speed and relative speed 

8.3.3.3 Passage area 

After passing through the hole in the disk, the electrons continue their path in a straight line with 

uniform rectilinear motion, thus leaving the initial accelerating electric field. Therefore, they no 
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longer experience acceleration. At this stage, we apply the principles of uniform rectilinear motion 

to describe their trajectory: 

X(t)=v f .t. 

v(t)= v f . 

a(t)=0. 

The electrons now move at the speed acquired during their passage through the acceleration zone, 

evolving in a constant uniform rectilinear motion. 

8.3.3.4 Deflection zone 

Once the electrons have crossed the inside of the lines, due to the complexity of our prototype's path, 

they begin the deflection stage before colliding with the target. To this end, the electrons will be 

subjected to a magnetic field that induces this deflection. This magnetic field must be oriented 

perpendicular to the electrons' trajectory. This controlled deflection will allow the electrons to follow 

a specific path towards the target for the desired collision. 

Using the equation R = √((2mUb) /(q*B^2)), we can calculate the radius of the circular trajectory of 

electrons in the magnetic field (B) when subjected to an accelerating voltage (Ub) in an X-ray tube 

device: 

In our case, we have B = 0.01 T; U b = 10 Kv ; m = 9.11 * 10 -31 Kg; q = 1.6 * 10 -19 C. 

 

Figure I. 4: Deviation of the trajectory of electrons under the effect of the magnetic field 

8.3.3.5 Electron-matter interaction zone  

After undergoing the deflection due to the magnetic field, the electrons follow their trajectory 

towards the target, where they collide with it, thus giving rise to obtaining an X-ray. In most cases, 

the target used is usually made of materials such as tungsten or copper, which play an essential role 

in the production of X-rays. 

Target Tungsten Copper 

K-shell binding energy 69.5 Kev 8.98 Kev 

Table I. 1: Comparison between the binding energy of the k-layer of copper and tungsten 
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As we know, the generation of X-rays requires sufficient kinetic energy of electrons, exceeding the 

binding energy of the K-shell. However, due to the lack of a safe high voltage above 70 kilovolts, we 

will opt for the use of copper instead of tungsten. 

8.4 Vacuum Pump 

8.4.1 The fundamentals of vacuum theory 

Pressure range pressure, mbar pressure, engine 

Low vacuum 1 bar – 1 mbar 750 torr-750 mtorr 

Medium vacuum 1 – 10 -3 750 – 0.75 

High vacuum 10 -3 – 10 -7 0.75 – 7.5 * 10 -5 

Ultra-high vacuum < 10 -7 < 7.5 * 10 -5 

Table I. 2: Pressure ranges in vacuum technology 

8.4.2 Basic vacuum system for our prototype 

In an X-ray tube, maintaining a vacuum environment is imperative for several critical reasons. First, 

it is essential to prevent the absorption of X-rays by gas molecules, as their presence could 

significantly reduce the intensity of the X-ray beam before it reaches the tube's target (the anode). 

Second, a vacuum is necessary to prevent X-ray scattering by gas molecules, as such scattering 

would result in beam dispersion and energy loss. In addition, the vacuum ensures uninterrupted 

and precise movement of X-rays from the anode to the focal point, where the sample to be analyzed 

is positioned, thus allowing for precise beam focusing. Finally, the absence of gas inside the tube 

reduces the risk of interaction with the anode, limiting potential damage caused by molecular 

collisions. As a result, a high vacuum level, typically between 10^-6 and 10^-7 torr, is maintained 

inside the X-ray tube to ensure optimal operation and reliable results when analyzing samples. 

In order to achieve the required vacuum level, we considered several options, including the use of 

a high-performance vacuum pump or the combination of several pumps in series. After a thorough 

evaluation, we opted for the combination of a turbo molecular pump with a rotary pump. However, 

due to constraints such as the unavailability of this configuration in our center and its high cost, we 

decided to turn to the pump already present on site, of the Arnocanali type . 

  Figure I. 5 : Arnocanali Bistaduim high pressure pump 42l/H 

However, it is essential to note that this pump does not fully meet the needs of our prototype, 

particularly for applications involving X-ray tubes and mass spectrometers. Its use could lead to a 



Electron Source, LINAC (with glass tube), electromagnetic deflection of electrons and X-Ray 

Generation 

 

197 

variety of significant problems, including inadequate vacuum performance, risk of contamination 

due to the presence of oil, less favorable noise and vibration levels, limited durability, and the need 

for substantial modifications to adapt it to our specific application. 

8.5 Electron gun Glass Tube LINAC Testing 

8.5.1 System requirements 

The LINAC must be able to produce electrons and accelerate them.  

The LINAC tube must allow observation of the trajectory of electrons. 

8.5.2 Mechanical requirements 

The cathode must be able to withstand thermal and electrical stress.  

The cathode must be tungsten. The anode must be made of copper. 

The tube must be made of glass. 

The vacuum pump used to create the vacuum in the glass tube. 

8.5.3 Electrical requirements 

The power supply must be able to supply tungsten with 6V. 

Tungsten must be able to release electrons. 

The power supply must be capable of providing a voltage between 5Kv and 60 kv . 

8.5.4 Safety requirements 

8.5.4.1 Electrical safety: 

Insulation must be placed around the anode, so that it does not remain exposed and dangerous. 

All electrical connections must be coated with the appropriate insulation depending on the current 

and voltage flowing through the connections. 

6V cables and connections must be insulated with... 

Cables and connections [5 Kv ; 60kV] must be insulated with... 

8.5.4.2 Radiological safety : 

For X-ray protection, a metal box with a lead plate inside must be placed at the point of X-ray 

emission. 

8.5.4.3 Chemical safety: 

The lead must be completely enclosed to ensure that no toxic gases are emitted. 

8.5.5 System test specification 

00001: Ensure complete air evacuation 

Stage Description of the stage Expected result 
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Precondition The system is off  

Turn on the system Turn on the pump 95% empty 

Presence of a leak We found a leak near the anode, 

the cathode and the junction 

between the cathode and the 

pump pipe. 

Seal leak locations 

Turn off the system Turn off the pump The pump stops extracting 

air. 

Use of silicone Apply silicone to areas where 

there are air leaks 

Stop the leaks and get a 95% 

vacuum when we restart the 

pump. 

Postcondition The system is off.  

 

00002: Power supply 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the cathode 

(tungsten) power supply 

Obtain a continuous power 

supply (6 V) 

Turn off the system Turn off the cathode power 

supply 

Continuous power supply 

stops 

Postcondition The system is off  

 

00003: Obtain electrons 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the pump Turn on the pump 95% empty 

Turn on the power supply Turn on the cathode power 

supply 

Obtain a continuous power 

supply (6 V) 
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Heat the tungsten Heat the tungsten by 

supplying it with a 6 V power 

supply 

Get electrons around the 

tungsten (the lamp will light 

up) 

Turn off the power supply Turn off the power supply The lamp will go out 

Turn off the pump Turn off the pump The pump stops extracting air 

Postcondition The system is off  

 

00004: High voltage 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the high voltage (HV) Obtain a continuous power 

supply (between 5 kV and 60 

kV) 

Turn off the system Turn off high voltage (HV) Continuous power supply 

stops 

Postcondition The system is off  

 

00005: Acceleration of electrons 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the pump Turn on the pump 95% empty 

Turn on the power supply Turn on the cathode power 

supply 

Obtain a continuous power 

supply (6 V) 

Turn on the high voltage Turn on the high voltage (HV) 

power supply 

Obtain a continuous power 

supply (between 5 kV and 60 

kV). 

Acceleration of electrons Connect the high voltage to 

the anode and cathode (while 
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monitoring the change in 

intensity until we observe the 

passage of electrons and their 

acceleration). 

Electrons leave the anode and 

accelerate towards the 

cathode, colliding with it. 

Turn off the high voltage 

(HV) 

Turn off the high voltage 

(HV) power supply 

Stopping the acceleration of 

electrons 

Turn off the power supply Turn off the power supply The lamp will go out 

Turn off the pump Turn off the pump The pump stops extracting air 

Postcondition The system is off  

 

8.5.6 System Test and Results 

A LINAC, or linear accelerator, is a device used to increase the speed of individual particles using 

electromagnetic fields. It is capable of generating high-energy particle beams for various 

applications. 

In a previous experiment conducted by our colleagues, a device consisted of a glass tube containing 

an anode (tungsten) and a cathode (a copper rod). By heating the tungsten and applying a potential 

difference, electrons were accelerated through the tube to reach the cathode and anode. Although 

this work was designated a LINAC, it is important to note that the specifications of this experiment 

do not match those of a conventionally recognized LINAC. 

Our colleagues conducted a single experiment using tungsten found in an incandescent lamp. They 

accelerated the electrons using a 12.5 kV transformer and a circuit (diode + capacitor) to quadruple 

the voltage. However, they encountered a problem: the current was practically zero. 
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Figure III. 15: Previous experience of colleagues in generating electron beams 

 

 

 

 

 

 

 

Based on the data from this experiment, we conducted several experiments aimed at 

improving the results. 

8.5.6.1 LINAC Test 01/16/23 

Test Analysis: When we turned on the pump, we found that the vacuum had not yet been 

completely achieved, and we knew where the air leak was coming from. 
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Figure III. 16: Air leak locations 

What we did: So we sealed the leaks with silicone. 

 

8.5.6.2 LINAC Test 01/16/23 

Analysis of test results: In this test, we used a neon lamp with its tungsten as anode. 

When we powered the lamp with 6 volts, it lit up and there was no problem (lighting up --

--> this means we should get electrons). 

However, the problem arose when the anode was connected to a high voltage: the lamp 

burned out due to the thinness of the tungsten filament. 

 

Figure III. 17: a neon lamp 

 

What we need to do: We should use a lamp with a thicker tungsten filament to withstand 

the higher voltage. 

8.5.6.3 LINAC Test 28-01-23 

Analysis of test results: In this test, we used an ordinary lamp, but we replaced its tungsten 

with another thicker tungsten, which can withstand high voltage. 
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However, when we powered the lamp with 6V, it quickly burned out, as the tungsten used 

draws more amperage than expected, causing the tungsten rods in the lamp to melt. 

So we didn't get any electrons, and of course we couldn't accelerate them because there were 

no electrons. 

These are the filaments that could not withstand the current and melted: 

 

Figure III. 18: an ordinary lamp 

Here is our tungsten (the tungsten from the lamp was removed and replaced with this): 

 

 

 

 

 

What we need to do: It is necessary to use 

another lamp, because its filaments are thicker (~2 mm) to support the amperage. 

 

8.5.6.4 LINAC Test 30_01_23 

Analysis of test results: In this test, we used a lamp with filaments of a good thickness (~2 

mm) and we attached tungsten to these filaments. 

Then we supplied the lamp with a voltage of 6 V, and it lit up, indicating that we got 

electrons. 

Figure III. 19: tungstène plus épais 
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After this step, we turned on the high voltage, and we observed a violet light path, which 

indicates that the electrons are moving quickly between the anode and the cathode. 

However, the problem was that the light path was winding and not straight. 

Before turning on the high voltage: 

 

Figure III. 20: The tungsten lamp is lit 

 

Figure III. 21: At the first instant of high voltage ignition 

After turning on the high voltage: 
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Moments later, the electronic path appeared:

 

Figure III. 22: Electron beams appear 

 

Figure III. 23: Electron beams appear with high voltage ~ 60 kV 
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Figure III. 24: Electron beams appear with high voltage ~ 30-40 kV 

What we need to do: 

We will move the cathode slightly backward, thus increasing the distance between the 

anode and the cathode, and observe the changes. 

We will perform the test while leaving the pump running. 

 

8.5.6.5 LINAC Test 01/31/23 

In previous tests we achieved vacuum and then turned off the pump. 

Here we will try to leave the pump running. 

This test also differs from the previous one because we moved the cathode slightly 

backward. 

Analysis of test results: In this test, we used a lamp with filaments of a good thickness, and 

we attached tungsten to these filaments. 

Then we supplied the lamp with a voltage of 6 V, and it lit up, indicating that we got 

electrons. 
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After this step, we turned on the high voltage, and we observed a violet light path, which 

indicates that the electrons are moving quickly between the anode and the cathode. 

However, the problem was that the light path was winding and not straight. In addition, 

the tungsten burned due to the air ingress, which led to the appearance of a white powder 

inside the tube. 

Despite the tungsten burning, we still had electrons (due to the presence of high voltage) 

and they continued to flow across the path. 

When we turned on and kept the pump running, the electron path began to stabilize and 

became almost straight. 

After a while, the purple color began to fade, as the electrons continued to flow through 

their path while the pump was still running. 

Turn on 6V and high voltage: 

 

Figure III. 25: Lighting of the lamp and appearance of the electron trajectory 

 

 

After a while, the tungsten burned out, but the electrons continued to flow: 
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Figure III. 26: The tungsten has burned out 

 

 

 

Figure III. 27: Trajectory of electrons while keeping the pump running 

 

 

Here we started to run the pump continuously: 

With the pump running, the color began to gradually fade, as the path became straighter: 
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Figure III. 28: Beginning of the discoloration of the electron trajectory 

 

Here we turned off the pump, the color reappeared and the path began to zigzag: 

 

Figure III. 29: after turning off the pump 
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Figure III. 30: Combustion of tungsten 

 

This white powder that appeared after the combustion of tungsten: 
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Figure III. 31: white powder 

 

 

What we need to do: 

We will run the pump from the beginning of the test until its end, to ensure that the 

combustion of the lamp and the appearance of powder are due to the entry of air. 

Experiment with high voltage without supplying the lamp with another power supply (6 

V). 
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8.5.6.6 LINAC Test 08/02/23 

Analysis of test results: 

With the pump running: we used a lamp with filaments of a good thickness, and we 

attached tungsten to these filaments. 

Then we supplied the lamp with a voltage of 6 V, and it lit up, indicating that we got 

electrons. 

After this step, we turned on the high voltage, and we observed a violet light path, which 

indicates that the electrons are moving quickly between the anode and the cathode. 

Since the pump was still running, the electrons followed a nearly straight path. 
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Figure III. 32: ignition of the tungsten lamp and appearance of the electron trajectory 

 

When we turned off the tungsten power supply, the purple color remained. This indicates 

that the electrons generated by the presence of the high voltage continue to flow. 
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Figure III. 33: After turning off the tungsten power supply 

What we need to do: 

We will replace the tungsten used previously with the tungsten contained in the television 

lamp to obtain a thin electron beam. 

 

8.5.6.7 LINAC Test 10/02/23 

Analysis of test results: 

With the pump running: We used a television lamp containing tungsten. 

Then we supplied the lamp with a voltage of 6 V; it lit up briefly and then burned out, 

indicating that we are not getting a continuous output of electrons through the heater (6 V). 

After this step, we turned on the high voltage, and we observed a violet light path, which 

indicates that we are getting electrons from the high voltage, and these electrons are moving 

quickly between the anode and the cathode. 

Since the pump was still running, the electrons followed a nearly straight path. 
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However, this path was not thin because the electrons were coming out of all sides of the 

lamp (because the lamp was present without the bulb covering it). 

The lamp we used for this test: 

 

Figure III. 34: Television lamp 

 

The route we got: 
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Figure III. 35: Path of electrons using the television lamp 

What we need to do: 

We are going to use a lamp that has glass surrounding it. 

We're going to put a cylinder across the path of the electrons to center them. 

 

8.5.6.8 LINAC Test 03.03.23 

Analysis of test results: 

With the pump running: 

We used a lamp wrapped in glass. 

Then we supplied the lamp with a voltage of 6 V; it lit up briefly and then burned out, 

indicating that we are not getting a continuous output of electrons through the heater (6 V). 

After this step, we turned on the high voltage, and we observed a violet light path, which 

indicates that we are getting electrons through the high voltage (HV), and these electrons 

are moving. 

However, this path did not complete until the anode, it stopped at the cylinder. Sometimes 

it touches the cylinder opening, and sometimes it crosses the cylinder from its beginning, 

then it deviates and touches the outer part of the cylinder. 
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Figure III. 36: Television lamp with its envelope 

 

 



Electron Source, LINAC (with glass tube), electromagnetic deflection of electrons and X-Ray 

Generation 

 

218 

Figure III. 37: Cylinder to center the trajectory of the electrons 

 

  

Figure III. 38: Safety rod 
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Figure III. 39: The outer part of the cylinder 
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Figure III. 40: Path of the electrons that we obtained 

 

8.5.6.9 Summary of our experiments : 

LINAC tests Issue Solution Result 

Test 16.01.23 We found a leak 

near the anode, the 

cathode and the 

junction between 

the cathode and 

the pump pipe. 

Seal the leak areas 

by adding silicone 

Positive 

Test 16.01.23 The high voltage 

connection 

between the anode 

and the cathode 

burned out the 

lamp due to the 

thinness of the 

tungsten filament 

Use a lamp with a 

thicker tungsten 

filament to 

withstand the 

higher voltage. 

Negative 

Test 01/28/23 Even with the use 

of thicker tungsten, 

Use another 

tungsten lamp 

Negative 
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it burned out 

quickly due to the 

melting of the 

tungsten rods in 

the lamp. 

with thicker 

filaments to handle 

the amperage 

(~2mm) 

Test 01/30/23 The path of the 

violet light was 

winding and not 

straight (in the 

shape of a standing 

wave) 

Increase the 

distance between 

the anode and the 

cathode 

Positive 

Test 01/31/23 Burning tungsten 

and appearance of 

white powder 

inside the tube due 

to turning off the 

pump during the 

experiment 

Operate the pump 

from the start of 

the test to the end 

Positive 

Test 08.02.23 No problem (We 

get an almost 

straight purple 

path) 

Replace old 

tungsten with TV 

lamp tungsten to 

get a fine electron 

beam 

Positive 

Test 10.02.23 The path was not 

thin because the 

electrons came out 

of all sides of the 

lamp (Because the 

lamp was present 

without the bulb 

covering it) 

Use a lamp that 

has a glass frame 

around it, 

And put a cylinder 

across the path of 

the electrons to 

center them. 

Negative 

Test 03.03.23 The lamp went out, 

but we got 

electrons thanks to 

the high voltage 

The choice of this 

lamp was not 

appropriate. We 

will return to using 

Negative 
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(HV)+ the purple 

path did not 

complete to the 

anode, it stopped 

at the cylinder. 

the previous 

tungsten lamp 

because it 

produced better 

results. 

 

8.6 Basics concerning X-ray production (by collision of accelerated electrons on 
heavy metals) 

When electrons impact the target, this results in the production of X-rays. This X-ray emission can 

be classified into two distinct types: characteristic radiation and bremsstrahlung radiation . 

8.6.1 The characteristic radiation 

When an electron from the cathode collides with an electron in the K-shell of the target atom, it can 

knock that electron off, causing an electron to transition from a higher shell (e.g., the L-shell) to fill 

the vacancy in the K-shell. During this transition, energy is released in the form of characteristic X-

ray radiation. If the electron falls from the L-shell to the K-shell, the characteristic K-Alpha X-ray 

radiation is obtained. And if the electron comes from the M-shell to fill the vacancy in the K-shell, 

the characteristic K-Beta X-ray radiation is obtained. These characteristic radiations are specific to 

each chemical element, which makes them suitable for use in X-ray analysis to identify the elements 

present in a material. 

 

Figure I. 6: explanatory diagram of the production of characteristic radiations 

8.6.1.1 Braking radiation ( Bremsstrahlung ): 

When an electron moves quickly and interacts with the Coulomb field of the atomic nucleus, it can 

be deflected from its original path. This deflection causes the electron to lose kinetic energy, and this 

lost energy is emitted as a bremsstrahlung X-ray. 
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8.6.1.2 X-ray spectrum: 

When electrons interact with the target, their kinetic energy can be dissipated in different ways, 

depending on the precise location of their interaction with the target's atoms. Some electrons may 

interact with atoms on the surface of the target and then interact with other atoms deeper inside. 

Other electrons may interact directly with deep atoms as soon as they enter the target. Because of 

these different interactions, the amount of energy of the X-rays produced can vary, leading to a 

different energy spectrum. This is a normal characteristic of X-ray production processes. As shown 

in the figure below: 

 Fig. I.7: Graph representing the X-ray spectrum 

8.6.2 The target (copper) 

As mentioned earlier, we have chosen copper as our target. We will therefore conduct a detailed 

study of the energy required for electrons to collide with copper and produce X-rays. We will also 

analyze the X-ray spectrum resulting from this electron-copper interaction. 

   Figure I. 8: Energy levels of copper 

• E K = 8.979 Kev ; therefore the applied voltage must be greater than or equal to this energy. 

For this we take U b = 10 Kv . 
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• E k α = E k – E L = 8.979 – 0.951 = 8.028 Kev. 

• E k β = E k – E M = 8.979 – 0.073 = 8.906 Kev. 

• X-ray spectrum for the copper atom: 

 

Figure I. 9: Graph representing the X-ray spectrum for the copper atom 

8.7 Detection of X-rays with Geiger Muller counter 

It should be noted that among the multitude of specialized detectors for capturing X-rays, we have 

the "XR1 Pro" type detector. 

The XR1 Pro is a portable device designed specifically for the detection of nuclear radiation, such as 

gamma rays and ionizing X-rays. It is primarily used in areas such as radioactivity detection, 

radioactive contamination monitoring, and radiation dose measurement in various radiation 

protection applications. 

It should be noted that the XR1 Pro is not specifically designed for detecting X-rays used in 

applications such as radiography or materials analysis. While it may be capable of detecting some 

X-rays, its primary purpose is to detect nuclear radiation, particularly gamma rays. 
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 Figure I. 10:Détecteur  du rayon x de type "XR1 Pro" 

• R = Alarm Value Setting ( Alarm ): This function allows you to set an alarm value for radiation 

detection. 

• M = AVG Reset ( Average ): This function allows you to reset the average of the values recorded by 

the detector. 

• L= mute or sound. 

• L+R = ACC Reset (Accumulation): This function resets the accumulation of radiation values recorded 

by the detector. 

• REAL: This indication means that the detector displays the current radiation value in real time. 

• AVG ( Average ): This indication means that the detector displays the average of the radiation 

values recorded over a given period of time. 

• Prompt: Means that the detector takes radiation measurements in real time or almost immediately 

after radiation has been detected. 

8.8 Safety with X-rays working 

X-rays are a type of electromagnetic radiation characterized by their high energy and ability to 

penetrate body tissues. Prolonged or repeated exposure to this type of radiation can induce 

alterations at the cellular and tissue level, increasing the potential for genetic mutations and the 

incidence of malignant pathologies. To mitigate these potential risks, it is common to resort to 

shielding methods involving the use of materials with high X-ray absorption capacity, among which 

lead is a common shielding method. Lead has the ability to block a large portion of X-rays, acting as 

an effective shield to reduce radiation exposure. 
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8.9 X-Ray Protection Lead box design & Realization 

As you know, lead plays a crucial role in X-ray protection due to its ability to effectively reduce the 

ionizing radiation emitted by these rays. Lead is a dense material that can block or significantly 

reduce the penetration of X-rays through objects. This is why its use in the design and manufacture 

of X-ray protective equipment is essential. 

Based on this understanding, we decided to create a lead box that will protect us from these rays 

effectively. 

 

 

 

 

 

 

 

 

 

 

8.9.1 Computer Aided Design (CAD) 

The box we use consists of two iron plates with a 1 mm thick lead plate positioned between them. 

The dimensions were selected proportionally to the area from which the X-rays will be emitted. 

14022023-IAP-lead 

box for safety.FCStd
 

Dans l’espace entre les 

Figure II. 6: les mesures associées à la 
boite du plomb Figure II. 5: l'emplacement de la feuille de plomb 
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Being aware of the toxicity of lead, it is not possible to make a box using only this substance. 

Therefore, we placed it between two sheets of iron and soldered them together. 

 

8.9.2 Realization 

 

 

 

In this paragraph, we will present you with several images describing the box 

manufacturing process 

 

 

Figure II. 7: Soldering during the manufacture of the lead box 
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Figure II. 8: The final design of the lead box 

 

8.10 Basics concerning electron beam deflection by Helmhotz coil 

In our design process, we identified the imperative need to create a magnetic field to deflect the 

electrons along the path determined for the production of X-rays. This magnetic field had to meet 

certain essential characteristics, including its uniformity, its perpendicularity to the electron speed 

and its upward orientation. In accordance with these requirements, we set out to find a suitable 

magnet to generate this magnetic field. 

Among the commonly used magnet types, we considered flat coils, solenoid coils, and U-shaped 

magnets. However, after careful analysis, we concluded that these types of magnets were not 

suitable for our device due to certain specific limitations. The reasons for our decision are outlined 

in the table below: 

 

Types of magnets 

 

Flat coil 

 

Solenoid coil 

 

U-shaped magnet 

 

 

Absence of a 

uniform magnetic 

Difficulty in 

manufacturing a 

Inability to 

manufacture and 
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Disadvantages field at a certain 

distance from this 

coil 

large solenoid coil 

with a large 

number of turns 

and inability to 

place the device 

within these turns 

control the 

intensity of the 

magnetic field 

Table I. 3: Disadvantages of some types of magnets 

This evaluation guided us towards other options for securing the magnetic field required for our X-

ray production device, which led us to the design of the Helmholtz coil. 

8.10.1 Definition 

Helmholtz coils are an electromagnetic device consisting of two identical circular coils placed in 

parallel, facing each other, at a distance equal to their own radius. They are used to generate a 

relatively uniform magnetic field in the space between the coils, making them useful in many 

scientific and experimental applications requiring a controlled and stable magnetic field. 

8.10.2 Features 

The main characteristics of Helmholtz coils are: 

• Specific geometry : Helmholtz coils have a well-defined geometry with two identical circular coils, 

aligned in parallel and placed at a distance equal to their radius. 

• Uniform Magnetic Field: They are designed to create a relatively uniform and predictable magnetic 

field in the central area between the two coils. 

• Low Amount of Material: Helmholtz coils are designed to operate with a relatively small amount of 

magnetic material, making them economical and practical. 

• Magnetic Field Control: By adjusting the electric current flowing through the coils and the number 

of turns, the strength of the magnetic field generated can be precisely controlled. 

• Various uses : They are commonly used in experimental physics, materials research, geophysics, 

and electronics to eliminate the Earth's magnetic field, study high-frequency phenomena, and 

perform experiments requiring a controlled magnetic field . 

8.10.3 Mathematical formula 

The formula for calculating the magnetic field at the center of the gap between the two Helmholtz 

coils is given by the equation: 

B = 
𝜇0 𝐼 𝑁 𝑅′2

2(𝑅′2+(𝑥−(
𝑑′

2
)

2
)

3
2

 

This formula is derived from the Biot-Savart law and allows the calculation of the magnetic field at 

any point on the central axis of the coils as a function of the physical parameters of the configuration. 
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8.10.4 Manufacturing conditions 

    Figure I. 11:Schéma représentant d'une bobine de Helmholtz 

Precise manufacturing of Helmholtz coils is essential to ensure a uniform magnetic field. The coils 

must be designed with identical geometric specifications, including the number of turns and the 

current flowing through them. Using materials with high conductivity and low resistance helps 

minimize energy losses and ensure optimal performance. Precise coil alignment and spacing equal 

to the radius are key factors in achieving a uniform magnetic field at the center of the gap between 

them. Finally, careful coil insulation is necessary to prevent current leakage and unwanted 

electromagnetic interference. 

8.11 Helmholtz Coil Design 

8.11.1 Fundamental Precepts 

 

The proper development of Helmholtz coils requires strict adherence to various imperative 

conditions, which define the essential basis of their design. This section examines the 

fundamentals of Helmholtz coil design, highlighting the principles inherent in their optimal 

manufacture and ensuring superior performance. 

• Consistent Twin Coil Characteristics 

The geometric cohesion, the number of turns, and the intensity of the current flowing 

through the two coils must be strictly identical. This strict uniformity ensures the 

harmonization of the generated magnetic field, thus contributing to the achievement of 

optimal performance. 

• Alignment and Spacing Accuracy 
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Careful parallel alignment, combined with spacing 

identical to the radius, is essential to achieve a uniform 

distribution of the magnetic field at the heart of the 

device. This rigorous arrangement eliminates any unwanted asymmetry. 

• Sizing of the Rolled Section 

For optimum performance, the dimensions of the wound section, in terms of width and 

depth, should not exceed one tenth of the coil diameter (D/10). This criterion ensures 

consistent winding and helps avoid unwanted distortions of the magnetic field. 

• Selection of good conductive materials 

Choosing the right materials for the coils is very important. Using materials (in our case, 

we'll use 1 mm thick copper wire) that allow current to flow well and don't resist too much 

is crucial to avoid losing energy and for the coils to work optimally. It also makes the entire 

coil more efficient. 

• Careful insulation 

Properly insulating the coils is very important to prevent current leakage and prevent 

annoying electromagnetic interference. Good insulation allows the coils to operate 

independently and prevents unwanted external influences; that's why we'll use a specific 

type of plastic. 

 

8.11.2 Computer Aided Design (CAD) 

 

Figure II. 9: Quelques conditions de 
fabrication de la bobine de Helmholtz 
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In order to 

design the 

Helmholtz coil model, we used '' FreeCad ''. 

 

  

 

221122_IAP_Helmoh

ltz coil design.FCStd
 

 

8.11.3 Realization 

 

We have: 

Figure II. 10: Schéma du plan de la bobine de 
Helmholtz avant sa conception 

Figure II. 11: Quelques mesures du modèle de la bobine de Helmholtz 

Figure II. 12: Quelques caractéristiques du modèle de la bobine de 
Helmholtz 
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• B=0.01 T 

• I=3.6 A 

• R ′ = 6 cm 

• d ′ = 6 cm 

• x=3 cm 

Using the following formula: B=
𝜇0 𝐼 𝑁 𝑅′2

2(𝑅′2+(𝑥−(
𝑑′

2
)

2
)

3
2

  , we determine the number of turns N=267 turns. 

A tube with a diameter of 6 cm will be positioned at the center of the Helmholtz coil 

arrangement. Based on this characteristic, we designed the Helmholtz coil with a radius of 

6 cm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

In accordance with the 

conditions stated above, the 

production of the Helmholtz 

coil was carried out as follows: 

 

Figure II. 13: Le tube courbé où la bobine de Helmholtz est 
positionnée′ 

Figure II. 14: Position de la bobine de Helmholtz dans le 
prototype 
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8.12 Helmholtz coil test 

 

8.12.1 Requirements  

 

• System Requirements: 

The Helmholtz coil is to be made from two pieces of plastic on which a copper strip is wound 

(Each piece is wound with 267 turns). 

• Electrical requirements: 

A power supply must be capable of supplying a voltage of 21.7 V and a current of 3.61 A to 

the Helmholtz coil. 

• Magnetic requirements: 

The Helmholtz coil must be able to generate the magnetic field necessary to deflect the 

electrons. 

The Helmholtz coil must be able to generate a magnetic field of 0.01 T. 
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• Safety requirements: 

Electrical safety: 

21.7V cables and connections must be insulated with... 

8.12.2 System test specification 

 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the Helmholtz coil 

by supplying it with a 

supply of 21.7 V. 

Obtain a magnetic field (B = 

0.01 T) 

Turn off the system Turn off the Helmholtz coil. Stopping the magnetic field 

Postcondition The system is off  

 

 

8.12.3 System Test and Results 

 

• Magnetic field test 03.05.23 

Stage Description of the stage Expected result Result 

Precondition The system is off   

Turn on the system Turn on the Helmholtz 

coil by supplying it with a 

supply of 21.7 V. 

Obtain a magnetic 

field (B = 0.01 T) 

Positive 

Turn off the system Turn off the Helmholtz 

coil. 

Stopping the 

magnetic field 

Positive 

Postcondition The system is off   

 

Analysis of test results: 
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First, we place the magnetic field meter in the appropriate position (with its head in the 

middle between the two coils, and perpendicular to the direction of the magnetic field). 

Then we started changing the voltage at each step, which changes the current I and the 

magnetic field B. 

We continue increasing U until we reach the required current I, which gives us B = 0.01 T. 

Experimentally: 

U(V) 4.55 5 6 7 8 9 9.47 10.05 12 14.33 17.46 21.7  

I(A) 0.8 0.88 1.05 1.24 1.42 1.6 1.75 1.79 2.13 2.5 3 3.61  

B( 

mT ) 

2.3 2.5 3 3.5 4 4.5 4.8 5.02 5.96 7.01 8.45 10  

R( Ω 

) 

5.69 5.68 5.71 5.65 5.63 5.62 5.41 5.61 5.63 5.73 5.82 6.01 Rm 

=5.68 

 

Theoretically: 

I(A) 0.8 0.88 1.05 1.24 1.42 1.6 1.75 1.79 2.13 2.5 3 3.61 

B( 

mT ) 

2.24 2.46 2.94 3.46 3.97 4.47 4.89 5.01 5.96 6.99 8.38 10.09 

 

 

The formula for the magnetic field in a Helmholtz coil is given by: 

B = (μ0 * I * N * R^2) / (2 * (R^2 + (x - d/2) ^2) ^ (3/2)) 

Or : 

 B is the magnetic field in Tesla (T). 

μ0 is the magnetic permeability of vacuum, equal to 4π × 10^-7 T m/A. 

I is the electric current flowing through the coil in amperes (A). 

N is the number of turns in each coil. 

R is the radius of each coil in meters (m). 

d is the distance between the two coils in meters (m). 
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x is the distance along the central axis of the coils in meters (m). 

In our case: N= 267; R=6*10^-2 m; x=3*10^-2 m; d=6*10^-2 m. 
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Figure III. 41: During our various measurements of the magnetic field 
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Figure III. 42: Magnetic field measurement protocol 

We confirmed that the direction of the magnetic field is uniform by positioning the gauge 

in the same direction as the expected magnetic field; and the result was positive (B=0). 

 

Figure III. 43: The case of zero magnetic field 
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9 IECF (Inertial Electrostatic Confinement Fusion) 

9.1 On www.aecenar.com 

 

9.2 IAP-IECF Device Concept and Design 

This section is from this report: 

 

http://www.aecenar.com/
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9.2.1.1 Nuclear fusion 

Nuclear fusion is the process by which small elements and isotopes can combine into heavier 

isotopes. The fusion reaction products will have a net mass that is lower than the reactants that 

entered the fusion reaction, called the mass defect. This mass defect Δm is exactly the amount 

of kinetic energy gained by the products of the fusion reaction. This kinetic energy gain can be 

solved for using Einstein’s famous equation  where 𝑄 is the kinetic energy gained 

by the products and c is the speed of light in vacuum. Fusion reactions occur between two 

positively charged nuclei only when the two reactants come close enough for the strong force to 

fuse the two reactants. The two reactant nuclei must overcome the powerful Coulomb repulsion 

between the two positive nuclei for the fusion reaction to occur. The energy to overcome this 

Coulomb barrier can be supplied by the temperature of the products. If the thermal motion of 

the reactants where 𝑄 is the kinetic energy gained by the products and c is the speed of light in 

vacuum. Fusion reactions occur between two positively charged nuclei only when the two 

reactants come close enough for the strong force to fuse the two reactants. The two reactant 

nuclei must overcome the powerful Coulomb repulsion between the two positive nuclei for the 

fusion reaction to occur. The energy to overcome this Coulomb barrier can be supplied by the 

temperature of the products. If the thermal motion of the reactants is high enough, then the 

reactants will have enough kinetic energy to overcome the Coulomb barrier and initiate the 

fusion reaction. It is the high temperature requirements of fusion reactants that necessitate the 

merging of fusion science and plasma physics: most common fusion reactants, deuterium and 

tritium, exist in a plasma state at the temperatures required for fusion. The fusion reaction 

occurring in the device proposed here is D-D (deuterium-deuterium) fusion. An extremely small 

amount of D-T (deuterium-tritium) fusion could occur as tritium is a product of the D-D reaction. 

However, D-T fusion is likely not occurring at appreciable rates due to the low amount of D-D 

fusion occurring in the device and the short operating times. The branching ratio, defined as the 

probability of a certain set of products emerging from the same fusion reaction, is 50% for D-D 

products The two D-D reactions and the D-T reaction are 

 

Where n is a neutron. The kinetic energy gain 𝑄 is shared between the products of the fusion 

reaction, with the lighter product particle receiving a larger proportion of the energy. The neutron 

produced by the D-D reaction has an energy of 2.45 MeV, and the proton produced by the D-D 

reaction has an energy of 3.02 MeV. These energy values are important for particle detection, 

which is discussed in Section 2.4. The neutron produced by the D-T reaction has an energy of 

14.1 MeV. It is the 2.45 MeV neutron that can be measured to validate that fusion is occurring 
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in the proposed device. The number of 2.45 MeV neutrons detected per second can be used to 

predict the total fusion rate occurring in the device.2 

 

9.2.1.2 Applications 

Depending on the fuel, fusion produces several unique and potentially useful products: high-

energy neutrons (2-14 MeV), thermal neutrons, high-energy protons (3-15 MeV), and 

electromagnetic radiation (microwave to x-ray to gamma- rays). These fusion products have 

many potential commercial applications, including but not limited to: 

• production of radioisotopes for medical applications and research, including isotopes for 

positron emission tomography (PET) 

• detection of specific elements or isotopes in complex environments, including explosives in 

the form of improvised explosive devices (IEDs), landmines, fissile material, and concealed 

nuclear weapons 

• radiotherapy 

• alteration of the electrical, optical, or mechanical properties of solids 

 

2 Modeling the Fusion Reaction in an Inertial Electrostatic Confinement Reactor with the Particle-in-Cell 

Method -  Jacob van de Lindt - 2020 
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• destruction of long-lived radioactive waste 

• destruction of fissile material from nuclear warheads 

• production of tritium for military and civilian applications 

• food and equipment sterilization 

• pulsed x-ray sources 

 

9.2.1.3 University of Wisconsin-Madison Device 

Design 

The IEC reactor is a vacuum chamber filled with a fuel gas such as deuterium at low pressure. 

There are inner and outer spherical or cylindrical grids centered inside the chamber. The outer 

grid is held at nearly zero potential, and the inner, 90-99% transparent grid is held at a high 

negative potential, typically -100 kV. The potential difference between the grids accelerates ions 

inward to velocities of fusion relevance. 
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High-Voltage Stalk Design for IEC 

At the University of Wisconsin, Madison, the construction of the inner-grid stalk support was 

done to ensure the structural integrity and minimize the electrostatic stresses that are imparted 

to the stalk. Figure 4.7 shows the schematic of the side view of the high-voltage stalk assembly. 

Concentric tubes of aluminum and quartz were selected for the bulk stalk materials based on 

their rigidity and high voltage insulation properties. The ceramics are cut to size from the stalk 

using a diamond-bladed saw, and they are sealed together using ceramic cement and Torr-seal 

vacuum epoxy. The vacuum end of the stalk is also rounded using diamond files in order to 

minimize the electric stresses in that region.   

The inner grids are tack-welded to rounded screws that then thread into the end of the stainless 

steel center tube. 

The inner spherical grid hangs from a special ceramic stalk structure that is held in place by a 

½" Cajon fitting atop a 100-kV isolation feedthrough. This independent attachment allows the 

inner cathode to be raised, lowered, and rotated with respect to the fixed outer grids and 

chamber walls. This arrangement provides external alignment of the cathode and further 

experimental flexibility (even under vacuum).  

 



Error! No text of specified style in document. 

 

249 

 

 

 

 

Construction of grids 

 

Prior to standardized grid manufacturing, most groups resorted to manual grid construction. 

Wires were typically made of stainless steel or tantalum. These wires were turned into loops 

using a spot welder prior to arranging them in the form of a grid and securing these loops 

together, once again using a spot welder. A“mold” cut from wood or other material was often 

used to hold wires in place while spot welding them. It was realized early on that despite its low 
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cost and ease of use, stainless steel is not ideal, as it sputters profusely and melts at a relatively 

low temperature. Thus, varieties of other materials have been used in some IECs. Though 

tungsten was a preferable alternative, it was not widely used due to the lack of accessible welding 

techniques. Attempts were made to use intermediate materials like nickel foil, placed between 

the two tungsten wires that needed spot welding. The nickel melted and secured the tungsten 

wires. However, the melting point of the nickel fundamentally limited these grids so the 

advantages of tungsten wires could not be fully exploited. As previously discussed, the University 

of Wisconsin group selected W-25 %Re for grid construction and testing. Experience with this 

alloy has been very encouraging. For example, the stainless steel wires previously used by Murali 

lasted for under a week depending on the power load. In contrast, with the W-25 %Re alloy, the 

grid lasted for over 2 years. It was eventually replaced when a cleaning attempt (using a sand 

blaster) unfortunately turned the smooth surface texture into a rough surface, rendering the 

grid useless (Ashley RP, 2002, University of Wisconsin, Madison, private communication). 

Otherwise the grid could have continued in use for some time. 

A very successful rapid prototyping technique was developed at the University of Wisconsin, 

Madison. The technique is illustrated in Table 5.2 along with the description of the grid 

construction procedure. This procedure produces a reproducible, uniform grid, but unlike the 

NASA work, it still requires spot welding. 

Another commonly used design for the cathode grid uses a series of plates/disks (such as shown 

in Fig. 5.14). The idea of using such disks for the construction of cathode grids was first 

suggested by P. T. Farnsworth in his original patents. The major advantage of using such grids 

is that while the grid transparency is maintained constant, the surface area for radiating the heat 

away from the grid increases. These disks are cut using lasers, though powerful water jets can 

also be used. One of the principal considerations while building a grid is to improve the grid 

transparency. As we explained earlier, operation in the “Star” mode (microchannel) depends 

more on the “effective” transparency versus the geometric transparency. 

However, operation in other modes is very dependent on the geometric value, so improvements 

in the geometric transparency are very desirable. One such technique that was developed by 

Murali and colleagues at Los Alamos National lab for this purpose used a combination of several 

wires with different diameters to accomplish the desired grid transparency. Thicker wires were 

used to construct a strong skeleton structure, while thinner gauge wires were used to fill in the 

gaps to obtain the desired spacing. The grid constructed in this way is shown in Fig. 5.15. The 

geometric transparency achieved with this technique was 95%. With the large openings in these 

grids, microchannel form, providing an even higher effective transparency. Still, many ions 

eventually scatter out of the microchannel and hit grid wires. That factor in turn depends on the 
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geometric transparency. The high geometric transparency is valuable in the sense of reducing 

those collisions, increasing ion recirculation times.3 

 

 

3 Inertial electrostatic confinement (IEC) fusion fundamentals and applications – George H. Miley S. 

Krupakar Murali  
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Operation4 

It consists of a 91 cm diameter, 65 cm tall cylindrical aluminum vacuum chamber. Experiments 

run steady-state within the limitations of chamber heating. Partly to circumvent this constraint, 

a spherical, stainless-steel, water-cooled chamber has recently been brought into operation. 

A 450 l/s turbo pump pumps the chamber down to a base pressure of 2 x 10-7 torr. The inner 

tungsten-rhenium (W-Re) cathode is a 10 cm diameter coarse-grid sphere of 0.8 mm tungsten 

wire supported on a 200 kV vacuum feed-through. It has operated at input power levels 

exceeding 8.5 kW at voltages ranging from -25 kV  to -185 kV and at currents from 30-75 mA. 

A power supply provides up to 200 kV at 75 mA. The outer anode is typically a 50 cm diameter 

grid of stainless-steel wire. 

The wire can be biased with variable amplitude AC and DC voltages. Electronically controlled gas 

flow regulators adjust the fuel flow ratio and amount into the system. A remote controlled throttle 

on the turbo pump is used to control the operating pressure of the gas mix.  

{The deuterium plasma is created by adopting hot cathode discharge (i.e. filamentary discharge) 

method in which two thoriated tungsten filaments are placed at two diagonally opposite positions 

and at 10 cm away from the wall of the chamber. The filaments are heated to produce thermionic 

electrons and a discharge voltage and current of 80 V and 200−500 mA is maintained, 

respectively, at a working pressure of ∼ 10−3 Torr. Then, negative voltage is applied to the 

cathode through the feedthrough} 

 

IEC source region filament control circuit. 

The fusion reactions in the IEC chambers produce neutrons, protons, electrons, helium-4, tritium, γ-

rays, and x-rays, depending on the fuel. The present diagnostic set detects 2.45 MeV D-D neutrons, 

3.02 MeV D-D protons, and 14.7 MeV D-3He protons. The proton detector is an EG&G Ortec Ultra 

solid-state detector, has an active area of 1200 mm2, and has a depletion region thickness of 700 μm. 

 

4 Fusion Science and Technology - Overview of University of Wisconsin Inertial Electrostatic Confinement 

Fusion Research 
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This thickness allows both the 3 MeV protons and the 14.7 MeV protons to be detected 

simultaneously. A helium proportional counter neutron detector, placed 60 cm from the center, is 

used to detect the 2.45 MeV DD neutrons. A residual gas analyzer (RGA) assesses neutral gas 

components. 

9.2.2 Our Device 

  

 

IAP-IECF Device  

18082021-IECDevice.F
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9.2.3 IEC Device 

9.2.3.1 Introduction 

Historically, most fusion research has focused on energy production in two basic configurations: 

magnetic confinement (magnetic fusion energy or MFE), and inertial confinement (inertial fusion 

energy or IFE). Each of these may lead eventually to a viable fusion reactor, yet they tend to be large, 

complicated, and expensive. This generates many physics and engineering difficulties, so the time 

frame for their development remains uncertain. The present note describes a fundamentally 

different fusion concept based on electrostatic focusing of ions into a dense core. Generically, such 

systems are called inertial-electrostatic confinement (IEC) fusion systems. In the 1950's, research was 

done on one form of IEC, purely electrostatic confinement, in which a voltage difference on 

concentric grids focuses charged particles. Ions accelerate down the electrostatic potential in 

spherical geometry, and convergence at the origin gives high density5. 

 

9.2.3.2 Inertial Electrostatic Confinement Fusion Principle  

Inertial electrostatic confinement fusion does not rely on any magnetic field, and instead uses an 

electric field to perform the plasma confinement. The device is formed by arranging two spherical 

metal meshes concentrically and putting an extremely large voltage across them, typically 10 to 100 

kV in vacuum (Figure 1.2). The meshes are supported by a high-voltage stalk (Figure 1.3). Fusion 

fuel, in this case deuterium, is then released into the chamber where the large voltage ionizes a 

portion of the gas. These positively charged ions are accelerated by the electric field toward the 

center of the device, where most will pass straight through the cathode at the center and out the 

other side due to the large gaps in the metal mesh. Once on the other side, the electric field slows 

the ions and eventually turns them back towards the center, setting up a recirculation. The ion 

density in the center increases, and eventually fusion occurs. This does not require nearly as large a 

machine as the tokamak: typical IEC devices comfortably sit on tabletops. 

 

5 https://iec.neep.wisc.edu/overview.php 
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9.2.4 Simulation6 

9.2.4.1 Computational Domain 

 The computational domain was meshed using a regular Euclidian mesh with equal cell 

dimensions in x and y, despite the spherical geometry of the device. 

 The computational model of the IEC device replaces the physical wire grids with two circular 

equipotential of the same radii. 

 The potential of these circles is equal to the grid voltage. 

 The computational domain is two-dimensional. 

 The domain’s outer-most boundary is the cylindrical vacuum chamber 

 Assuming the anode and cathodes are closed circles, assigning a geometric transparency. 

 

6 Modeling the Fusion Reaction in an Inertial Electrostatic Confinement Reactor with the Particle-

in-Cell Method -  Jacob van de Lindt - 2020 
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 The stalk was ignored in this study. 

The computational domain used in this model is visualized in Figure 2.1. 

 

Defining the Geometric Mesh 

The regular Euclidian mesh making up the computational domain was extended over a region with 

Nx cells in x direction, and Ny cells in y direction. This domain can be translated into a set of NxNy 

equations, one for each cell corner by using the discretized Poisson’s Equation: 

 

Here ρ is the net charge density, given by q(nion – ne), the number density of ions minus the number 

density of electrons times q, the charge of a proton. ϕ is the electric potential, and 𝜀𝑜 is the permittivity 

of free space. This equation can be discretized in a finite difference form in three dimensions: 

 

Initial Conditions and Boundary Conditions 

At the radius of the cathode (red cells in Figure 2.1), an equipotential circle is defined with a Dirichlet 

boundary condition equal to the grid voltage imparted to the device. A similar condition is applied 

to the anode (dark blue cells), which is set to 0 V. The vacuum chamber walls are simulated as an 

open boundary: any particle that collides with this surface passes through and is lost from the 

computational domain. The domain is initiated with zero ions present, with a particle source near 

the anode. Particles are assumed to have no net initial velocity beyond thermal motion sampled from 

a Maxwellian distribution of initial ion velocities. 
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Particle-in-cell Technique 

The PIC algorithm in this study utilizes the following steps in the main loop:  

1. Determine the Charge Density  

2. Determine the Electric Potential  

3. Determine the Electric Field  

4. Move the Macro particles and Check for Fusion  

5. Sample Sources and Determine Losses  

6. Repeat until Maximum Number of Time Steps is reached. 

 

Determine the Charge Density 

 

Determine the Electric Potential 

An important assumption that will be used in this study is that the electrons in the IEC plasma move 

instantly relative to the ions. In an electromagnetic field a particle’s acceleration is proportional to 

the charge to mass ratio 𝑞𝑚 . The deuterium mass is nearly 4,000 times larger than the electron mass, 

and hence to the ion the electron moves nearly instantly. The electrons are assumed to be a fluid 

with a temperature Te. The electron density is assumed to maintain a Boltzmann distribution given 

by 
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where 𝜙𝑜 is the reference ground potential, 0 V. Equation 2.5 can be substituted into Equation 2.2 

for the electron number density in two dimensions with the cell length in the x and y direction 

equaling the Debye length, yielding Equation 2.6: 

 

Equation 2.6 is no longer linear due to the exponential on the RHS containing the potential 𝜙𝑖,, so a 

simple matrix inversion by gaussian elimination cannot solve this system of equations. The potential 

𝜙𝑖, is solved for by setting the domain boundary conditions: the vacuum chamber walls and the 

anode are set to a potential of 0 V. The cathode is set to the cathode voltage (between -10 and -200 

kV).  

Next, the interior cells of the domain (excluding the vacuum chamber walls) are looped over and 

the potential at each cell is updated. The update formula is found by rearranging Equation 2.6: 

 

Determine the Electric Field 

 

 

Move the Macroparticles and Check for Fusion 
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The probability P that a macroparticle moving from 𝐫s to 𝐫s+1 will undergo a fusion reaction is given 

by 

 

 

9.2.4.2 Particle-in-Cell Python Code 
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9.3 IAP-IECF Device Realization 
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This section is from this report: 
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9.3.1 Introduction 

9.3.1.1 Overview 

Fusion power is a form of power generation in which energy is generated by using fusion reactions 

to produce heat for electricity generation. In contrast to fission, fusion creates energy by combining 

lighter elements into heavier elements. The advantages for fusion are (1) abundant fuels, (2) no 

radioactive waste produced and (3) controlled side reaction. The potential of fusion to create clean 

energy has attracted many scientists over several decades. One idea for a safe and efficient reactor 

for fusion is called the "Fusor". But unfortunately, no Fusor designs have yet achieved a positive 

energy gain, due to the difficulty of controlling the fusion reaction. In other words, the energy 

needed to initiate the reaction is more than the energy produced by the reaction. The Fusor employs 

inertial electdrostatic confinement - the use of an electric field to confine the plasma. 

9.3.1.2 Electrostatic Nuclear Fusion Reactor 

The Fusor device typically consists of two wire cages called grids. The inner cage holds a negative 

voltage compared to the outer cage. When the fusion fuel is introduced (ioned gas: Deterium gas), 

the voltage will ignite the fuel. The huge electric field accelerates the ions into fusion conditions. 

9.3.2 Physics 

9.3.2.1 Vacuum Chamber 

 

Boundary conditions: 

• Pressure and forces 

The differential pressure on a vacuum chamber is obviously one bar during operation but it is 

recommended to check what all the intermediate steps are like, for example, an over-pressure test 

for qualification. In the presence of a closed end, the resulting forces could be large and the design 

should take into account the transmission of these forces to the fixing points through the vacuum chamber 

wall. 
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• Temperature 

Specifying operating temperature (usually room temperature), bake-out temperature (usually 

between 150ºC and 300ºC), and exceptional temperature in the case of an incident (like a cool-down 

due to cryogen losses) together with all the transitories is a must. The effects of temperature are 

dilatations, stresses and changes of material properties and they may have destructive effects if 

badly mastered. Slow temperature transients allow the resulting stresses to be minimized but it 

becomes an operational constraint that is not necessarily acceptable. 

Materials 

The material parameters design are only three main ones: the modulus of rigidity (Young’s modulus: E), the 

elastic (σ0.2) and rupture (σr) limits. 

9.3.2.2 Design 

Basics 

Stresses generated by the loads enumerated before should usually remain in the elastic range. This 

means that the equivalent stress shouldn’t exceed the elastic limit (σ0.2) anywhere in the structure. 

 

 

 
Physical proprieties of stainless steel 306 

https://www.steelss.com/Materials/Stainless-Steels/YB-306_31_804.pdf 

https://www.steelss.com/Materials/Stainless-Steels/YB-306_31_804.pdf
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The first step of the analysis is the linear elastic one which gives all the information on a 

structure: displacements, strains, and stresses. 

Tube shape 

Cylindrical shape:  

Tubes are obviously the most common shape for vacuum chambers.  

Condition 1: Pipes having Do/t values ≥ 10 

Where, 

Do = Outside Diameter of Pipe 

t = Minimum required thickness (means t = selected thickness – mill tolerance – corrosion allowance) 

If the above condition met, Allowable External Pressure Pa can be calculated using the two equations below as 

per their conditions: 

If the value of factor ‘B’ is determined, use below equation 

 

If the value of factor ‘A’ falls to the left of material or temperature curve and because of that value 

of factor ‘B’ cannot be determined, then go for the second equation below 

 

Where, 

Pa = Allowable external pressure 

A = Factor determined from Figure ‘G’ in a sub-part of ASME Section II, Part D 

B = Factor determined from the applicable material chart in sub-part 3 of ASME Section II, Part D 

E = Modulus of elasticity of the material at design temperature interpolation may be made between 

the lines for intermediate temperature. 
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Condition 2: Pipes having Do/t values < 10 

If the above condition met, Allowable External Pressure Pa can be calculated using the two equations below as 

per their conditions: If the value of factor ‘B’ is determined, use below equation 

 

If the value of factor ‘A’ falls to the left of material or temperature curve and because of that value 

of factor ‘B’ cannot be determined, then go for the another equation below 

 

Where,  

 

B = Factor B will be the same as the first condition, per UG-20(c) 

Ro = Outer Radius of the Pipe 

E = Modulus of Elasticity 

Note: The second condition “Do/t values < 10” is very rare, in most of case we need to verify pipe 

wall thickness calculation for external pressure under the first condition “Do/t values ≥ 10″. 

9.3.2.3 Calculation Steps for Pipe Thickness Verification 

cylinder ( D0=30cm. L=35cm)           E= 193 GPa 

assume a thickness t=1.5 mm. Pext=14.7 psi. 

Step 1: Calculate Do/t 

  D0/t=200 >>10 

Step 2: Calculate L/Do, this will help to find the value of factor A 

L/D0=1.67 

Step 3: Find the Factor ‘A’ from Figure ‘G’ of ASME Section II, Subpart 3, Part D 

To find factor ‘A’ open the  (Charts and tables for determining shell thickness of components under 

external pressure) 
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In subpart 3, go to Figure G, move vertically to see the value of L/Do, and move horizontally to see 

the value of Do/t. As per the calculated value match the both lines. 

A=0.0003 

Step 4: Now, Find The Factor ‘B’ 

Using the value of factor A (for our case A = 0.0003) and design temperature (300°C), we need to 

find the value of factor B. 

Open the applicable material chart. As for our case pipe material is SS (stainless steel). So according 

to the pipe material and their SMYS value select the appropriate chart, for our case, we have to 

refer Figure HA-2 (refer the fig below). 



IECF (Inertial Electrostatic Confinement Fusion) 

 

282 

 

B=3800 

Fig. 2: Chart for Determining Shell Thickness of Components under External Pressure For 

stainless Steel 

Here from the figure, we can see that the value of factor A is on the right side of the material or 

temperature curve. So, it is clear that we will use Eq. (1) for calculating Allowable External Pressure. 

Important Note: If the value of factor A would be at the left side of the curve then we will have to 

calculate allowable external pressure using Eq. 2 and Modulus of Elasticity (E) would be utilized in 

the equation. 

Now, move horizontally to see the value of Factor A, select the curve according to design 

temperature (for our case it 300°C), and then match the lines. We can get the value of factor B on the 

right side of the chart (refer above fig. 2). 

Step5: Calculate Maximum Allowable External Pressure (Pa) 

Now, using the value of factor B, calculate the maximum allowable external working pressure (Pa) 

using the below equation: 

 

Pa= 25.33psi  t=1.5mm is safe thickness as Pa> Pext= 14.7psi  . 

If Pa < P, then need to increase the selected pipe wall thickness and follow the all steps again to verify 

the selected pipe thickness. This practice will be repeated until and unless the condition met Pa > P. 
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reference: *  https://www.youtube.com/watch?v=0J6ci3IxUkc 

                    *https://www.youtube.com/watch?v=CJSaAjJMK5w  

* 

The most stable ones are circular ones for which a quick analysis is quite straightforward. The 

circumferential stress under external pressure p is simply: 

𝜎𝜊 = 𝑃𝑅/𝑡 

R and t being, respectively, the radius and the thickness of the circular tube. If the tube is closed and 

subjected to an axial force F, the axial stress is  

𝜎𝑧 =
𝑃𝑅

2𝑡
+

𝐹

2𝜋𝑅𝑡
 

And the Von Mises equivalent stress to be compared to the material maximum allowable stress is  

𝜎𝑒 =
1

2
[3 (

𝑃𝑅

𝑡
)

2

+ (
𝐹

2𝜋𝑅𝑡
)

2

]

1
2

 

The buckling pressure can also be computed through analytical formulas, depending upon the 

Geometrical parameters of the tube and the Young’s modulus of the material. The most conservative 

One is for an infinite length of the tube: 

𝑃𝑐𝑟 =
0.25𝐸

1 − µ2
(

𝑡

𝑅
)

3

 

For stainless steel and aluminum µ=0.3.  

Calculation example: 

https://www.youtube.com/watch?v=0J6ci3IxUkc
https://www.youtube.com/watch?v=CJSaAjJMK5w
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Quasi-rectangular shape approximated by beam 

 



IAP-IECF Device Realization 

 

285 

Windows 

Special care is required for these critical items. Designed to allow particle beams to escape the 

vacuum Chambers without interaction, windows are thin and often manufactured with a special 

material. The best shape for resisting external pressure is a spherical dome but the manufacture is difficult 

And the external ring must be quite rigid. If the window is oriented in such way that it can buckle, 

the Classical buckling pressure is 

 

R and t being, respectively, the radius of curvature and the thickness of the spherical dome. A flat 

window is the other common option but, when put under pressure, the deflection (w max) is Not 

negligible. 

R and t being, respectively, the radius and the thickness of the circular window. 

 

 

Properties 

 

Mechanical proprieties of Glass. reference: *https://www.slideshare.net/ARGHASAHA4/vacuum-chamber-design 

➢ Density 
The density of glass is 2.5, which gives flat glass a mass of 2.5 kg per m2 per mm of thickness, or 2500 kg 
per m3. 

➢ Compressive strength 
The compression strength of glass is extremely high: 1000 N/mm2 = 1000 MPa. This means that to shatter a 

1 cm cube of glass, it requires a load of some 10 tonnes. 

Tensile strength 

https://www.slideshare.net/ARGHASAHA4/vacuum-chamber-design
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When glass is deflected, it has one face under compression and the other in tension. Whilst the resistance of 

glass to compression stress is extremely high, its resistance to tensile stress is significantly lower. The 

resistance to breakage on deflection is in the order of: - 40 MPa (N/mm2) for annealed glass - 120 to 200 

MPa for toughened glass (depending on thickness, edgework, holes, notches etc.).  

➢ Elasticity 
Glass is a perfectly elastic material: it does not exhibit permanent deformation, until breakage. However it is 

fragile, and will break without warning if subjected to excessive stress. 

➢ Young’s modulus, E 
This modulus expresses the tensile force that would theoretically have to be applied to a glass sample to 

stretch it by an amount equal to its original length. It is expressed as a force per unit area. For glass, in 

accordance with European standards: E = 7 x 10^10 Pa = 70 GPA 

➢ Poisson’s ratio, μ (lateral contraction coefficient) 

When a sample is stretched under mechanical stress a decrease in its cross-section is observed. 

Poisson’s ratio (μ) is the relation between the unit decrease in the direction perpendicular to the axis 

of the effort and the unit strain in the direction of the effort. For glass in buildings, the value of 

coefficient μ is 0.22. 

9.3.2.4 Allowable Stress (Strength) 

The allowable stress or allowable strength is the maximum stress (tensile, compressive or bending) 

that is allowed to be applied on a structural material. The allowable stresses are generally defined 

by building codes, and for  steel, and aluminum is a fraction of their yield stress (strength): 

 

In the above equation, 𝐹𝛼  is the allowable stress, 𝐹𝑦 is the yield stress, and 𝐹. 𝑆. is the factor of 

Safety or factor. This factor is generally defined by the building codes based on particular condition 

under consideration. 

What Is Stress? 

Before looking at what causes these changes, there are a few concepts that need to be looked at 

first. Stress is the amount of forces (strength or energy) that is being exerted on an object, divided 

by its cross-sectional area to account for size. Larger objects are able to withstand higher forces. By 

using stress instead of just force, we are able to use the same yield stress for the same material, 

regardless of how large the object actually is. To compute the amount of stress acting on the object, 

use the equation: 

 

https://www.setareh.arch.vt.edu/safas/007_fdmtl_14_tension_compression_and_bending_stresses_and_strains.html
https://www.setareh.arch.vt.edu/safas/007_fdmtl_23_stress_strain_relationship.html
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What Is Strain? 

Another important concept is strain, or how much an object deforms when forces are applied to it. 

Most of the time this deformation will either cause the object to elongate or shorten, depending on 

how forces are applied. To compute strain, this change is divided by the object's original length, 

again to account for size. 

Larger objects will have a greater change in length than smaller objects, even though they experience 

the same forces acting on them. To compute the amount of strain on an object, use the equation: 

 

There are two different types of deformation: elastic and plastic. 

• Elastic deformation will automatically reverse itself when external forces are removed. 

Imagine a rubber band - no matter how you stretch it, once you let go of one end it will 

'snap' back to its original shape. 

 

• Plastic deformation is a permanent deformation. To reverse it, an additional external force 

needs to be applied to return the object to its original shape. When you squeeze the middle 

of a plastic bottle, it compresses and stays deformed even when you let go. You'd have to 

add pressure to the inside or squeeze the opposite direction to return it to normal. 

What is yield strength or yield stress? 

The yield strength or yield stress is a material property and is the stress corresponding to the yield 

point at which the material begins to deform plastically. 

Safety factor: 

The definition of the safety factor is simple. It is defined as the ratio between the strength of the 

material and the maximum stress in the part. 

𝒏 =
𝒔𝒕𝒓𝒆𝒏𝒈𝒉𝒕

𝒔𝒕𝒓𝒆𝒔𝒔 𝒎𝒂𝒙
 

When the stress in a specific position becomes superior to the strength of the material, the safety 

factor ratio becomes inferior to 1, this when there is danger 

What it tells us basically is that in a specific area of the model, the stress is higher than the strength 

the material can bear. 

When the stress in the model remains much inferior to the strength of the material, the safety factor 

stays superior to 1 and the model is « safe ». 
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Keep in mind that if the safety factor is way superior to 1 everywhere in your model, this is also 

indicating that your part may be over-engineered. In this case, this is not desirable either, because 

you are just wasting material resources and increasing the cost. 

Safety factor must be applied to any computed buckling value: pressure vessel codes like CODAP 

use (3.0) but EN 13458-2 quotes only (2.0) for outer jackets. 

 

Note: we will take 3 as a safety factor 

Faces of cylinder: 

Circular flat face of stainless steel:  

 

Equation applies when:   

-when d does not exceed 24 in. 

-th/d is not less than 0.05 or greater than 0.25. 

-Head thickness, this is not less than the shell thickness, ts.  

Required minimum wall thickness: 

𝑡 = 𝑑 (
0.13𝑃

𝑆 × 𝐸
)

0.5

 

Where: 

P= Design pressure or max allowable working pressure, psi. 

d=Inside diameter of vessel of the material. 

t=Minimum thickness of shell (wall) exclusive of corrosion, inches. 

S= Maximum Allowable Stress 

th= Actual thickness used in actual design, inches. 
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tr= Minimum required thickness of seamless shell for pressure, inches. 

ts= Actual thickness of shell, exclusive of corrosion allowance, inches. 

E= Weld joint efficiency=0.85 

https://www.engineersedge.com/pressure_vessels_menu.shtml 

Conflat Flanges: 

The standard design method uses an increased wall thickness plate at the equator line of vessel to 

support the additional stresses caused by the attachment of the legs. The formula for calculation the 

wall thickness of a segmented plate of to be welded in a vessel or spherical shells is: 

𝑡 =
𝑃𝐿

2𝑆𝐸 − 0.2𝑃
+ 𝐶 

𝐿 = 𝐷𝑖/2 

 

 

t=Minimum design wall thickness (in); 

P=Design Pressure (psi); 

Di=Inside Diameter of sphere (in); 

L=Sphere Radius (in); 

E=Tube welding factor (1 for seamless pipe, 0.85 for welded pipe) 

C= Weld Corrosion Allowance (0 for no corrosion, 0.0625 in commonly used, 0.125in 

maximum); 

S= Maximum Allowable Stress.  

 

9.3.2.5 Grid Design 

A grid consists of a sphere wire structure and is connected to the high voltage feedthrough. The 

diameter size of the grid is usually about 20% of the diameter of the outer sphere (anode). Should 

we have an anode sphere with a diameter of 20 cm than the diameter of the grid should be 4 cm. The 

material for the grid can be stainless steel wire because it permits welding but in order to resist the 

high temperatures that can occur in the grid also tungsten or tantalum wire is used. 

https://www.engineersedge.com/pressure_vessels_menu.shtml
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This particular jig is suitable for winding a grid with a diameter of 1.5" or 38 mm. It requires two 14" 

or 360 mm lengths of wire (tungsten or tantalum). The crossing intersections can be spot welded for 

a better rigidity. 

Experiments in IEC research have demonstrated that fusion efficiency increases when the grid 

transparancy is greater than 92%. 

The grid transparancy can be calculated as follows: 

((Grid Surface Area - Wire Cross-section Area)/Grid Surface Area) x 100% = %Transparancy 

For which, assuming that the grid is a perfect sphere: 

Wire Cross-section Area = Total Length of Wire per Loop x Diameter Wire x Number of Wire Loops = 

Grid Circumference x Diam. Wire x Number of Wire Loops = 2πrnd 

And 

Grid Surface Area = 4πr2 

Transparancy = ((4π*r2 -2π*r*n*d)/4π*r2) x100%, which can be reduced to 

Transparancy = ((r - ½*n*d)/r)) x 100% 

In which: r = radius of the grid 

n = number of wire loops 

d = diameter of wire 

 

Example: The grid in image 10 has a diameter of 38 mm (a radius of 19 mm), is made of wire with a 

diameter of 0.23 mm and has 3 loops. The transparancy is according to the formula: 

(19 - ½*3*0.23)/19 x 100% = 98.2% 

Based on the availabel materials in our country, we found the best choice is stainless steel wire 

(diametre d=1.6mm). n=3              d=1.6mm                radius of loop r= 3.5cm 

transparancy=  93.14% > 92%     

verify. 

The grid transparancy can be enhanced effectively to exceed the geometrical transparancy by 

focusing the grid carefully inside the vacuum chamber, i.e. by placing the grid precisely concentric 

with the outer vacuum chamber sphere. Precise focusing can result in the Fusor operating in "star 

mode" which causes channelization of the ions into distinct rays converging from the center of the 
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grid. The rays (ion paths) go through the grid openings and stay clear from the grid wires. As a 

result the ion recirculation factor may increase to 100 or higher. 

The material for the grid wire can be stainless steel but should preferably be tungsten or tantalum. 

During operation of the Fusor the grid wire becomes hot and stainless steel will not keep its shape 

but will start sagging. Tungsten is the best choice because of its low vapor pressure, its great tensile 

strength and its high melting point of 3422°C. However, it is not very suitable for spot welding and 

therefore an alloy of tungsten and rhenium can be used or tantalum wire. 

The grid transparancy calculation shows that a thin wire contributes to a high transparancy. It 

should however be noted that too thin a wire might cause a problem. In a Fusor with a relatively 

high vacuum and a high voltage potential of 25 kV on the Tungsten wire nothing will happen as 

long as a plasma short cut (from grid to Fusor wall) does not occur. 

The resistivity of Tungsten is 5.6*10-8 Ω/m and the resistance of a wire is calculated according to: 

            R = (p*l)/w 

For which 

R = resistance 

p = resistivity 

l = length 

w = width 

The formula shows that the width (diameter) of the wire is inversely proportional to the resistance, 

or with other words; a thinner wire has a larger resistance. In case of a plasma short cut our very 

thin wire might probably light up in a flash to white hot and burn away. Or maybe not?? 

In a hypothetical example we assume that a plasma short cut occurs at a quarter length of one of the 

wires (360 mm long) that make our grid, i.e. the path length for the current is 90 mm, the width of 

the wire is 0.23 mm, the resistivity of the Tungsten wire is 5.6*10-8 Ω/m and the Fusor is operated at 

25 kV. We also assume that the plasma has no resistance (which is incorrect but we have no data for 

a deuterium plasma at given pressures). The formula yields a resistance of the wire path length of 

2.2*10-5 Ω, which at 25 kV theoretically might draw a current of about 109 A. This high amount of 

current has the effect of a true short cut. Fortunately, the Fusor is not capable of supplying such an 

extreme current as the power supply is limited at 15 mA before it cuts out. 

In fact, our tungsten wire of 90 mm length and a diameter of 0.23 mm will be emitting maximally a 

power of 25 kV at 15 mA which equals 375 W. The surface area of the wire is 2πrl or 2*3.14*0.115*90 

= 65.031 mm2 or 6.5*10-5 m2 

According to the Stefan Boltzmann law for the power per unit area: 

I = σT4 

Where σ = the Boltzmann constant, 5.670373*10-8 W m-2 T-4, the temperature of the wire will be 
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Or T = 3176 K which equals 2903 °C. This calculation is an approximation as several parameters have 

not been taken into account, such as the true effective area, heat loss through conduction into the 

feedthrough and heat loss to gas molecules around the wire, etc. Nevertheless the result is below 

the melting point of Tungsten (3422 °C) and therefore the grid will probably become white hot when 

the maximum current flows through it during a short cut, but the grid will probably not be 

destroyed. 

Our example clearly demonstrates that for developing a grid we should take into account the 

diameter of the wire and the type of material to be chosen. With materials such as tungsten it will 

be possible to apply a thinner wire and this will improve the grid transparancy. 

In this prototype: 

Voltage  V=12kv                current I=30mA 

L=2πr=0,2198 m 

P= UI= 360 watts. 

πdL= 1,104×10^-3   

T= 1548.49 k= 1275.49 ⁰C <  1400⁰C melting Point of stainless steel( 1400 to 1530 ). 

Verify 

Reference: http://fusor.eu/theory.html 

 

http://fusor.eu/theory.html
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9.3.3 Fuel of Fusor reactor 

The fuel for the Fusor is Deuterium gas, which is injected into the vacuum chamber through a 

precision regulated valve. Injected means here that the precision valve is slightly opened and the 

high vacuum in the vacuum chamber (reactor) draws Deuterium gas into the vacuum reactor. The 

applied high voltage in the reactor ionizes Deuterium to Deuterium ions (Deuterons). 

For obtaining a maximally fusion rate a direct relationship exists between the pressure of Deuterium 

in the reactor (Deuteron density) the applied potential difference and the current. The higher each 

one of these three parameters, the higher the fusion rate, though an optimum appears to exist for 

these parameters. When the parameters have been optimized, fusion for D-D occurs according to 

the following reactions: 

 
The first stage reactions! a and! b have equal opportunities to occur and yield Tritium (as Tritons), 

Helium-3 (as a Helium-3 nucleus), a proton, a fast neutron and energy. 

The second stage reaction is between Deuterons present in the reactor and Tritons formed in reaction 

Ia and yields Helium-4 (as nucleus) and a fast neutron. The neutron formed in reaction II has such a 

high energy that is carries away 80% of the energy formed in this reaction. 

The second stage reaction has also the probability for fusion between Deuterons present in the 

reactor and Helium-3 nuclei formed in reaction Ib: 

                                3He + 2D → 4He (3.6 MeV) + p+ (14.7 MeV)                                 (III) 

This reaction yields Helium-4 nuclei and a high energy proton, but the reaction is less likely to occur 

because the peak energy required for this reaction is much higher than for the D-D reactions. 

In practice we usually deal with the reactions! a, Ib and II. 

Deuterium can be obtained as gas in lecture bottles and as Deuterium oxide (heavy water). When 

obtained as heavy water, Deuterium needs to be liberated as gas by electrolysis of heavy water. 

9.3.3.1 Deuterium Gas 

Deuterium gas is available in lecture bottles, typically e.g. 38 liters at a pressure of 100 kgf/m2 (atm). 

It is a highly flammable gas and air shipment of Deuterium cylinders is not allowed. This limits the 

possibility of buying Deuterium gas and it explains why Deuterium oxide is quite popular amongst 

fusioneers, despite the fact that an electrolysis unit will have to be built. The costs of an electrolysis 

unit, however, is more or less comparable with the costs of the pressure regulator that will have to 

be applied to extract the gas from the high pressure lecture bottle and convert it to a low pressure 
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The pressure regulator should preferably be of the two stage type, intended for Hydrogen and 

produce an output pressure as low as possible. When operating a spherical Fusor with a diameter 

in the range between 160 and 200 mm, a volume of Deuterium will be used of approximately 1 to 

1.5 sccm, i.e 1 - 1.5 milliliter per minute at normal pressure and ambient temperature. A single bottle 

of Deuterium will therefore last for many years of Fusor operation experiments. 

In our fusor we use an autoclave cylinder (D0=30cm. L=35cm): 
Volume =  πR^2 *L = 24727.5 cm3 
  Sccm unit (standard cubic centimeters per minutes) 
 
Sphere D= 200 mm      Vs= 4/3 π R^3= 4186 cm3 
  

1.5 sccm                                        4186 cm3 
               ??                                            24727.5 cm3 

 
So in our reactor we will use a volume of Deuterium approximately 8.8 Sccm 

8,8 ml/minute. 

9.3.3.2 Deuterium Oxide 

When obtained as heavy water (image 2), Deuterium gas needs to be produced by electrolysis to 

make it suitable for feeding into the reactor. 

The density of heavy water is 1.107 g per ml and the molar mass of heavy water is 20.0276 g per 

mole. One mole of Deuterium oxide will yield two Deuterium ions or one Deuterium gas molecule. 

From a commercial volume of 100 ml of heavy water therefore almost 101 liters of Deuterium gas, 

at standard pressure and temperature, can be electrolyzed as calculated below. 

Calculation: 

Mass D2O = 100 ml x 1.107 g/ml = 110.7 gram 

Molar mass D2O = 20.0276 g/mole 

Moles D2O = 110.7 g / 20.0276 g/mole = 5.52 moles 

One mole D2O is equivalent with a volume of 22.4 liter D2O vapour 

5.52 Moles equal 5.52 x 22.4 = 123.8 liters of D2O vapour 

D2O gas <=> 1 (D2 gas) + 0.5 (O2 gas) 

1 mole gas <=> 1.5 mole gas 
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mole ratio = 1.5 

The volume of the elemental gases is: Volume D2O gas x mole ratio = 123.8 liter x 1.5 = 185.7 liter or 

approximately 186 liter D2 gas and 93 liter O2 gas are formed by electrolysis. 

The average price of 100 ml heavy water 99% is about 120 USD, hence one liter of Deuterium gas 

(after electrolysis) for amateur fusioneer use costs about 0.65 USD. 

Under similar conditions as described in the paragraph about Deuterium gas, a volume of 100 ml of 

heavy water (when electrolyzed without losses and transferred into the Fusor) will enable 

continuous Fusor operation during more than 70 days. 

9.3.3.3 Traditional Electrolysis 

A method to extract Deuterium from heavy water is by means of electrolysis: an electrical current is 

passed through heavy water by using two inert metal electrodes, preferably made of platinum. 

Deuterium will appear at the negatively charged electrode, the cathode, and Oxygen will appear at 

the positively charged electrode, the anode, conform the overall chemical reaction: 

2D2O → 2D2 + O2 

The theoretical voltage to be applied is for starting electrolysis is 1.48V, but usually higher voltages 

will be used. As an electrolyte a solution of Sodium hydrogen carbonate (NaHCO3 [baking soda] 

analytical grade) needs to be added. 

Do not add Sodium chloride as this will produce Chlorine gas together with Deuterium gas from 

your electrolysis cathode. 

The highest production of Deuterium gas will be obtained when performing electrolysis in a 0.4M solution 
of NaHCO3 in heavy water, i.e. at pH 8.2 of the solution (reference 1). A 0.4M solution of NaHCO3 (molar 
mass is 84.00661 g/mol) will be obtained by dissolving 3.36 gram of NaHCO3 in 100 ml of heavy water. 
From a strictly theoretical point of view adding (highly pure) baking soda to heavy water introduces 
Hydrogen atoms into the solution, which will join Deuterium at the cathode as an impurity in Deuterium 
gas. To avoid this, we could add NaDCO3, which is not commercially available and needs to be synthetisized 
by leading CO2 gas through a Sodium carbonate (soda, Na2CO3) solution, consisting of Na2CO3 dissolved in 
heavy water. A method to do this could be performed by dissolving a molar equivalent amount of Na2CO3 
(i.e. equivalent to 0.4M NaHCO3) in a chosen volume of Deuterium oxide (heavy water) and bubbling CO2 
gas through the solution (by means of an aquarium air diffusor) untill more or less a pH of 8.2 will be 
obtained. This is apparently quite a lot of work and it remains the question whether the created H2 
impurity in Deuterium gas is of importance in the overall process of fusion in our Fusor. 
Similarly to the H2 impurity in Deuterium, CO2 gas will join Oxygen gas as an impurity at the cathode, when 
we use either NaHCO3 or NaDCO3, but that is of no concern to us as gases at the anode are of no use for 
the Fusor and are allowed to escape in the air. 
A more important disadvantage of the classical electrolysis process is that in the gas line following the 
electrolysis cell a (rather large capacity) gas dryer needs to be installed because the electrolysis produces 
moist Deuterium gas (saturated with heavy water). This occurs because the Deuterium gas bubbles up from 
the cathode through heavy water before it arrives in the output gas line. This is a very efficient way to 
saturate gas with heavy water. 

9.3.3.4 PEM Electrolysis 

Electrolysis with a polymer electrolyte membrane (PEM), also called proton exchange membrane 

(PEM), is electrolysis of (heavy) water in a cell with a solid polymer electrolyte that is responsible 

for conduction of Protons (for heavy water read "Deuterons"), separation of product gases and 
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electrical insulation of the electrodes (reference 3). The cell material is Nafion, a sulfonated 

tetrafluoroethylene based fluoropolymer-copolymer, with a thickness of 100-200 µm (reference 4). 

The PEM cell is a highly efficient way to produce Deuterium gas with a very high purity (99.999%) 

with no cross over of oxygen. There is some doubt about the statement that the cell produces dry 

gas because the membrane itself is hydrated and therefore it is believed that the Deuterium gas 

produced in the cell can be saturated with (heavy) water and in that case it would not harm to add 

a Drierite column in the Deuterium gas line. It is a fact, however, that heavy water resides at the 

anode side of the (wet) membrane, where Oxygen is produced. There are therefore no doubts that 

the Oxygen gas is saturated with heavy water and it might be worthwhile to consider a cold trap in 

the Oxygen line in order to retain heavy water from the Oxygen gas outlet. A nice calculator to 

calculate how much heavy water is contained in a volume of saturated Deuterium gas can be found 

in reference 5. 

Advantages of the PEM cell are further that it can operate at elevated temperatures (50-80°C), it has 

a high current density (0.6-2.0 mA/cm2), a cell operating voltage of 1.75-2.20V and it can produce 

gas at a high pressure (stack pressure < 30 bar). The latter is not possible with the cell from images 4 

and 5 because the housing is made of plastic and will burst when subjected to high pressures. 

For the production of Deuterium gas for a Fusor one single cell is usually sufficient because a 

(Nafion) cell surface of 10 cm2 produces about 2 liter Deuterium per hour at ambient temperature 

and pressure. The commercial PEM cell as shown in images 4 and 5 has a Deuterium production of 

5 ml per minute when operated at 2.0 V DC at 700 mA current. That is a production rate of five times 

the required Deuterium input for a Fusor! In order to regulate the flow rate from the cell to the intake 

rate of the Fusor, a (preferably automatic) system needs to be developed for a PEM cell Deuterium 

line. 

Fortunately for the fusioner, PEM cells are easily available either as a single cell (approx. 40 - 45 

EUR) or as part of an educational kit (approx. 55 EUR) as shown in image 3: 

 Image 3 

The Horizon Solar Hydrogen Educational Kit contains the PEM cell, a solar panel, an electric motor, 

a propellor, reservoirs for collecting Hydrogen and Oxygen, a battery holder for two 1.5V AA 

batteries (useless, because the cell eats a lot of power and the batteries will not last long), wires and 

plugs, tubing, stands for the reservoirs and the cell and a CD-ROM with information and 
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experiments. The dimensions of this PEM cell are 65x65x20 mm and it has a weight of 87 grams 

(empty). More about this and similar kits can be found in reference 6. 

For the Fusor we are only interested in the PEM cell (images 4 and 5) , the wiring and the tubing. 

 
For those who want to construct their own PEM cell, the membrane is available at a price of approx. 

16 EUR for a square piece of 10 cm2 (sides of 3.3.cm). The power requirements are 1 A per cm2 at 

0.6V. The reason for constructing a PEM cell might be for producing Deuterium at high pressure or 

at a higher capacity by stacking cells. In that case the housing(s) of the cell(s) must be made of SS 

(stainless steel or inox or rostfrei) steel. 

 
Layout of PEM cell electrolyser 

9.3.3.5 Ionization of fuel  Atoms 

In order to operate the Fusor it needs a supply of nuclei to be accelerated, a fuel, which is fed into 

the Fusor as a gas that will become ionized. Because the Fusor operates under a high vacuum, the 

fuel gas is "leaked" into the vacuum chamber (reactor) by means of a precision regulated valve. 

The ionization of gas molecules, e.g. Deuterium gas, occurs in a sufficiently strong electrical field 

wich is created between the outher wall of the vacuum chamber, the anode, and the inner grid, the 

cathode. When a sufficient amount of energy is transferred to a bound electron, i.e. when the 

threshold of the ionization potential is exceeded, a free electron is created which will drift towards 

the anode leaving a positively charged ion which will drift towards the cathode. In a sufficiently 

strong electric field the liberated electron will gain sufficient energy to liberate a further electron 

when it collides with another molecule and the process of gaining energy now proceeds for two 
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electrons which will liberate each another electron, and so on. Free electrons not only originate 

directly from ionized gas but are also generated by cosmic rays colliding with gas molecules and 

thus exciting them to higher energy states. The free electrons originating from cosmic rays 

interaction are called "seeding electrons" because they are at the basis of the process of generation of 

secondary free electrons. Another source of free electrons is the cathode (grid) in the Fusor, which 

releases electrons when under high voltage.This chain reaction of electron generation is called a 

Townsend avalanche. It depends on the free electrons gaining sufficient energy between collisions 

to sustain the avalanche. The final state of the Townsend avalanche is the Townsend breakdown, 

which is the situation when the gas suddenly changes from being a dielectric to a conductor by 

clouds of free electrons conducting the current between cathode and anode. 

The next step in the ionized gas process is formation of a plasma, another fundamental state of 

matter next to solid, liquid and gas. A plasma has similar conductive properties to that of metals and 

this can be observed by a sudden raise in current between the electrodes once the state of plasma 

has occurred, possibly followed by plummeting of the voltage (depending on the type of HV power 

supply). 

Characteristics of a plasma are the high electrical conductivity and the response to magnetic fields. 

Plasma is usually quasineutral, i.e. positive and negative particles are more or less in equilibrium. 

However, plasma of monocharged particles do exist but the density must generally be very low, or 

it must be very small, otherwise it will be dissipated by repulsive electrostatic force. 

For plasma to exist, ionization is required and the degree of ionization is the proportion of atoms 

that have lost or gained electrons and is controlled by the temperature of the plasma. 

An inert electrostatic confinement plasma can have a particle density of 1032 per m3 and the 

temperature of the same plasma can reach 108 Kelvin. In an IEC device the plasma concentrates in 

the center of the hollow cathode, the Poisor, basically a spherical focus diode. When pressure in the 

vacuum chamber and high voltage have the right conditions the ion density in the Poisor increases 

until a glowing ball of plasma will be formed. When the plasma is fed with a higher grid voltage 

with a correspondingly higher current a dense plasma focus will result and a plasma-magnetic entity 

will be formed in the Poisor: a plasmoid. The plasmoid goes through different shapes when the 

power is further raised: bugle mode, jet mode and star mode. In bugle mode the ball shaped 

plasmoid has a trumpet-shaped ion blow-out, in jet mode the ion blow-out is a sharp line and in star 

mode brilliant rays are ejected from each aperture of the inner grid. 

At higher pressures and at a too high starting potential electric discharges may occur before the 

Fusor comes into glow discharge mode: 

Depending on the pressure of the gas in the vacuum chamber, the voltage applied between cathode 

and anode and the distance between these electrodes, an electric discharge through the plasma and 

the avalanching free electrons cloud may occur. An electric discharge is however not what we want 

in an operating Fusor and it is therefore desirable to know the conditions under which discharges 

may develop. 
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The voltage necessary to start a discharge or electric arc, between two electrodes in a gas as a function 

of pressure and gap length is called the breakdown voltage (as described above) and can be defined 

by an equation known as Paschen's Law: 

 

in which: 

V = breakdown voltage in volts 

p = pressure in bar 

d = gap distance in meters (i.e. distance between anode and cathode in the Fusor) 

a and b are constants depending on the composition of the gas 

The breakdown voltage depends on the mean free path (MFP) of the particles which increases with 

decreasing pressure. The MFP is the average distance a particle travels before colliding with another 

particle. The relationship between pressure and voltage is flat at higher pressures, goes through a 

minimum voltage, and then asymptotically rises as the mean free path exceeds the electrode spacing. 

A graph based on the equation is the Paschen curve, as shown in image 5 for a number of gases. 

 

Image 5: Paschen curves obtained for helium, neon, argon, hydrogen and nitrogen, using the 

expression for the breakdown voltage as a function of the parameters A,B that interpolate the first 

Townsend coefficient.  
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The breakdown voltages in the curve from image 5 have been drawn for gases that are not of interest 

for use as fuel in a Fusor. We have collected some data for Deuterium and plotted a graph as shown 

in image 6: 

 

  Breakdown voltage for Deuterium.  

The graph of image 6 shows that for the high voltage region of interest (ROI) for a Fusor, 26 to 30 

kV, the voltage breakdown for Deuterium occurs at absolute pressures ranging from 7 to 16 mbar 

cm. 

It is difficult to draw conclusions from these data because not much has been published on the 

relationships between voltage, current and pressure in IEC devices. The graphs relating to Paschen's 

Law are based on measurements with flat plate electrodes but in an IEC reactor the cathode is 

spherical and hollow. It is, however, known that the geometry of the electrodes have a significant 

effect on the results (streamer discharge concept). 

The Townsend breakdown mechanism is only valid for slowly rising voltages and low pressures. 

The resulting discharge is diffuse of shape. At fast rising voltages and when the product between 

pressure and anode/cathode distance is sufficiently large, a distortion of the electrical field may 

occur yielding a filamentary channel (or streamer) bridging the anode/cathode gap. 

When we summarize our findings from these first two chapters it becomes clear that: 

• Fusion takes place only when the average kinetic energy of nuclei is sufficiently raised (to 

overcome the Coulomb barrier) by accelerating their speed and increasing the density of 

nuclei in the center of the IEC recator; 

• This is achieved by creating a potential well between electrodes, i.e. a sufficiently high 

voltage is created between cathode and anode; 

• A vacuum inside the IEC reactor is required to maintain the high voltage potential field 

which 'powers' the fusion reaction, to eliminate contamination of the fusion process with 

unwanted and unsuitable nuclei, to prevent heat damage to the fusion reactor and -most 

important of all-  to enable formation of plasma; 

• A suitable 'fuel' will be required that gets ionized and creates a plasma; nuclei (ions) of the 

fuel are accelerated and may fuse; 
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• The conditions of pressure, high voltage between electrodes and electrodes distance should 

be such that voltage breakdown in the plasma/electron cloud will be prevented, i.e. electric 

discharges between the electrodes are unwanted. 

9.3.3.6 Choice of Energy 

The fusion process in the Fusor is thermonuclear fusion, or hot fusion, not to be confused with cold fusion 
processes or low energy nuclear fusion (LENR). 
In our Fusor we apply a voltage of (e.g.) 25 kV and an electrostatically accelerated Deuteron (an ion with a 
charge +1) which passes through the grid has gained a kinetic energy of 25,000 electronvolts (25 keV). 
When multiplied with 11,604 to obtain Kelvin we find that in the heart of our Fusor a temperature exists of 
more than 290 million degrees Kelvin. 
Somewhat surprisingly it is not heat that is the key to achieve fusion but it is velocity caused by 
electrostatic acceleration. From the Maxwell–Boltzmann distribution (or Maxwell speed distribution) for 
particle speeds in idealized gases the following equation for velocity v of a particle was developed: 
 
Equation I 

v=(2KT/m)½ 
Where: 
v is velocity of a particle 
K is the Boltzmann constant=1.4*10-23 JK-1 
m is the mass in kg 
T is the temperature in K. 
 
The equation shows that a direct relationship exists for the velocity of a particle and temperature and also 
that heat is a means to achieve speed (and vice versa as shown in our 25 keV Fusor example above). 
 
It appears that this is a very crucial point because large governmental institutions are struggling for decades 
now to achieve fusion by heating gas with convential means in tokamaks (e.g. ITER) and high power lasers 
(e.g. HiPER), whereas the answer may be found in using a more simple and direct way to obtain high 
velocity by using electrostatic acceleration. 
 
At fusion energies (> 10 keV) the fusion reactants exist in a plasma state because the ionization energy for 
Deuterium of 15.47 eV is highly exceeded. The plasma in a Fusor turns into a Poisor (a plasma focus, 
plasmoid) when a mean free path for particles (ions) has been reached comparable to the vacuum chamber 
radius. In general, extending the mean free path of particles is achieved by lowering the pressure in the 
vacuum chamber as can be derived from equation II, the equation for calculating the mean free path of a 
particle: 

 

where: 

l is the mean free part for particles kB is the Boltzmann constant in Joule per Kelvin 

(1.3806488(13)×10−23 JK-1 

T is the temperature in Kelvin 

d is the diameter of gas particles in meters 

p is the pressure in Pascal 

some mean free path values for air at room temperature at different pressures, which have been 

listed in table 1: 



IECF (Inertial Electrostatic Confinement Fusion) 

 

302 

Vacuum range Pressure in mbar Molecules per cm3 Mean free path 

Ambient pressure 1013 2.7 x 1019 68 nm 

Low vacuum 300 - 1 1019 - 1016 0.1 - 100 µm 

Medium vacuum 1 - 10-3 1016 - 1013 0.1 - 100 mm 

High vacuum 10-3 - 10-7 1013 - 109 10 cm - 1 km 

Ultra high vacuum 10-7 - 10-12 109 - 104 1 km - 105 km 

Extremely high vacuum > 10-12 < 104 > 105 km 

 

When the mean free path of a particle in a sphere shaped Fusor exceeds approximately three radii, 

the particle will start recirculation and when the pressure is further lowered (i.e. the mean free path 

further enlarged) the particle will start to oscillate back and forth through the plasma focus until the 

mean free path has been reached or until a (negatively charged) cathode wire of the grid is met and 

the (positively charged) particle ceases to exist . 

the recirculation of ions occurs when the mean free path of the ions exceed the diameter of the 

vacuum chamber; after all the particles cannot escape from the vacuum chamber to accomplish their 

mean free path. Therefore, particles which have passed the plasma focus will decelerate, reverse 

their direction and accelerate again towards the plasma focus, taking another opportunity to collide 

and fuse or to end their existence as an ion when caught by a grid wire. In a Farnsworth-Hirsch 

Fusor an ion generally makes about five recirculation passes before it ends against the grid. In an 

ideal situation a grid wire should be infinitely thin, which is impossible, and the concept of grid 

transparancy has been developed for constructing a grid with the best possible open structure for 

the Fusor. 

The general rule of five recirculation passes proved to be incorrect when the grid is geometrically 

good designed and accurately placed in the vacuum chamber. Very precisely adjusted Fusors may 

show the George Miley effect, where the plasma turns into the "star" mode. Apparently this is a 

phenomenon where ions seem to avoid hitting the grid and will travel through void places in the 

grid and form star-like rays, which named this plasma mode. 

The equation that defines fusion rate for a plasma with a constant particle density is: 

Equation III f = n1n2σv 

or, when taking into account that particle velocity in general has a Maxwellian distribution it makes 

sense to average σv over the integral region of the relative velocity: 

Equation IV f = n1n2(σv) 

where: 

f is the fusion rate or reaction rate (fusions per volume per time, i.e. per cm3  per second) 

n1 and n2 are the densities of two colliding ion species in particles per cm3 
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σ (sigma) is the reaction cross section in barns 

v is the relative particle velocity in cm/sec 

It should be noted here that nowhere in the equation (II or III) temperature appears because the 

fusion process deals only with densities, dimensions and velocity. 

The term (σv) is called the reactivity, the appropriate average of the fusion cross section σ over the 

relative velocities v, expressed in units of cm3 /sec. A plot of reaction rates versus kinetic temperature 

is shown in image 10, similar to images 8 and 9.The plot clearly shows that D-D fusion rates increase 

with increasing energies (temperatures): at 10 keV just over 10-24 m3/sec and at 30 keV approximately 

10-23 m3/sec. 

  Image 10: Fusion rates for some fusion reactions 

The reaction cross section σ is a measure of the probability of a fusion reaction as the function of the 

relative velocity of two reactant nuclei. The cross section is expressed in barns, a surface unit with 

the approximate dimensions of the nucleus of an atom, where 1 barn is 10-24 cm2. 

When nuclei are reacting with itself (as in our D-D fusion reaction), the product n1n2 becomes ½n2: 

Equation V f = ½n2(σv) 

At first sight equation V seems quite logical apart maybe from the factor ½, which of course 

obviously is explained by the fact that when nuclei react with itself the given density of nuclei (i.e. 

number of particles per unit volume) is reduced to half that nucleus density or with other words, 

the factor ½ has been introduced into the formula to avoid counting the same interaction twice. 
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The value v may require frame-shifting assuming that one particle is moving and the other is 

stationary because that is how cross sections were measured in experiments with linear accelerators 

(reference 23). Fusors are ion accelerators but certainly not linear accelerators with a stationary target 

and this has nasty consequences for finding a mathematical model as shown in the next paragraph. 

Equation V should enable to calculate the fusion rate of a Fusor but unfortunately fusion reactions 

in a Fusor are far from predictable and are difficult to catch in mathematical equations. The reason 

for this complexity is that particles in a Fusor do not have a fixed kinetic energy and the paths they 

follow are not straight beams. Particles may be orbiting in circular or elliptical orbits. The kinetic 

energy of a particle in a Fusor depends on its location in the Fusor, except for those particles orbiting 

in circular paths, etc. Furthermore, fusion reactions in a Fusor do not occur only in the plasma focus 

inside the grid but also just outside the grid and possibly also with non-ionized Deuterium gas near 

the walls of the Fusor. 

Any attempt to calculate a reaction rate in a Fusor is therefore a simplistic approximation of real 

values for which different calculation models are available for such an approximation, usually based 

on different theoretical approaches. One of those methods is shown in the next paragraphs. 

The velocity v of the colliding nucleus is non-relavistic and can be calculated with the classical 

formula from equation I, which is mentioned here as: 

Equation VI 

 

(derived from equation I: kinetic energy = ½ mv2) in which 

v = particle velocity in meters per second (m/s) 

Ek = kinetic energy converted from eV to joules (J) 

m = mass of the nucleus in kg 

The cross section for D-D reactions at 10 keV ranges from 2E-4 barn (center collisions) to 1E-3 barn 

(head-on collisions). A (one) barn is 1E-28 m2 or 1E-24 cm2 as mentioned earlier. 

Knowing v (converted from m/s to cm/s) and the cross section σ (in cm2) we can calculate the 

reactivity (σv) expressed in cm3/s. 

The remaining term of the equation to be calculated is the density of particles (nuclei) per cm3. 

A simplified method is by assuming that all or at least the majority of the current through the grid 

is due to ion flow with a charge of +1. We know that one Ampère equals one Coulomb per second, 

or 6.24E18 charges per second. We need to compensate for losses caused by the grid by multiplying 

the charges with the "ion recirculation factor". Assuming that we have a grid transparancy 

(see below) of 98% than 2% of the ions will be blocked by the grid. This means that an ion will be 

neutralized by the grid one pass in fifty and therefore the ion recirculation factor would be 50. 

Another approximation of the recirculation factor can be found by calculating the mean free path of 

the ions as shown below. 

http://fusor.eu/theory.html#ref23
http://fusor.eu/theory.html#Grid_Design
http://fusor.eu/theory.html#mean_free_path_calculation
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The result of multiplying the charges with the ion recirculation factor yields an estimation of the 

number of ions passing the grid per second. 

Because we know the diameter of the grid and because we have calculated the velocity of the ions, 

we can calculate now the the amount of time that an ion is actually in the grid. 

The overall density in the grid can then be calculated from the time that an ion is in the grid and the 

amount of ions that pass per second through the grid. The results is expressed as particles per cm3. 

The calculation rules out time because we multiply 

Duration in seconds (t) × number per second (n/t) × volume (cm3) = n/cm3 

For a more accurate estimation of the density it is advised to break up the grid sphere volume in two 

or more concentric spheres (or shells) with in the central region a sphere with the (estimated) 

dimensions of the Poisor (the visible bright spot), where the ion density is progressively higher. 

For those who have forgotten their geometry equations to calculate the volume of a sphere: 

 

When the radius of the grid sphere is rg and the radius of the Poisor sphere is rp we find the following 

equations for calculation of the volumes of the shells: 

Equation VII 

(Poisor sphere)                    

 

Equation VIII 

(Grid shell)  

Next is to calculate for each shell the fusion rate as the product of half the particle density squared 

and the sigma v values. For the inner shell use the cross section value for the center collisions; for 

the outer shell(s) use the cross section value for the head-on collisions. 

Summarize the fusion rates for each shell. 

Example: 

for a Fusor operates at 10 kV at a current of 10 mA; it has a grid diameter of 6 cm and the Poisor has 

an estimated diameter of 4 cm; the cross sections σ for Deuterium at 10 kV are 2E-4 barn for center 

collisions and 1E-3 barn for head-on collisions. The mass of a deuteron is 3.43583719E-27 kg and the 

conversion factor from eV to J is 1.60217657E-19. The ion recirculation factor based upon the mean 

free path is calculated in the next paragraph and found to be 41. This well in line with the rule of 

thumb calculation based upon the grid transparancy which yields 50 recirculations. 

An estimated calculation of the recirculation factor was done by applying equation II with a 

deuteron radius of 2.1413E-15 m, a Fusor pressure of 1E-5 Torr (equals 1.333223684E-3 Pascal), a 

plasma temperature of 10 keV for which 1eV equals 11604.45 K yielding a plasma temperature of 

1.16E8 K, a Boltzmann constant of 1.3806488(13)×10−23 JK-1. With these parameters equation II yields 
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a mean free path length of 8.1719 m, which results in 41 recirculations in a Fusor with a diameter of 

20 cm (mean free path length divided by diameter is approximate number of passes or 

recirculations). 

In this system the velocity v of the colliding ions is the square root (2 × ((41 × 1.60217657E-

19)/3.43583719E-27)) = 61836.633572 m/s or 6183663.3572 cm/s. 

The factor σv for center collisions is 6183663.3572 cm/s × 2E-4 barn × 1E-24 cm2 = 1.2367E-21 

cm3/s and for head on collisions 6183663.3572 cm/s × 1E-3 barn × 1E-24 cm2 = 6.1837E-21 cm3/s. 

The amount of time that an ion is in the grid is diameter grid divided by the velocity or 6 cm 

÷ 6183663.3572 cm/s = 9.7030E-7 s. 

The number of ions per second equals 10 mA for which 1 A 6.24E18 charges per second times the 

ion recirculation factor or 1E-3 × 6.24E18 × 41 = 2.558E19 ions/s. 

The overall density in the grid is amount of time that the ion is in the grid times number of ions per 

second or 9.7030E-7 s × 2.558E19 ions/s × volume = 2.4820E13 ions in the total volume of the grid. 

For the poisor shell we find a volume of (r = 2 cm) 4/3 × π × 23 = 33.5 cm3. The ion density in this shell 

is 2.4820E13 ÷ 33.5 = 7.41E11 ions/cm3. 

The fusion rate for the poisor shell equals ½ × n2 × (σv) is ½ × (7.41E11)2 n/cm3 × 6.1837E-21 cm3/s = 

1698 reactions per second. 

Similarly, for the grid shell we find a volume of (r = 3 cm) 4/3 × π × (33 - 23) = 79.6 cm3. The ion density 

in this shell is 2.4820E13 ÷ 79.6 = 3.27E12 ions/cm3. 

The fusion rate for the grid shell equals ½ × n2 × (σv) is ½ × (3.27E12)2 n/cm3 × 1.2367E-21 cm3/s = 6595 

reactions per second. 

The total fusion rate in the fusor (grid) equals 1698 + 6595 = 8293 reactions per second. 

Above mentioned method(s) for calculating the fusion rate are very rough estimations and a total 

reaction rate of just over 8000 reactions per second is considered quite sufficient for detection by a 

neutron detector. A large number of reactions is required here because the number of reactions 

should exceed the detection limit of the detector sufficiently but it should also be noted that the 

neutrons from the fusion reactions are randomly emitting from the Fusor in all directions and our 

detector is just on one fixed spot at a distance from the Fusor. Therefore the majority of these 

neutrons will not be "seen" by the detector. 

From the calculations it should be clear that a higher voltage (is more velocity) and a higher current 

(is more ions) will increase the reaction rate. 

9.3.3.7 Radiation Hazards 

Röntgen (γ) Radiation 

Operating a Fusor means applying a high voltage to a cathode in a medium or high vacuum 

environment, which produces thermionically emitted electrons directed outward from the cathode 

and by colliding with the vacuum envelope generate Bremsstrahlung röntgen radiation. Because we 
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use Deuterium as "fuel", which becomes ionized in Deuterons with a single positive charge, the γ-

energy of the röntgen radiation in eV is directly related to the potential differential applied. For 

example a potential difference of 30 kV emits röntgen radiation with an energy up to 30 keV. 

Generally, it is said that up to a voltage of 25 - 30 kV no röntgen radiation of importance will pass 

through the (metal) walls of the vacuum chamber. For information about calculating the amount of 

röntgen radiation that will penetrate the vacuum chamber wall and we shall use that info for the 

following calculation. 

The mass attenuation coefficient for steel is at 30 keV 8.2 cm2/g and at 10 keV 170 cm2/g. 

De Beer-Lambert's Law of exponential attenuation is used for calculation of the penetrating flux: 

Equation IX 
  

where 

m = mass attenuation coefficient 

x = thickness expressed as mass per unit area (g/cm2) 

The mass density for steel is ρm = 8.0 g/cm3 

For a vacuum chamber with a wall thickness of 2 mm: x = ρm × t, where t is the wall thickness, 

x = 8.0 g/cm3 x 0.2 cm = 1.6 g/cm2 

For 30 keV röntgen radiation we find: exp(-8.2×1.6) = 2E-6 or 0.0002% of the radiation will penetrate 

the vacuum chamber walls, which is indeed of no importance. 

At 10 kV potential difference or 10 keV röntgen radiation energy we will find even considerably less: 

7.4 × E-117%! 

For calculating what this means as a biological radiation dose we assume that our Fusor runs at 30 

keV and 10 mA or an energy of 300 Watt = 300 J/s. suppose that we have no losses in the system 

and the röntgen radiation (Bremsstrahlung) is generated by two entities: 

• electrons emitted from the grid 

• ions colliding in the plasma focus 

Which absorb the 300 J/s kinetic energy. 

For a Fusor 30kV, each Deuterium has one single charged ion (30 keV) and one electron (30 keV) 

and therefore the kinetic energy for each is 50% of 300 J/s = 150 J/s. The efficiency for generating 

röntgen radiation is about 1E-9 and thus we have 150 J/s × E-9 = 1.5E-7 J/s keV X-rays emitting from 

the plasma focus, of which 0.0002% exits the vacuum chamber = 3E-13 J/s. 

For an average body mass of 70 kg (see method 1 under Neutron Radiation below) we find an 

absorbed energy dose of 3E-13 J/s ÷ 70 kg = 4.3E-15 J/kg/s or 1.5E-11 J/kg/h. This equals (conversion: 

1 J/kg = 1 Gray) 1.5E-5 µGy/h which converts with a weighting factor of 1 for gamma's to an 

equivalent tissue dose of 1.5E-5 µSv/h. Compared to the annual limit for professional 

workers of 20µSv/h (>250 h/y) this is indeed neglectable. 

http://fusor.eu/theory.html#Method_1
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Neutron Radiation 

It is difficult to measure accurately the total amount of neutrons produced by the fusion reaction as 

the efficiency for the neutron detector should be known, i.e. taking into account the distance from 

the detector to the core of the reactor and the factor describing the amount of neutrons hitting the 

detector in relation to the total amount of neutrons emitted randomly in all directions, etc. Therefore 

we propose to tackle the problem of calculating the radiation dose from neutrons by two different 

ways. 

Method 1 

One method is to use the maximum allowable limit for radiation exposure and to calculate the 

corresponding maximum production rate of reactions in the Fusor. Knowing that maximum 

production rate enables to calculate more or less up to what high voltage and current the Fusor can 

safely be operated. 

As a starting point we take the EU dose limit for professional nuclear workers, which is an absorbed 

dose of 20 µSv/h (< 250 h/year). To compensate for stochastic radiation effects, an energy dependent 

weighting factor Wr connects the absorbed dose in Gray (Gy to the equivalent tissue dose in Sievert 

(Sv).  

For neutrons the following equations as a continuous function of the neutron energy: 

 

When we substitute the neutron energies of respectively 2.45 MeV and 14.1 MeV in the appropriate 

equation (for the relevant energy) we find respectively W2.45 = 12.5 and W14.1 = 7.7. The sum of both 

weighting factors is about 20. 

Therefore the Fusor is allowed to produce maximally an absorbed dose of 1 µGy/h and this is 

equivalent with an energy deposition of E-6 J/kg/h. The average body mass of an adult in Europe is 

just over 70 kg and when we take a body mass of 70 kg as the norm we find that a Fusor energy 

output of 7E-5 J/h or 1.9E-8 J/s should be considered as acceptable. 

Neutrons emitted from the Fusor have an energy of respectively 2.45 MeV and 14.1 MeV, which 

equals respectively 3.93E-13 J and 2.26E-12 J. We divide the maximum allowable fusor output of 

1.9E-8 J/s by the neutrons energy and find respectively a maximum allowable fusion rate (# = number 

of fusions or reactions) of 48500 #/s and 8400 #/s. 

The outcome may be confusing because we find for one neutron energy a "safe" fusion rate of almost 

50,000 fusions per second and for the other neutron energy a "safe" fusion rate of almost 8,500 fusions 

per second. We should however realize ourselves that both reactions possibly may occur 

simultaneously. The equations Ia, Ib and II show the D-D reactions that may occur in the Fusor: 
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The probability that reactions Ia and Ib occur is 50% for each, therefore the emission of neutrons 

with an energy of 2.45 MeV is realistic. The Tritium formed in reaction Ia will may further react with 

Deuterons present in the Fusor because the minimum energy required for the D-T reaction is lower 

than for the D-D reaction and therefore this reaction might also occur. However, the assumption that 

reactions (Ia,II) and (Ib) occur equally is taken here as a worst case assumption. Worst case because 

neutrons emitted with an energy of 14.1 MeV are more harmful because of depositing more kinetic 

energy in tissue. In reality we probably may expect in majority to produce neutrons with an energy 

of 2.45 MeV because it is expected that most of the formed Tritium decays before being burnt-up by 

the D-T reaction. 

With respect to the biological radiation burden the total amount of allowable fusions per time unit 

is therefore worst case 48,500/s + 8,400/s = approx. 57,000/s. 

This calculation is valid for an exposure to neutrons directly at the source, i.e. like the Fusor operator 

was present inside the vacuum chamber during exposure to neutrons produced. Distance reduces 

the effect of exposure to neutrons but despite such a reduction in neutron flux caused by distance it 

is not good for your health to be exposed to neutrons. Water contained in the body will moderate 

(slow down) the neutrons but once an atomic nucleus inside the body is hit, a reaction will occur 

which produces radioisotopes and reactive free radicals, which stay inside your body until decayed. 

However, prior to full decay they may be harmful to your health. 

Method 2 

Another method can be used when the neutron flux form the Fusor is known by converting the 

neutron flux rate to neutron dose rate for which the calculation is 

Dose rate (rem/h) = conversion factor ([rem/h]/ [neut/cm2s-1]) × neutron flux (neutrons per cm2/s) 

The conversion factors 

for converting from the rem unit to the currently used unit of Gray: 1 rem/h = 0.01 Gy/h = 10 mGy/h. 

For our D-D reactions yielding neutrons with energies of  2.45 MeV and 14.1 MeV we find 

respectively conversion factors of about 1.25E-4 and 2.08E-4. The same argument about a worst case 

calculation is equally valid here as in method 1. 

When measured with the neutron detector and calculated for the distance from the detector to the 

Fusor operator we find an (assumed) neutron flux of 1000 neutrons/cm2/s at operator level. Because 

the neutron detector is inside a moderator to slow down fast neutrons to thermic neutrons, which 

are counted by our detector, our neutron flux consists of (assumed) 50% neutrons with an energy of 

2.45 MeV and 50% neutrons with an energy of 14.2 MeV. 
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The dose rate for 2.45 MeV neutrons is calculated as dose rate (mGy/h) = 1.25E-4 (conversion factor) 

× 500 (50% of neutron flux) × 0.01 (from mrem/h to mGy/h = 0.00104 mGy/h = 1.04 µGy/h. 

The dose rate for 14.2 MeV neutrons is calculated as dose rate (mGy/h) = 2.08E-4 (conversion factor) 

× 500 (50% of neutron flux) × 0.01 (from mrem/h to mGy/h = 0.000073 mGy/h = 0.073 µGy/h. 

The weighting factors for neutrons in order to obtain an equivalent dose in Sv is mentioned before 

in method 1. By applying the weighting factors W2.45 and W14.1 the total equivalent neutron dose rate 

is (0.625 × 12.5) + (1.04 × 7.7) = 15.8 µSv/h. 

This equivalent dose is at a safe level, i.e. below the allowable limit for professional workers of 

20µSv/h (>250 h/y). 

http://fusor.eu/theory.html#Method_1
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9.3.4 Electrical System 

9.3.4.1 High voltage Power supply 

The high voltage power supply needed is 35Kv at up to 5 mA. The system is divided to four main 

Phases: the power supply, ZVS Driver, fly back transformer,and the Voltage tripler. 

General System Diagram 

 

 

Figure 9-1. High Level High Voltage Power Supply Diagram 

To obtain a power 35kV at up to 5 mA at the output. the normal power, as shown is 220 Volts with 

alternating current (AC), should go through mutli-diverse phases. phase 1, the current will be 

converted from AC or Alternating current (where it changes the direction periodically), to DC or 

direct current (where it only flows in one direction). In addition to ensure the needed power for the 

next phase. Phase 2, the DC power is an input for a zero-voltage switching driver (ZVS) which is a 

self-oscillator (push-pull oscillator). The ZVS driver provide a high frequency (KHz) oscillator for 

the fly back transformer in the phase 3. Phase 4 is a volatge tripler, that multiply the voltage through 

utilazing cockroft-waltan voltage multipler stages.All theses mentioned above is illustrared in figure 

3-1 above. 

Therefore, There are 3 kind of systems that can be adopted: 

Detailed System 1  diagram  

 

Figure 9-2. Detailed system 1 diagram  

Starting from the left, The variable transformer is for controling the intensity of plasma inside the 

vacuum chamber. Then, a step up transformer is needed, before converting the power from AC to 

DC that is required as an input for the zero voltage switch driver (ZVS). After that, a fly back 

transformer and voltage tripler generats arround 30 Kv at 100 mA from the magnetic feild coming 

from ZVS driver. Finally, there are the voltage, and current circuit measurerment to measure the 

arrived voltage and current to the vacuum chamber ( connected to the output). 
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Detailed System 2 diagram  

 

Figure 9-3. detailed system diagram 2 

In this system, the power needed for the ZVS Driver is fed by a custom adjustable DC Power Supply. 

Detailed System 3 Diagram 

 

Figure 9-4. Detailed system diagram 3 

In this system, a high voltage transformer of 12KV at 30 mA will fed a voltage Tripler circuit, in 

order to step up the voltage at the output. Note that the output voltage will depend on the number 

of stages of voltage Tripler as well be mentioned later. This method gives a fix amount of voltage. In 

other word, it cannot adjust the voltage in order to optimize the voltage according to fusor sensor 

and measurement. 

Detailed System 4 Diagram: 

 

Figure 9-5.  detailed System Diagram 4 

Similar to the last method, but in order to keep the current at 30 mA, the voltage Tripler will be 

replaced by a bridge rectifier, just for converting the Alternative current to a Direct Current. This 

method gives a fix amount of voltage. In other word, it cannot adjust the voltage in order to optimize 

the voltage according to fusor sensor and measurement. Therefore, the output will be fed by a power 

of ~12kv at 30mA. 

The High voltage power supply 

The power supply will be composed to some step. The first step is presented as shoun figure below. 
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-  

System 1 DC Power Supply  

 

 

Figure 9-6. Step1 circuit simulation 

As shown above, a Ac power source of 15 VAC feeds two transformer of ratio equal to 1, for 

insulation anad safety reasons. Then, the two transformer provides a power of 30 VAC (the 

transformer are connected in series). After that, a Ac to DC converter (rectifier) transform the AC 

voltage to DC, with the presence of capacitor of 10,000 uF to ellimenate voltage ripple. 

System 2 DC Power Supply 

This system is as simple as it is, an adjustable DC Power supply of 0 − 30𝑣 20𝐴 can be sufficient, 

such as this one in figure 3-4, below: 

 

Figure 9-7. Adjustable DC Power Supply 

System 3 and 4  high voltage Power Supply 

… 
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Zero voltage Switching (ZVS) 

The ZVS Driver circuit (Roye converter) is a Royer-type push-pull oscillator with a resonated 

primary that is implemented with FETs. This type of oscillator can be used to drive the ferrite core 

of a flyback transformer to generate high voltage. It can also drive a high-current air-core "work" 

coil for an induction heater. 

 

Figure 9-8 Basic ZVS Driver circuit 

The ignoring the power supply chokes and resonating capacitor(s), the ZVS circuit is simply a push-

pull FET-based oscillator where the drain of each FET is cross-coupled to the gate of the opposite 

(out of phase) FET. It is worth to mention, that The FET(Field Effect Transistor) is a three-terminal 

electronic device used to control the flow of current by the voltage applied to its gate terminal. 

The operation of this kind of driver for the primary of a transformer is very straightforward and 

need not be discussed here. The circuit is fed from the power supply through a center-tapped 

primary coil and a single choke or from two separate chokes connected to the FET drains (as shown 

in figure 3.2).  

Note1: it is not recommended to use a center-tapped coil cause of the ability of “lock-up” if the 

supply voltage is not applied fast enough to kick it into operation. These phenomena appear 

when you slowly increase the input voltage. So, in order to avoid it, it much better to apply the 

input voltage abruptly. You can use a remote-control relay to operate the ZVS circuit. 

With the two (47uH-200 uH) choke coils (L1, L2) and the resonating capacitance across the primary, 

the circuit operates as a "Royer" type inverter where the primary is resonated with the capacitance 

and where the chokes keep the power supply from reducing the resonant action of the primary. 

These chokes also keep the primary oscillations from feeding back to the power supply. 
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Zener diodes are connected across the FET gates so that the maximum gate to drain voltage is not 

exceeded. NOTE2: Use of a Zener voltage higher than the minimum gate to source turn-on voltage 

ensures that the FETs are conducting at a high level. Plus, the diode should be a fast diode  

Note 3: the capacitor C1, and the two MOSFET should be cool. Otherwise, the signal will be 

shifted, until the circuit broke, and the MOSFET will be burned down. 

NOTE4; TAKE CARE TO THE GROUND, THE GOUND SHOULD BE CONNECTECD WITH 

THE NEGATIVE OF TH POWER SUPPLY. 

ZVS MAZZILLI Circuit 

 

This kind of ZVS driver needs an input voltage abruptly, cause of the high probability of “lock-up” 

phenomena, aforementioned. the main difference between typical ZVS MAZZILLI Circuit and 

circuit above are the center-tapped coil, and the larger capacitor between Drain-Drain. In this 

application this kind of ZVS driver will not work properly.  It is not recommended to use this ZVS 

MAZZILLI.  

ZVS Simulation 

 

Figure 9-9. ZVS circuit in the stop Mode 
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Figure 9-10. ZVS circuit in the RUN Mode 

In the figure 3-3 and 3-4above, a center-Tapped inductor has been avoided and place a simple 

inductor o 100uH. The capacitor (2.2uF) and inductor (1000mH) is selected via trial and error for a 

soft sine wave (as shown in the figure) 

 

Figure 9-11. AC output Voltage 

 

Figure 9-12. Output Current 
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ZVS with flyback and cockroft-waltan voltage multiplier circuit 

 

Figure 9-13. ZVS with flyback and voltage Tripler simulation 

 

Figure 9-14 Output voltage and current 

The output voltage at the end of voltage Tripler is -45Kv at 114.54 uA. With the presence of a soft 

sign wave in the ZVS self-oscillator. 

Equipment 

Cathode 

The cathode, shown in figure 3.13, consists of 30kv feedthrough with 2.75‘‘ stainless steel flange 

(figure 3.14), alumina tube insulating feedthrough stalk (figure 3.15), and the negative hot inner grid 

of tungestin filament with its base of stanless steel that connect the inner grid with the pin of 

feedthrough (figure 3.16). The power about −𝟑𝟓 𝒌𝒗 𝒂𝒕 𝟎~𝟓 𝒎𝑨 cross the cathode in this application. 

Note 1: This feedthrough needs to be rated for the cathode voltage that will be used 
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Note 2: it is recomended to buy the feedthrough flange, not DIY. The ceramic isolation should be 

molded on the flange correctly for many reason such as the isolation, high vacuum, conductivity. 

 

Figure 9-15. Fusor Reactor Cathode 

 

Figure 9-16. feedthrough flange 

 

Figure 9-17. alumina tube insulating feedthrough stalk 
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Figure 9-18. Tungsten grid 

The cathode inner grid material can be on of the following materials: tungsten, tantalum, Rhenium, 

molybdenum, Titanium, and stainless steel. But a demo fusor can be use stainless steel wire as they 

are not stressed to the degree encountered in a real fusing fusor. The best suitable for real fusor is 

tungsten. 

According to available material in the local market, a 1.6mm diameter of stainless-steel wire has 

been used in this project. 

The cathode inner grid has been built in the following steps: 

Step 1: 

Get three stainless steel rods (2 x diameter: 1.6mm, 1 x diameter:2 mm). the 1.6mm rods are used for 

the spherical inner grid. This thickness is compatible for the transparency (<92%), as mentioned 

before. 

 

Figure 9-19. stainless steel wire 

Step 2: 

Build the spherical inner grid according to its characteristic calculated before. 

(The spherical diameter: 7cm, the wire thickness: 1.6mm, and the wire loop number: 3). 

In order to build the three loops (circle) of diameter equal to 7 cm, an available gas tank of diameter 

equals to 7cm has been used. 
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Figure 9-20. gas tank of 7 cm diameter 

   

Figure 9-21. stainless steel reshaping 

NOTE: each loop has two pins, that is needed to fix the inner grid sphere on its base, as will be 

mentioned later. 

Check each circle reshaped by using the pink gas tube, with a red wire (as shown in figure 3-20 

above), the two pins have been tied by a red wire to keep the stainless steel in its circular shape. 

After two days, the requires shape of stainless-steel wire was achieved. Hence, the three stainless 

circle has been extracted from the pink gas tank, as shown in figure 3-21. 

. 
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Figure 9-22. stainless steel with circular shape 

Step 3: 

Gather three stainless circles in order to obtain a spherical shape, as figure below. 

 

Figure 9-23. stainless steel inner grid 
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Step 4:  

Choose the base of spherical inner grid 

As shown in figure 3-22, there are 4 pins of thickness equals to 1.6mm, in total of 6.4mm. according 

to that, the inner grid base should have an inner diameter greater than 6.4 mm. according to local 

market, a stainless pipe of inner diameter of 7 mm and outer diameter of 10 mm, a length of 10 cm 

is suitable for this project. 

 

Figure 9-24. stainless pipe tube 

Step 5: 

Fix all components via argon soldering electrical machine. 

NOTE: the soldering needs an expert person, and it is more preferable to use a non-electrical argon 

soldering machine, cause of the complexity and the accuracy needed of the soldering position. 
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Figure 9-25. argon soldering electrical machine 

 

Figure 9-26. inner grid assembling 
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 The wire chopped 

off cause of high 

sensitivity of wire 
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Figure 9-27. Stainless steel Inner Grid argon Soldering 

 

 

Step 6:   

After gathering the stainless sphere with its base, the 2 mm stainless wire has been soldered in other 

side of stainless pipe (sphere base). the  
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Figure 9-28. final form of stainless inner grid 

ZVS Driver 

The ZVS needed for this project should has the following specification shown in the table below: 

Specification description 

Input Voltage DC 12-30V 

Power 1000W 

Working Frequency 30-50KHz 

Input current >5A (under 12V) 

>10A (under 15V) 

  

NOTE1: THE POWER SUPPLY SHOULD AT LEAST 12V AT 5A. otherwise, this will lead to low 

power input, thus, the Two MOS will connect at the same time, this will damage it. 

NOTE2: DO NOT TURN ON THE MODULE AT NO LOAD, because it will lead to produce a high 

frequency noise that damage the mosfet. 

NOTE3: DO NOT EXCEED 30V. 
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Figure 9-29. ZVS Driver 

The ZVS driver will generate as an output power 800 times the input Voltage. So, for 20V at 10~15A 

the output power is 16KV 

Estimated cost: 20$ 

AC flyback transformer 

 

 

This combination delivers an output voltage of around 27 kV peak to peak at an input voltage of 

24V using 4×4 windings on the primary side of the flyback transformer. 

Estimated cost: 35$ 

Voltage Tripler (Cockroft-Waltan Voltage multiplier) 

 

 

for 16kv as input, and in order to reach the 200kV.Approximately, 6 stage is needed 

200𝐾𝑣 ÷ 2 ÷ 16 𝐾𝑣 = 6.25 𝑠𝑡𝑎𝑔𝑒𝑠 
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Each stage needs two diodes, and two capacitors. The following components specification is 

compatible for this project. 

Diode: High Voltage diode 2CL20Kv 20mA (48pcs, each two in series, and well isolated) 

 

Figure 9-30. 20Kv 20mA high voltage diode 

Capacitor: High Voltage capacitor 30Kv 1000pF (1nF) (24pcs, each one should be well isolated at 

its pin connections) 

 

Figure 9-31. 30Kv 1nF capacitor 

NOTE: this part of circuit should be in a suitable box filled of sunflower-oil, 6 liters of it is enough 

for isolation. 

  

Figure 9-32. Voltage Tripler circuit simulation 

Power supply 

The power supply is acquired to feed the ZVS driver. This purpose can be achieved in two Methods. 

Method 1:  

The power supply is composed to 3 parts: variable transformer, to control the voltage existed at the 

input of ZVS driver. Hence, the power delivered to the fusor reactor cathode. Then, a two-

transformer (1:1) connected in parallel at the primary, and series at the secondary side, to isolate the 

variable transformer form the whole system. Finally, the AC voltage produced by these two 

transformers must be converted from AC to DC voltage, which is compatible with the ZVS inputs. 

 

Figure 9-33. Power Supply Method 1 

Items Quantity specification Estimated cost 
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Variable transformer 1  150$ 

Power transformer 2 

473-9101-B Rev15 

Class: 180(H) R333H 

E154515 

Type: LEI-4 

40$ 

Bridge rectifier 1 

Single phase Diode Bridge 

rectifier 

Module: 60A 1600V 

High power 4 terminals current 

conversion module 

20$ 

Capacitor 1 10,000uf 50V 2$ 

 

Remark: the bridge rectifier is not the best size for the project 

Method 2: 

The power supply is simple as it is, an adjustable switch power supply drive can ensure the needed 

power input of the ZVS driver (12v at +5A / 15v at + 15A)  

 

Figure 9-34. Power supply Method 2 

Items Quantity specification Estimated cost 

adjustable switch power 

supply drive 
1 0-30V DC 20A 25$ 

 

 

Figure 9-35. Adjustable DC power supply 

Method 1 vs Method 2: 

The two methods can feed the ZVS driver. Method 1 is more expensive than method 2 (about 8 times 

method 2). Method 1 is more complex than 2, need more maintenance, etc. 
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Voltage Tripler Isolation 

The voltage Tripler part should be in a suitable box felled by sunflower-oil (about 6 Liter). plus, the 

capacitor pins isolator 

Estimated cost: Box 2$ 

  Sunflower-oil 12$ 

  Capacitor isolator 1$ 

Cable and isolation  

Cathode cable 

The cable needed to connect the output of high voltage power system with the vacuum chamber 

must be a Tinning Tesla Coil Laser Wire 40KV High Voltage Cable High Pressure 22AWG 40 KV, as 

shown in figure 3.18 

 

Figure 9-36. Tinning Tesla Coil Laser Wire 40KV High Voltage Cable High Pressure 22AWG 

Heat shrinks tube wire wrap 

The heat shrinks tube wire wrap is used isolate the capacitor pins from each other, cause of the 

sparks excited at it at high voltage. Otherwise, it is needed for the resistors of the negative output 

power side. 

 

Figure 9-37. heat shrink tube wire 

Measurement 

For voltage measuring, two resistors are acquired (1x 20M Ohm 10W and 1x 20K Ohm 1W) for 1:1000 

voltage divider reason. The 20Mohm resistor should be similar to figure 3-20 below. Plus, the 20K 

Ohm resistor should be similar to figure 3-21. 
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Figure 9-38. high voltage resistor of 500Mj 

 

Figure 9-39. 20K ohm resistor of 1-2% tolerance 

In addition, 4 resistors of 100Mohm 5-watt 1% resistor (MAXI-MOX series) are needed with an 

ammeter of 0-100uA for 0-40Kv. 

 

Figure 9-40. 100M Ohm Maxi-Mox Series 

 

Figure 9-41. amperemeter (uA) 

Finally, a 10-ohm 20watt is required for fly back transformer voltage measurement (mV voltmeter) 
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And 14 pcs of 20Kohm/10W for the anode side of chamber (connected together in series) 

 

Figure 9-42. 10-Ohm 20w resistor 

Remote control 

For security reason a remote control should be connected to switch ON/OFF the power. 

 

Figure 9-43. Wireless Remote-Control Receiver 

Vacuum System 

items description 

Diffusion pump EDWARDS DIFFSTAK 63/150 

Mechanical pump Arnocanali NPAV72 

stalk  

Vacuum pipe  
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9.3.5  Mechanical system 

The mechanical system is composed to tow subsystems: vacuum system, and the vacuum chamber 

system. 

9.3.5.1 Vacuum system 

The vacuum system should vaccumed the fusor reactor chamber approximetly to 2𝑥 10−7 𝑡𝑜𝑟 

(apporximatly 99% vaccumed), where 1 𝑎𝑡𝑚 = 760 𝑡𝑜𝑟 𝑜𝑟 1 𝑎𝑡𝑚 = 760 𝑚𝑚ℎ𝑔. The system consists 

of two pumps: diffusion, and mechanical pump. 

Mechanical pump 

The following pumps are compatible for this project (or any pumps alternative for it). 

Edwards Rotary Vacuum pump Model 5: 

 

Figure 9-44. Edwards Two Stage 5 Rotary Vane Vacuum Pump E2M5 1/2 HP 115/208-230 VAC 1 Phase: 

Description:  

This is a Used well maintained E2M5 Rotary Dual Stage Vacuum Pump. Tested and Quite Serial 

Number Of Pump 53503. 

• The Edwards 5 E2M5 dual stage rotary vane mechanical vacuum pump offers an excellent 

ultimate pumping speed.  

• The Edwards 5 E2M5 has superior vapor handling capabilities, while operating quietly.  

• They are very reliable and have accessories to match any application.  

• Applications Include use with  

• Refrigeration dehydration 

• Brake line evacuation 

• Epoxy degassing 

• Sterilization 

• Mass spectrometry 

• Vacuum ovens 

• Lasers 

• Backing combinations 

• Thin film coating 

• Vacuum distillation 

• Freeze drying 

• Space research and other vacuum processes. 

• The Edwards 5 E2M5 vacuum pumps have a pumping speed displacement at 60Hz of 3.75 

CFM and an ultimate pressure of 7.5 X 10 -4 Torr.  

Technical data: 
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• Peak Pumping Speed 3.75 CFM @ 60 HZ 

• Ultimate Pressure 7.5 X 10-4 TORR (1x10-3 MBAR) 

• Noise Level 52 DB (A)  

• Connection Inlet NW25 

• Connection Exhaust NW25 

• Maximum Water Vapor Inlet Pressure 10 TORR (15 MBAR)  

• Maximum Water Vapor capacity 60 Grams / HR 

• Physical Data 43 Lbs. 17.5 Length x 5.9 Inches Wide x 8.6 Inches High 

• Electrical Supply 115 / 208-230 VAC Wired Set For 115 VAC with cord & plug 

• Operating Range 12- 40 C 

• Oil Capacity 0.6 L 

• Oil Type Ultragrade 19 

Click here to go to the website. 

Edwards Rotary Vacuum pump Model 2: 

 

Figure 9-45. Edwards E2M2 Rotary Vane Vacuum Pump 

 

Description: 

Edwards E2M2 rotary vane pumps have a peak pumping velocity of 1.5 cfm and a ultimate pressure 

of 7.5 x 10-4 Torr. The E2M2 is a dual stage rotary vane mechanical vacuum pump with a 1 phase or 

3 phase electrical supply.  It is reliable and operates quietly at 52 dB(A).It has excellent vapor 

handling capabilities and can be used in many applications. Click here to go to website. Comparison 

between Model 2 and 5: 

 

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.famousdiscountwarehouse.com%2Fe2m5.html&psig=AOvVaw20hFszCrM5ln9VSzT26QHc&ust=1644405214043000&source=images&cd=vfe&ved=0CAwQjhxqFwoTCLiPk_r87_UCFQAAAAAdAAAAABAQ
http://www.vacuumpumprebuilders.com/Edwards-Pumps/edwards-e2m2-rotary-vane-vacuum-pump.html
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Arnocanali NPAV72 

Description: 

Nominal displacement: 71l/min 

Motor Hp:  0.3HP 

Voltage: 220V 

Oil load: 300 ml 

Final vacuum: 0.2 

 

 

Diffusion pump 

 

\  
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reference: https://www.lesker.com/newweb/vacuum_pumps/diffusionpump_bocedwards_diffstak.cfm 

Efficiency of Arnocanali NPAV72(Present at AECENAR) 

The diffusion pump does not work if the pressure in the chamber is greater than 50 microns. 

1micron=0.001 torr 

50 microns=5*10^-2 Torr =6.6 Pa 

For this reason we use a mechanical pump to decrease the pressure below 6.6 Pa. 

Arnocanali NPAV72 can decrease the pressure in the chamber to 0.2 Pa < 6.6 Pa,  

Therefore this pump works well. 

 

https://www.lesker.com/newweb/vacuum_pumps/diffusionpump_bocedwards_diffstak.cfm
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9.3.6 Detectors 

9.3.6.1  Helium-3 Proportional Counters and Alternatives for Neutron Detection: 

 

Identification of Special Nuclear Material by Neutron Detection 

Special nuclear material (SNM) such as plutonium-239, uranium-233, or uranium-235 is used in the 

creation of nuclear explosives and atomic bombs due to its fissile nature, or capability to self-sustain 

a chain reaction with neutrons. As such, the detection and control of SNM is essential to global 

nuclear threat reduction. One method used to identify SNM is through the sensing of fast and slow 

neutrons, which have energies above and below 0.5-1.0 Kev, respectively. This approach is attractive 

for several reasons. First, since the ambient background of neutrons is fairly low (0.005-0.02 

neutrons/(s cm2)), any measured neutron levels above the background value is a strong indicator 

that SNM is present. Moreover, neutrons cannot be easily concealed or shielded from detection since 

they can penetrate several meters with only 1 MeV in energy. These particles also have unique fission 

signatures (i.e. release of gamma-rays and neutrons) that depend on their specific interaction with 

the detection material. Together, these characteristics make SNM identification via neutron detection 

an appealing approach 

 

Helium-3 Gas-Filled Proportional Counters and the Helium-3 Shortage 

Neutrons can be detected using helium-3-filled gas proportional counters. A typical counter consists 

of a gas-filled tube with a high voltage applied across the anode and cathode. A neutron passing 
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through the tube will interact with a helium-3 atom to produce tritium (hydrogen-3) and a proton. 

The proton ionizes the surrounding gas atoms to create charges, which in turn ionize other gas atoms 

in an avalanche-like multiplication process. The resulting charges are collected as measureable 

electrical pulses with the amplitudes proportional to the neutron energy. The pulses are compiled 

to form a pulse-height energy spectrum that serves as a "fingerprint" for the identification and 

quantification of the neutrons and their energies. However, one significant concern regarding the 

use of helium-3 gas proportional detectors is the global shortage of helium-3. This isotope is rarely 

found in nature but exists as a decay product of tritium, which is primarily produced in nuclear 

reactors. A recent estimate by GE Reuter Stokes estimates that the United States' demand for helium-

3 is approximately 65 kliters per year while the total supply is only 10-20 kliters per year.  As a result, 

there has been a rising and urgent demand for the development of new strategies for neutron 

detection. 

Alternative Neutron Detection Materials 

There are several alternatives for neutron detection that are currently in use or under development. 

Boron trifluoride (BF3) is one of the most widely-used fill gases for proportional counters. In this 

case, each neutron interacts with BF3 to create lithium-7 and an alpha particle, the latter of which 

serves as the ionizing charge in the gas proportional counter. However, BF3's toxicity makes it 

undesirable to handle, especially in applications that utilize larger detectors.  

Other boron-related detectors employ powdered boron-10. Recent work at Los Alamos National 

Laboratory has demonstrated that boron-10 detectors can achieve neutron detection efficiencies 

comparable to those of helium-3 detectors. Boron-10 is also non-toxic, in abundant supply, and offers 

excellent discrimination between neutrons and gamma-rays. This material is used as wall-lining in 

gas-filled proportional counters, as thin films coupled to the surface of semiconductor detectors, and 

in scintillators (materials that interact with ionizing radiation to produce detectable light). Lithium-

6 is another material that is being used for neutron detection. It is used in crystal scintillator 

compounds like Cs2LiYCl6, Cs2LiLaCl6, and LiI, as well as liquid scintillators and glass fibers. 

However, one main drawback of lithium-6 is its lower detection sensitivity. Additional options for 

neutrons under development include liquid argon detectors, scintillating-dye-loaded polymers, and 

graphene field effect transistors.  

9.3.6.2 Conclusions 

It is clear that no material for neutron detection can meet all of the demands for high efficiency, high 

abundance, good discrimination, low cost, low toxicity, and ease of scalability. Many of the future 

solutions will likely rely on the improvement and modification of existing methods and will be 

designed to be application-specific. Although it is uncertain when the next major breakthrough in 

neutron detection will occur, shortcomings in certain detection methods can be overcome by 

coupling complementary and multiple techniques for a more comprehensive analysis. 

Reference: http://web.mit.edu/8.13/www/JLExperiments/38/tgm-neutron-detectors.pdf 

 

http://web.mit.edu/8.13/www/JLExperiments/38/tgm-neutron-detectors.pdf
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9.3.7 Vacuum tests  

9.3.7.1 Test 1: 

In this test we will try to vacuum an Aluminum pressure sterlizer model 1925X by arnocanali pump.  

 

 

Calculation of minimum thickness wall of this chamber: 

D0=32.1 cm      L= 42.5 cm     Pext= 14, 7 psi. 

Young modulus of Aluminum  𝐸 =  69 𝐺𝑃𝑎 = 1.008 ∗ 10^7 𝑝𝑠𝑖 

Thickness t= 3.5 mm. 

D0/t= 91.71                  L/D0= 1.32 
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A= 0.001 

𝑃𝑎 =  2𝐴 𝐸/3(𝐷0/𝑡) 

Pa= 72.75 psi>> Pext 

Pa/Pext= 4.94.              5 is a safety factor. 

 

Calculation minimum thickness of chamber faces: 

 Yield stress of aluminum= 530 MPa  

Max allowable stress S =530/5= 15374 psi      5 safety factor. 

𝑡 = 𝐷𝑜(0.13𝑃/𝑆𝐸)^0.5  

t= 0.4 cm= 4 mm                     

thickness of this chamber is equal  8mm. This chamber is Safe 

Aluminum young s modulos vs Temperature: 

 

𝐸 =  𝑎𝑇 + 69       𝑎 =  60 −
63

200
− 150 = −0.06 

maximum temperature  strenght of  chamber: 

if t= 3.5 mm and Pa= 14.7 psi= Pext             E= 15 Gpa 

                      Tmax= 675⁰C 

so we have do not exceed 675⁰C on the wall of chamber 
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Assembling and pieces: 

 

 

Result: 

 

The pressure in the vessel reach around 100 mbar. 

This value is bigger than required. 

The required pressure for work a diffusion pump  to work is 50 𝑚𝑖𝑐𝑟𝑜𝑛𝑠 =   1.333 ∗ 10^ − 3 𝑚𝑏𝑎𝑟 

The specifications of this pump shows that the pressure can reach 0.2 𝑃𝑎 =  0.002 𝑚𝑏𝑎𝑟. 
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Test failed. 
Possible reasons: 

- The pump does not work well. (Check the oil level in the pump). 

- Air leakage into the chamber and connectors. 

 

Solutions: 

- Test the pump by connecting it directly to a pressure Microns gauge 

 

- If the pump work well, we have to check the leakage in the chamber and the connectors by a 

helium leak testing. 

 
 

Helium leak testing: 

Helium tracer gas is used for several leak testing applications. It has a small atomic size that allows 

the gas to pass though incredibly small leaks and is also non-toxic and non-flammable. One 

common method of tracer gas leak detection is the hard vacuum test, which involves the use of 

vacuum chambers and tracer gas to detect microleaks. 

9.3.7.2 Test 2: 

in order to know where is the air leakage, a water evaporation test had been done. The chamber was 

filled to its middle, as shown if figure 7-1. The vacuum chamber was filled at the top of viewport, in 
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other word, water had burial the viewport in order to know if the air leakage was from the viewport, 

which it will be know if there is any water leakage from the view port, or the air leakge was from 

the pot cover, that itwill known if there is any steam leakage from the pot cover. 

 

Figure 9-46. Vacuum chamber in water evaporation test 

After that, vacuum chamber has been closed tightly and heated by fire for 10-15 min. 

 

Figure 9-47. vacuum chamber heating operation 

The pressure and temperature sensor were monitored by a gauge fixed on the top of the vacuum 

chamber pot.  
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The following figure, below, shows where the air leakage take place, the air leakage place is the same 

place of steam leakage, that is described by a white steam. In figure 7-3 below, the blue zone shows 

the steam out of chamber, plus, the red zone shows the water bubble exited from the chamber. 
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Figure 9-48. steam leakage 

After some analysis, the pot position has been change as shown in figure 7-4.  

 

Figure 9-49. pot position 

The same test was performed again, and the results shows that no noticeable steam leakage. 

Result 

TEST SUCCESSFUL 
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9.3.7.3 Test 3: 

After checking in the level of oil in the pump we saw that is under the minimum level. We added 

oil in the pump and we retried. 

 

In order to be sure that the pump can reach its maximum, a thumb was putted where the pump is 

connected to the chamber. 

We got a successful result, the pump reached around 0.002 mbar in the chamber, to make sure of 

this we will use a Microns gauge.  

After each test, the pressure is ellimanted by oppening the safety valve manually, as shown in figure 

below. 
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Figure 9-50 safety valve opened 

 

 

Figure 9-51. safety valve closed 

Result 

Test successful 

9.3.7.4 Test 4 

After welding the glass support and assembling pieces we retried to vacuum 

the chamber 
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Result 

The test failed due to leaking in the red circle on top. 

 



IECF (Inertial Electrostatic Confinement Fusion) 

 

351 

To stop air leaking we put silicon on the red circle, and we vacuumed the chamber 

 
Result 

Test successful  

9.3.7.5 Test 5: 

After aforementioned water evaporating test, air starts leak from another place, where just 400 mBar 

has been extracted by vacuum pump, as shown in figure 7-7 below. 

 

Figure 9-52. Pressure value in mBar 

In order to find where the air leakage take place, one medical clove was putted at the viewport. 

Figure 7-8 illustrates how the clove was putted at the viewport. Where, if the clove shrinks through 

vacuum operation, hence, the air leakage could be from the viewport. If no so, this estimated place 

will be eliminated. 
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Figure 9-53. clove test 

There is no air leakage from the viewport side. 

Otherwise, in order to ensure that the chamber pot was totally closed tightly. The wall surface that 

faced the pot has been anointed through an oil submerged tissue. 

 

Figure 9-54. chamber edges lubrication 

The same result has been gotten, no air Leakage from chamber edges. 

After that, another place had been tested. Where, a hand has been putted on the safety valve at the 

top of pot chamber, as illustrated bellow, and vacuum pump was turned ON. 
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A pull force has been sensed by the hand, which describes the place where the air leaks. And the 

pressure gauge shows the following value. 

 

For air leakage blocking, a melted wax has been added on the safety valve. 



IAP-IECF Device Realization 

 

354 
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The air leakage was decreased 80 percent, where the pressure gauge shows that vacuum pump 

extracted 900 mBar from chamber. 

 
For this reason, and for safety valve hole benefits, the safety valve will be eliminated, and it will be 

replaced by the input of deuterium gas. 
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9.3.8 Searching for materials 

9.3.8.1 chamber glass window: 

We found a thermal glass window that had been used in a submarine. 

 

We will weld a Glass support on the Chamber.  

The support is not available in Tripoli so we are going to make one. 

We bought an aluminum mold and we cut it this way: 
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9.3.8.2 stainless steel wire 

The best choice we found in our country is a stainless-steel wire in (1.6mm diameter of wire). 
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Note: a tungsten filament had been found, but it can be reshaped. The next figures show how the 

tungsten electrode broke while we trying to reshape its. 
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The cathode is a 7 cm diameter grid and consists of three 7 cm diameter rings that have been welded 

together, each ring is arranged such that the three rings form a spherical grid. 

 



IECF (Inertial Electrostatic Confinement Fusion) 

 

361 

 



IAP-IECF Device Realization 

 

362 

9.3.8.3 cathode inner grid assembling 

The cathode inner grid has been built in the following steps: 

Step 1: 

Get three stainless steel rods (2 x diameter: 1.6mm, 1 x diameter:2 mm). the 1.6mm rods are used for 

the spherical inner grid. This thickness is compatible for the transparency (<92%), as mentioned 

before. 

 

Figure 9-55. stainless steel wire 

Step 2: 

Build the spherical inner grid according to its characteristic calculated before. 

(The spherical diameter: 7cm, the wire thickness: 1.6mm, and the wire loop number: 3). 

In order to build the three loops (circle) of diameter equal to 7 cm, an available gas tank of diameter 

equals to 7cm has been used. 

            

Figure 9-56. gas tank of 7 cm diameter 
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Figure 9-57. stainless steel reshaping 

NOTE: each loop has two pins, that is needed to fix the inner grid sphere on its base, as will be 

mentioned later. 

Check each circle reshaped by using the pink gas tube, with a red wire (as shown in figure 3-20 

above), the two pins have been tied by a red wire to keep the stainless steel in its circular shape. 

After two days, the requires shape of stainless-steel wire was achieved. Hence, the three stainless 

circle has been extracted from the pink gas tank, as shown in figure 3-21. 

. 

 

Figure 9-58. stainless steel with circular shape 

Step 3: 

Gather three stainless circles in order to obtain a spherical shape, as figure below. 
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Figure 9-59. stainless steel inner grid 

 

Step 4:  

Choose the base of spherical inner grid 

As shown in figure 3-22, there are 4 pins of thickness equals to 1.6mm, in total of 6.4mm. according 

to that, the inner grid base should have an inner diameter greater than 6.4 mm. according to local 

market, a stainless pipe of inner diameter of 7 mm and outer diameter of 10 mm, a length of 10 cm 

is suitable for this project. 

 

Figure 9-60. stainless pipe tube 
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Step 5: 

Fix all components via argon soldering electrical machine. 

NOTE: the soldering needs an expert person, and it is more preferable to use a non-electrical argon 

soldering machine, cause of the complexity and the accuracy needed of the soldering position. 

 

Figure 9-61. argon soldering electrical machine 

 

Figure 9-62. inner grid assembling 
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The wire chopped 

off cause of high 

sensitivity of wire 
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Figure 9-63. Stainless steel Inner Grid argon Soldering 

Step 6:   

After gathering the stainless sphere with its base, the 2 mm stainless wire has been soldered in other 

side of stainless pipe (sphere base). the  

 

Figure 9-64. final form of stainless inner grid 

9.3.8.4 Power supplies 

Ac to Dc converter: 

To apply 12kv we use transformer: 
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This transformer is an AC mode output, to convert to DC mode we use 4 diodes (30KV.0.5A)  
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x  
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~ 1.3𝑐𝑚 a spark length 
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Cockrocft waltan voltage multiplier test 

The high voltage transformer has been connected to a voltage multiplier circuit of two stage, which 

provides an total voltage of 48kv (2 × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑎𝑔𝑒𝑠 × 𝑖𝑛𝑝𝑢𝑡 𝑣𝑜𝑙𝑎𝑡𝑔𝑒) . 

 

Figure 9-65volatge multiplier test 1 

 

Figure 9-66. voltage multiplier test 2 

TEST FAILED 

Due to the bas isolation, the voltage jumped form a capacitor pin to another. 

Even while, the cathode and anode were close to each other, an electric spark take place in two 

places, as shown in figure 8-11. 

Bad 

isolation 
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To improve the isolation, the voltage multiplier circuit has been putted in an oil pool.  

 

In this way, voltage multiplier circuit worked correctly.  

System Test 

The anode side of voltage multiplier has been connected to the chamber. as the red arrow indicates. 

And the cathode has been connected to the inner grid (the stainless-steel filament), as the orange 

arrow indicates.  
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Then, the vacuum pump has been ON. 

NOTE: Keep vacuum pump turned ON during the whole prodecdure. 

,  

The following figure illustrates how the cathodes has been isolated from the chamber. The cathode 

stainless steel has been covered by an TEFLON cylinder, at the nearest place between the cathode 

rod and chamber, and supported by the red safety valve to cover its hole.  
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Then, a layer of milted wax has been added on it, for air leakage reason. 

 

The following figure, shows that electric sparks has crossed TEFLON, and other isolation. 

BAD ISOLATION 
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The electric spark milts the TEFLON. 

In the figures below, illustrate where sparks take place, plus, the light provided in the chamber 
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1 stage voltage multiplier test 

In this test, a car spark plug has been connected at the negative side of the output voltage multiplier 

(consisted of 1 stage), in order to compare spark length with older test. In this test, the spark was 

orange, while its color was near the white color.  

 

 

Helium 

Diffusion pump 

Micron gauge 

Fuel cell for deteruim  

.detiruim oxide 25-100ml 

Pump oil 

Accesorioes for deteruim 

High voltage 60kv 10mA 
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9.3.9 Procurements 

                        

items description quantity cost unit Shipping
total cost (without 

shipping)
link status

Cathode cable

Tinning Tesla Coil 

Laser Wire 40KV 

High Voltage Cable 

High Pressure Line 

22AWG (20meter)

1  $                39.90  $                  1.89  $                                                       39.90 

https://www.aliexpress.com/item/32900405856.ht

ml

heat shrinks 

127Pcs Red Black 

Heat Shrink Tubing 

Polyolefin 2:1 

Electrical Wrap Wire 

Cable Sleeves 

Insulation Shrinkable 

Tube Assortment Kit

1  $                  0.42  $                  1.55  $                                                          0.42 

https://www.aliexpress.com/item/32961848056.ht

ml?spm=a2g0o.productlist.0.0.301f2eecOzjq0I&alg

o_pvid=06ee2cec-e44b-40f9-ab9e-

c11e60dfe7b3&algo_exp_id=06ee2cec-e44b-40f9-

ab9e-c11e60dfe7b3-

12&pdp_ext_f=%7B%22sku_id%22%3A%226651357

7217%22%7D&pdp_pi=-1%3B0.42%3B-1%3B-

1%40salePrice%3BUSD%3Bsearch-mainSearch

ZVS driver

ZVS DC 12-30V 30-

50KHz Induction 

Heating Driver Board 

High Voltage 

Generator Circuit 

PCB Induction 

Heating Board 

Module

1 8.28$                  3.72$                   $                                                          8.28 

https://www.aliexpress.com/item/32829538662.ht

ml

https://www.zoodmall.com.lb/en/product/143655

91/zvs-driver-board-zvs-induction-heating-circuit-

dc1230v-zero-voltage-switch-power-supply-driver-

board/

AC flyback transformer 1 29.00$                 $                                                       29.00 

https://highvoltageshop.com/epages/b73088c0-

9f9a-4230-9ffc-

4fd5c619abc4.sf/en_GB/?ObjectPath=/Shops/b730

88c0-9f9a-4230-9ffc-

4fd5c619abc4/Products/FBT_AC_003

or we can 

build our 

transfor

mer

diodes 2CL20 20kv 20mA (10pcs/ kit) 6 1.30$                  0.53$                   $                                                          7.80 

https://www.aliexpress.com/item/4000774847114.

html?spm=a2g0o.productlist.0.0.5f482477czxQ8L&a

lgo_pvid=f7cbc2ce-2e7c-44ac-ba50-

527e13f9a1d7&algo_exp_id=f7cbc2ce-2e7c-44ac-

ba50-527e13f9a1d7-

0&pdp_ext_f=%7B%22sku_id%22%3A%2210000007

747145794%22%7D&pdp_pi=-1%3B1.3%3B-1%3B-

1%40salePrice%3BUSD%3Bsearch-mainSearch

capacitor
30kv 1nF (5pcs per 

package)
6 10.00$                free  $                                                       60.00 

https://www.aliexpress.com/item/32274855513.ht

ml?spm=a2g0o.productlist.0.0.6b652d41fem6Rp&a

lgo_pvid=7bb918e9-1b93-4111-9573-

b48ec09d5861&algo_exp_id=7bb918e9-1b93-4111-

9573-b48ec09d5861-

0&pdp_ext_f=%7B%22sku_id%22%3A%2216705677

453%22%7D&pdp_pi=-1%3B9.99%3B-1%3B-

1%40salePrice%3BUSD%3Bsearch-mainSearch

resistor 1 2 Mohm 10W 1 9.70$                  3.71$                  9.70$                                                          

https://www.aliexpress.com/item/4001205129769.

html

resstor 2
MOX-1-121006FE      (4 

pcs)
1 43.88$                - 43.88$                                                        

https://www.digikey.be/en/products/detail/ohmi

te/MOX-1-121006FE/823611

resistor 3 20 kOhm 1W 1 -$                                                            lebanon supplier

resistor 4 10 ohm 20w 1 -$                                                            lebanon supplier shipping
total cost 

(without 

plastic box

suitable plastic box

for voltage tripler 

circuit

1 -$                                                            lebanon supplier 11.40$           203.73$    

sunflower-oil 6 liter -$                                                            lebanon supplier
color 

code
description.

capacitor isolation
each capacitor need 2 

isolator
60 -$                                                            lebanon supplier

buy from 

lebanon

adjustable switch power 

supply drive
0-30V DC 20A 1 -$                                                            lebanon supplier not found yet

resistor 5 20 kOhm 10W 14 -$                                                            lebanon supplier
not the best 

shoice

remote control 1-channel 1000w 1 4.75 4.51 4.75$                                                          

https://www.aliexpress.com/item/32838128067.ht

ml?spm=a2g0o.productlist.0.0.5dc962a8XmKZZK&a

lgo_pvid=4464d875-1c01-4bd3-a1c1-

e91ccc0317a0&algo_exp_id=4464d875-1c01-4bd3-

a1c1-e91ccc0317a0-

8&pdp_ext_f=%7B%22sku_id%22%3A%2265092334

613%22%7D&pdp_pi=-1%3B4.75%3B-1%3B-

1%40salePrice%3BUSD%3Bsearch-mainSearch

or from 

lebanon

-$                                                            

-$                                                            

-$                                                            

-$                                                            

-$                                                            

-$                                                            

-$                                                            

-$                                                            

-$                                                                                                                     
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items description quantity cost unit Shipping

total cost 

(without 

shipping)

link status Note

Diffusion pump high vacuum pump 1  $  ???  $                               200.00 Diffusion Pumps - High Vacuum Diffusion Pumping Manufacturer from Bengaluru (indiamart.com)

Pump oil Arnocanali NOIL250 250 ml 1 96.04 5.5
https://www.ebay.com/sch/i.html?_from=R40&_trksid=p2334524.m570.l1313&_nkw=Arnocanali+NOIL250&_sacat=0&LH_Title

Desc=0&_odkw=Arnocanali+NOIL250+Bottle+Oil+&_osacat=0

vacuum pipe
304 Stainless Steel KF16 High 

Vacuum Bellows Pipe
2 $ 80.63$                            $                                 23.00 

https://www.aliexpress.com/item/32869869537.html?spm=a2g0o.productlist.0.0.7df6654b6sEqXR&algo_pvid=04c40603-9b52-

4dd3-9689-87605563860f&algo_exp_id=04c40603-9b52-4dd3-9689-87605563860f-

3&pdp_ext_f=%7B%22sku_id%22%3A%2265471171533%22%7D&pdp_pi=-1%3B40.0%3

microns gauge

Elitech VG-760 Digital Vacuum Gauge 

Micron Gauge for HVAC Micron Meter 

Refrigerant Vacuum Meter Digital 

Micron Leakage Test 1/4'' SAE

1 $ $69.69 189.99

https://www.amazon.com/Elitech-VG-760-Refrigerant-Pressure-

Temperature/dp/B07ZFD4RYN/ref=sr_1_6?crid=26APVAKS30TTT&keywords=high+vacuum+gauge&qid=1646046858&sprefix=h

igh+vacuum+gauge%2Caps%2C370&sr=8-6

conflat flange not decided yet 3 lebanon ???

vacuum valve not decided yet 3 lebanon ???

neutron detector Helium counter 1

$

free 134.99 https://www.ebay.ca/itm/114818335347?hash=item1abbb4c273:g:fCQAAOSwYjJgpt2v

Clam vacuum pump

1X Clamp KF-40 Al Vacuum Pump 

Flange Fitting Parts Contain o-

rings Alum bracket

4 $ 12.79 6.44

https://www.aliexpress.com/item/32573071185.html?spm=a2g0o.productlist.0.0.2f7a2141R9GRam&algo_pvid=7be1d578-

9a53-4e87-b70d-901b86a57f44&algo_exp_id=7be1d578-9a53-4e87-b70d-901b86a57f44-

7&pdp_ext_f=%7B%22sku_id%22%3A%2258548240831%22%7D&pdp_pi=-1%3B1.61%3

Helium gaz
lebanon

Vasline vaccum euro online 34 https://eshop.dencop.cz/en/vaseline-vacuum-50g

deuterium oxude 25 ml glass bottle >1 euro online 101 Cas 7789-20-0 || Deuterium oxide-d, RS - For NMR - min 99.8%, 25 ml, Glass bottle - Actuall Chemicals (actu-all.com)

Horizon Solar 

Hydrogen Science 

Kit

deuterium gas production 1 onine 119 Solar Hydrogen Science Kit - Arbor Scientific

total 954.07$                                                                                                                                                                                                                                               

Prices may change according to availability in the market.  
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9.3.10 References 

http://aecenar.com/index.php/downloads/send/3-meae-institute/731-iecf-prototype-concept-pdf 

https://www.steelss.com/Materials/Stainless-Steels/YB-306_31_804.pdf 

https://www.youtube.com/watch?v=0J6ci3IxUkc 

https://www.youtube.com/watch?v=CJSaAjJMK5w  

https://www.slideshare.net/ARGHASAHA4/vacuum-chamber-design 

https://www.engineersedge.com/pressure_vessels_menu.shtml 

9.4 Open Tasks Status Apr 22 / Nov 23 for IECF 

- cathode assembly: 40$ 
¤ base design 
¤ equipment purchasing 
¤ assembling + soldering 
¤ testing 
¤ report 
- Fuel inlet (D2) 40$ 
¤ base design 
¤ equiment purchasing 
 soldering + خراطة  ¤
- sensor system (neutrun, x-ray...) 40$ 
¤ x-ray sensor 
¤ monitoring system 
¤ presure sensor 
¤ assembling + testing 
- vaccum system (available or buy defusing pump) 40$ 
¤ design 
 soldering + خراطة  ¤
¤ vacuum and diffuision pumps gathering 
¤ cooling system 
¤ Testing 
¤ report 
- control system 40$ 
¤ sensors 
¤ coding 
¤ GUI 
¤ equipment purchasing 
¤ assembling 
¤ testing 
¤ report 
- poster 20$ 
+ 50$ on task successfully done 

Related Sites/Items on aecenar.com 

System Specification IAP - IECF  

Mechanical Design IECF Mechanical Design 

Process Control System Spec./Design PCS Design 

https://www.steelss.com/Materials/Stainless-Steels/YB-306_31_804.pdf
https://www.youtube.com/watch?v=0J6ci3IxUkc
https://www.youtube.com/watch?v=CJSaAjJMK5w
https://www.slideshare.net/ARGHASAHA4/vacuum-chamber-design
https://www.engineersedge.com/pressure_vessels_menu.shtml
http://aecenar.com/index.php/institutes/institute-for-astronomy-and-astrophysics/physics-lab/iecf
http://aecenar.com/index.php/institutes/institute-for-astronomy-and-astrophysics/physics-lab/iecf/iecf-system-concept-design/iecf-mechanical-design
http://aecenar.com/index.php/institutes/institute-for-astronomy-and-astrophysics/physics-lab/iecf/iecf-system-concept-design/iecf-pcs-design
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Mechanical Realization IECF Mechanical Realization  

Process Control System Realization 

(PLC+GUI) 
PCS Implementation 

System Test Specification Test Specification 

System Testing System Testing 

http://fusor.eu/theory.html 

9.5 Neutron Production at FRANZ proton thruster in Frankfurt/Germany 

 

Figure II. 1: Schematic diagram of the FRANZ proton thruster with four target stations for neutron 

production 

The image shown is from a study titled "FRANZ-Frankfurt neutron source," in which an ion source 

produces a continuous stream of protons. These protons are then accelerated and can follow one of 

four specific trajectories. Each trajectory offers distinct opportunities for research and various 

applications. Interactions with different targets and the resulting nuclear reactions provide 

important information on nuclear structure, isotope creation, neutron production, and other areas 

of nuclear physics and related scientific disciplines. 

 

 

http://aecenar.com/index.php/institutes/institute-for-astronomy-and-astrophysics/physics-lab/iecf/iecf-realization-implementation/iecf-mechanical-realization
http://aecenar.com/index.php/institutes/institute-for-astronomy-and-astrophysics/physics-lab/iecf/iecf-realization-implementation/iecf-pcs-implementation
http://aecenar.com/index.php/institutes/institute-for-astronomy-and-astrophysics/physics-lab/iecf/iecf-system-test-specification
http://aecenar.com/index.php/institutes/institute-for-astronomy-and-astrophysics/physics-lab/iecf/iecf-system-testing
http://fusor.eu/theory.html
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10 Mass Spectrometer Concept 
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10.1 Basic Principles7 

10.1.1 Introduction 

In mass spectrometry, one generates ions from a sample to be analyzed. These ions are then 

separated and quantitatively detected. Separation is achieved on the basis of different 

trajectories of moving ions with different mass/charge (m/z) ratios in electrical and/or 

magnetic fields. 

Though the principles of a modern analytical mass-spectrometer are easily understood this is 

not necessarily true for the apparatus. A mass spectrometer especially a multi-sector 

instrument is one of the most complex electronic and mechanical devices one encounters as a 

 

7 Mass Spectrometry Peter M. van Galen and Martin C. Feiters Department of Organic Chemistry 



 

392 

chemist. Therefore this means high costs at purchase and maintenance besides a specialized 

training for the operator(s). 

 

10.1.2 Measurement principles  

In Figure 1.1, the essential parts of an analytical mass spectrometer are depicted. Its procedure 

is as follows:  

1. A small amount of a compound, typically one micromole or less is evaporated. The vapor 

is leaking into the ionization chamber where a pressure is maintained of about 10-7 mbar. 

2. The vapor molecules are now ionized by an electron-beam. A heated cathode, the filament, 

produces this beam. Ionization is achieved by inductive effects rather than strict collision. By 

loss of valence electrons, mainly positive ions are produced.  

3. The positive ions are forced out of the ionization chamber by a small positive charge (several 

Volts) applied to the repeller opposing the exit-slit (A). After the ions have left the ionization 

chamber, they are accelerated by an electrostatic field (A>B) of several hundreds to thousands 

of volts before they enter the analyzer.  

4. The separation of ions takes place in the analyzer, in this example a magnetic sector, at a 

pressure of about 10-8 mbar. A strong magnetic field is applied perpendicular to the motional 

direction of the ions. The fast moving ions then will follow a circular trajectory, due to the 

Lorentz acceleration, whose radius is determined by the mass/charge ratio of the ion and the 

strength of the magnetic field. Ions with different mass/charge ratios are forced through the 

exit-slit by variation of the accelerating voltage (A>B) or by changing the magnetic-field force.  
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5. After the ions have passed the exit-slit, they collide on a collector-electrode. The resulting 

current is amplified and registered as a function of the magnetic-field force or the accelerating 

voltage. 

The applicability of mass-spectrometry to the identification of compounds comes from the 

fact that after the interaction of electrons with a given molecule an excess of energy results in 

the formation of a wide range of positive ions. The resulting mass distribution is characteristic 

(a fingerprint) for that given molecule. Here there are certain parallels with IR and NMR. 

Mass-spectrograms in some ways are easier to interpret because information is presented in 

terms of masses of structure-components. 

10.1.3 Sampling 

As already indicated a compound normally is supplied to a mass-spectrometer as a vapor 

from a reservoir. In that reservoir, the prevailing pressure is about 10 to 20 times as high as in 

the ionization chamber. In this way, a regular flow of vapor-molecules from the reservoir into 

the mass spectrometer is achieved. For fluids that boil below about 150C the necessary amount 

evaporates at room temperature. For less volatile compounds, if they are thermally stabile, 

the reservoir can be heated. If in this way, sampling cannot be achieved one passes onto to 

direct insertion of the sample. 

10.1.4 The Ion source 

In Figure 1.2, the scheme of an ionization chamber, ion-source, typically electron impact, is 

presented. In this chamber in several ways, ions of the compound to be investigated can be 

produced. The most common way is to bombard vapor-molecules of the sample with 

electrons of about 70 eV. These electrons are generated by heating a metal wire (filament), 

commonly used are tungsten or rhenium. A voltage of about 70 Volts (from 5 to 100) 

accelerates these electrons towards the anode. 

 

During the bombardment, one or more electron can be removed from the neutral molecule 

thus producing positively charged molecular radical-ions. Only about one in 103 of the 
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molecules present in the source are ionized. The ionization probability differs among 

substances, but it is found that the cross-section for most molecules is a maximum for electron 

energies from approximately 50 to 100 eV. Most existing compilations of electron impact 

spectra are based on spectra recorded with approximately 70 eV electrons, since sensitivity is 

here close to a maximum and fragmentation is unaffected by small changes in electron energy 

around this value. During this ionization, the radical-ions on average gain an excess energy 

enough to break one or more bonds hence producing fragment-ions. In Figure 1.3 the possible 

fragmentation of a molecule ABCD is presented. It should be stated here that this is a 

simplified presentation and that in real life a multitude of possible ways to form fragments 

even via re-arrangement reactions exists. Fragmentation of a molecular radical cation to give 

a neutral molecule and a new fragment radical cation is also possible. 

 

Figure 1.3. Possible fragmentation of a 'molecule' ABCD. 

10.1.5 Magnetic Mass Analyser 

Consider an ion of mass m and charge q, accelerated in the source by a potential difference Vs. 

At the source outlet, its kinetic energy is 

  

If the magnetic field has a direction that is perpendicular to the velocity of the ion, the latter 

is submitted to a force FM as described in Figure 2.48. Its magnitude is given by 

  

The ion follows a circular trajectory with a radius r so that the centrifugal force equilibrates 

the magnetic force  
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8 

Ions at the source outlet leads to 

 

(bending magnet) 

10.1.6 Detectors2 

The ions pass through the mass analyzer and are then detected and transformed into a usable 

signal by a detector. Detectors are able to generate from the incident ions an electric current 

that is proportional to their abundance. 

Several types of detectors presently exist. The choice of detector depends on the design of the 

instrument and the analytical applications that will be performed. Varieties of approaches are 

used to detect ions. However, detection of ions is always based on their charge, their mass or 

their velocity. Some detectors (Faraday cup) are based on the measurement of direct charge 

current that is produced when an ion hits a surface and is neutralized. Others (electron 

multipliers or electro-optical ion detectors) are based on the kinetic energy transfer of incident 

ions by collision with a surface that in turn generates secondary electrons, which are further 

amplified to give an electronic current. Because the number of ions leaving the mass analyzer 

at a particular instant is generally quite small, significant amplification is often necessary to 

obtain a usable signal. Indeed, 10 incident ions per second at the detector corresponds to an 

electric current of 1.6×10−18 A. In consequence, subsequent amplification by a conventional 
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electronic amplifier is required. Furthermore, with the exception of Faraday cup and image 

current detection, the other detectors multiply the intensity of the signal by a cascade effect. 

Ion detectors can be divided into two classes. Some detectors are made to count ions of a single 

mass at a time and therefore they detect the arrival of all ions sequentially at one point (point 

ion collectors). Others detectors, such as photographic plates, image current detectors or array 

detectors, have the ability to count multiple masses and detect the arrival of all ions 

simultaneously along a plane (array collectors). These detectors are effective for most of the 

applications in mass spectrometry. Nevertheless, 

if a detector must ideally be free of any discrimination effect, its efficiency generally decreases 

when the mass of the ion increases. This induces limitations for the detection of high-mass 

ions and can compromise a quantitative analysis from these data because the signal decreases 

exponentially with increasing mass. On the other hand, progress in mass spectrometry has 

led to the advent of entirely new ionization sources and analyzers that allow the study of 

analytes with very high molecular mass. For these reasons, the development of new detectors, 

which eliminate these limitations, is required. These new classes of detectors such as the 

charge or inductive detector [2] or cryogenic detector [3] are under development. They are 

based on physical principles that differ from those used for the current detectors and their 

efficiencies are the same for all the detected ions and are unrelated to their masses. They have 

near 100% efficiency for very large slow ions. 

Indeed, the inductive detector simply produces a signal by inducing a current on a plate 

generated by a moving charged ion. Its efficiency is related to the charge of the ion but is 

independent of its mass and its kinetic energy. In the same way, the cryogenic detector is a 

kinetic energy sensitive calorimetric detector operating at low temperatures. 

10.1.6.1 Faraday Cup 

A Faraday cup is made of a metal cup or cylinder with a small orifice. It is connected to the 

ground through a resistor, as illustrated in Figure 3.1. Ions reach the inside of the cylinder and 

are neutralized by either accepting or donating electrons as they strike the walls. This leads to 

a current through the resistor. The discharge current is then amplified and detected. It 

provides a measure of ion abundance. 

Because the charge associated with an electron leaving thewall of the detector is identical to 

the arrival of a positive ion at this detector, secondary electrons that are emitted when an ion 

strikes the wall of the detector are an important source of errors if they are not suppressed. In 

consequence, the accuracy of this detector can be improved by preventing the escape of 

reflected ions and ejected secondary electrons. Various devices have been used to capture ions 

efficiently and to minimize secondary electron losses. For instance, the cup is coated with 

carbon because it produces few secondary ions. The shape of the cup and the use of a weak 

magnetic field prevent also any secondary electrons produced inside to exit. 
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The disadvantages of this simple and robust detector are its low sensitivity and its slow 

response time. Indeed, the sensitivity of such detectors is limited by the noise of the amplifiers. 

Furthermore, this detector is not well adapted to ion currents that are not stable in the same 

time as during the scanning of the analyzer because of its slow response time. These detectors 

are nevertheless very precise because the charge on the cylinder is independent of the mass, 

the speed and the energy of the detected ions. The Faraday cup was widely used in the 

beginning of mass spectrometry but all the characteristics of this detector mean that it is now 

generally used in the measurement of highly precise ratios of specific ion species as in isotopic 

ratio mass spectrometry (IRMS) or in accelerator mass spectrometry (AMS). To obtain a highly 

accurate ratio in such relative abundance measurements, the intensities of the two stable 

beams of specific ions are measured simultaneously with two Faraday cups. 

 

10.1.6.2 Electron Multipliers 

At present (2006), the most widely used ion detector in mass spectrometry is the electron 

multiplier (EM). In this detector, ions from the analyzer are accelerated to a high velocity in 

order to enhance detection efficiency. This is achieved by holding an electrode called a 

conversion dynode at a high potential from ±3 to ±30 kV, opposite to the charge on the 

detected ions. A positive or negative ion striking the conversion dynode causes the emission 

of several secondary particles. These secondary particles can include positive ions, negative 

ions, electrons and neutrals. When positive ions strike the negative high-voltage conversion 

dynode, the secondary particles of interest are negative ions and electrons. When negative 

ions strike the positive high-voltage conversion dynode, the secondary particles of interest are 

positive ions. These secondary particles are converted to electrons at the first dynode. 

These are then amplified by a cascade effect in the electron multiplier to produce a current. 

The electron multipliers may be of either the discrete dynode or the continuous dynode type 

(channeltron, microchannel plate or microsphere plate). The discrete dynode electron 

multiplier is made up of a series of 12 to 20 dynodes that have good secondary emission 
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properties. As shown in Figure 3.2, these dynodes are held at decreasing negative potentials 

by a chain of resistors. The first dynode is held at a high negative potential from−1 to−5 kV, 

whereas the output of the multiplier remains at ground potential. Secondary particles 

generated from the conversion dynode strike the first dynode surface causing an emission of 

secondary electrons. These electrons are then accelerated to the next dynode because it is held 

at a lower potential. They strike the second dynode causing the emission of more electrons. 

This process continues as the secondary electrons travel towards the ground potential. Thus, 

a cascade of electrons is created and the final flow of electrons provides an electric current at 

the end of the electron multiplier that is then increased by conventional electronic 

amplification. 

 

There is another design of electron multiplier for which the discrete dynodes are replaced by 

one continuous dynode. A type of continuous-dynode electron multipliers (CDEM), which is 

called a channeltron, is made from a lead-doped glass with a curved tube shape that has good 

secondary emission properties (Figure 3.3). As the walls of the tube have  a uniform electric 

resistance, a voltage applied between the two extremities of the tube will therefore produce a 

continuous accelerating field along its length. Secondary particles from the conversion 

dynode collide with the curved inner wall at the detector entrance and produce secondary 

electrons, which are then accelerated by the field towards the exit of the tube. These electrons 

pass further into the electron multiplier, again striking the wall, causing the emission of more 

and more electrons. Thus a cascade of electrons is created and finally a metal anode collects 

the stream of secondary electrons at the detector exit and the current is measured. 
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The amplifying power is the product of the conversion factor (number of secondary particles 

emitted by the conversion dynode for one incoming ion) and the multiplying factor of the 

continuous dynode electron multiplier. It can reach 107 with a wide linear dynamic range 

(104–106). Their lifetime is limited to 1 or 2 years because of surface contamination from the 

ions or from a relatively poor vacuum. Their high amplification and their fast response time 

allow their use with rapid scanning of the analyzer. The conversion factor is highly dependent 

on the impact velocity of the detected ions and on their nature (mass, charge and structure), 

so these detectors are not as precise as Faraday cups. Since the detection efficiency on all 

electron multipliers is highly dependent on ion velocity, they are characterized by the mass 

discrimination effect for ions with constant energy. Because of their slower velocity, large ions 

produce fewer secondary electrons and thus the efficiency decreases when the mass of the ion 

increases. However, as already mentioned, the conversion dynodes at high voltages reduce 

the mass discrimination effect and serve to increase signal intensity and therefore sensitivity 

because they accelerate ions to a high velocity in order to enhance detection efficiency. 

Conversion dynodes are thus very useful for detecting high-mass ions, especially with 

analyzers delivering ions at low kinetic energy, such as quadrupoles or ion traps. 

10.1.7 Mass Spectrometry / Gas Chromatography 

In order to analyse a complex mixture, for example natural products, a separation technique 

– gas chromatography (GC), liquid chromatography (LC) or capillary electrophoresis (CE) – 

is coupled with the mass spectrometer. The separated products must be introduced one after 

the other into the spectrometer, either in the gaseous state for GC/MS or in solution for LC/MS 
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and CE/MS. This can occur in two ways: the eluting compound is collected and analysed off-

line; or the chromatograph is connected directly to the mass spectrometer and the mass 

spectra are acquired while the compounds of the mixture are eluted. The latter method 

operates on-line. 

10.1.8 VG-70S Magnetic Sector Mass Spectrometer 

Check this magnetic mass spectrometer at  JHONS HOPKINS Krieger school of arts and 

sciences  

https://sites.krieger.jhu.edu/mass-spec/facility-instrumentation/vg-70s-magnetic-sector-

mass-spectrometer/ 

 

 

https://sites.krieger.jhu.edu/mass-spec/facility-instrumentation/vg-70s-magnetic-sector-mass-spectrometer/
https://sites.krieger.jhu.edu/mass-spec/facility-instrumentation/vg-70s-magnetic-sector-mass-spectrometer/
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10.2 Our Device 

10.2.1 Overview  

 

https://nationalmaglab.org/education/magnet-academy/learn-the-basics/stories/mass-

spectrometry 

 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Supplemental_Modules_(An

alytical_Chemistry)/Instrumental_Analysis/Mass_Spectrometry/How_the_Mass_Spectromet

er_Works 

 

https://nationalmaglab.org/education/magnet-academy/learn-the-basics/stories/mass-spectrometry
https://nationalmaglab.org/education/magnet-academy/learn-the-basics/stories/mass-spectrometry
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Supplemental_Modules_(Analytical_Chemistry)/Instrumental_Analysis/Mass_Spectrometry/How_the_Mass_Spectrometer_Works
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Supplemental_Modules_(Analytical_Chemistry)/Instrumental_Analysis/Mass_Spectrometry/How_the_Mass_Spectrometer_Works
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Supplemental_Modules_(Analytical_Chemistry)/Instrumental_Analysis/Mass_Spectrometry/How_the_Mass_Spectrometer_Works
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https://www.youtube.com/watch?v=nIKhUizkXxA&ab_channel=AppliedScience 

 

 

 

https://www.youtube.com/watch?v=nIKhUizkXxA&ab_channel=AppliedScience
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10.2.2 Parts 

 

10.2.3 Acceleration Slits 

The simplest way to accelerate ions is to place them between a set of charged parallel plates. 

The ions are repelled by one plate, attracted to the other, and if we cut a hole in the second 

plate, the ions emerge with a kinetic energy determined by the potential difference between 

the plates. 

K = q | ΔV | 

Definition of acceleration slits 

Positively charged ions produced in an ionization chamber of a mass spectrometer are passed 

into the analyzer by the acceleration slits.  Generally, two acceleration slits are used; one has 

a slight negative potential with respect to the ionization chamber in order to attract the 

positive ions, and the other slit has an extremely high voltage, which accelerates that ions to 

up to half the speed of light. 

How can I give a metal surface a static negative or positive charge? 

By adding or subtracting electrons. 

Here is one approach. Rest the object on foam polystyrene sheet (very high resistivity). Charge 

a capacitor with several hundred volts DC. Ground the cap’s negative lead. Touch the positive 

lead to the metal plate. This extracts electrons. Recharge the capacitor. Ground the cap’s 

positive lead. Touch the negative cap lead to the plate. This adds electrons. 

Parts Qty Description

Metal Plate 2 slight positive charge

Slits 4

2 acceleration slits ( slight 

negative potential)

1 Focusing Slit (extremely 

high voltage)

1 Detecting Slit 

metal coil 1 Tungesten filament

electromagnet 1

strong magnetic field is 

applied perpendicular to 

the motional  direction of 

the ions

Vacuum pump 1 10-7 mbar

Faraday cup 1

Amplifier 1

Metal Tube 3
2 horizontale tubes 

1 curved tube 60°

* * 
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10.2.4 Magnet 

 

Iron Cobalt Vanadium Alloy (VCoFe) 

A neodymium magnet (also known as NdFeB, NIB or Neo magnet) is the most widely used type of rare-

earth magnet.9 

10.2.5 Detector 

Dyanode detector 

 

https://www.photonis.com/products/discrete-dynode-detector 

 

9 Development of a miniature magnetic sector mass spectrometer Detian Li, Meiru Guo, Yuhua Xiao*, Yide Zhao, 

Liang Wang 

https://www.photonis.com/products/discrete-dynode-detector
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https://www.researchgate.net/figure/The-design-structure-of-Faraday-Cup-at-E2-

line_fig1_283762179 

 

10.2.6  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.researchgate.net/figure/The-design-structure-of-Faraday-Cup-at-E2-line_fig1_283762179
https://www.researchgate.net/figure/The-design-structure-of-Faraday-Cup-at-E2-line_fig1_283762179
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10.2.7 FreeCad 

MassSpectro.FCStd
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11 Mass Spectrometer Detector10 

 

 

10 See https://aecenar.com/index.php/institutes/institute-for-astronomy-and-astrophysics/physics-lab/flue-gas-analysis-with-mass-spectrometry/mass-spectrometry-detector  

https://aecenar.com/index.php/institutes/institute-for-astronomy-and-astrophysics/physics-lab/flue-gas-analysis-with-mass-spectrometry/mass-spectrometry-detector
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11.1.1 Introduction  

A Faraday’s Cup is a detector that detects the presence of charged particles, by accumulating on the 

surface of the detector. Statement The Faraday’s cup works based on the principles of 

electrochemistry and the conservation of electric charge. Electrochemical process is the core 

principle behind Faraday's cup. When charged particles, such as ions or electrons, encounter a 

conductive surface (the collection surface of the cup), they can transfer their charge to that surface. 

This transfer of charge is facilitated by an electrochemical reaction between the charged particles 

and the conductive material of the cup's electrode. This reaction creates a potential difference 

between the electrodes and the current integrator circuit which induce electric current that flows 

through an external circuit connected to the cup. This current is proportional to the number of 

charged particles that have been collected by the cup. By measuring this electric current, the number 

of charged particles that have impacted the cup's surface. 

 

 The design of the faraday’s cup is one of the factors that will decide whether it will work as wanted. 

This report will discuss the modules that have been studied so far. 
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11.1.2 Faraday's cup (test module) 

 

 

 

11.1.3 Fundamental Precepts 

A Faraday Cup is a detector that detects the presence of charged particles by accumulating them on 

the surface of the detector. 
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The Faraday Cup operates based on the principles of electrochemistry and the conservation of 

electric charge. The electrochemical process is the fundamental principle behind the Faraday Cup. 

When charged particles, such as ions or electrons, encounter a conductive surface (the cup's 

collection surface), they can transfer their charge to that surface. This charge transfer is facilitated by 

an electrochemical reaction between the charged particles and the conductive material of the cup's 

electrode. This reaction creates a potential difference between the electrodes and the current-

integrating circuit, which induces an electric current that flows through an external circuit connected 

to the cup. This current is proportional to the number of charged particles collected by the cup. By 

measuring this electric current, the number of charged particles that impacted the cup's surface can 

be determined. [18] 

 

Figure II. 15: Principle of the Faraday cup 

The design of the Faraday Cup is one of the factors that will determine whether it will function as 

intended. This report will discuss the modules that have been studied so far. 

11.1.4 Computer Aided Design (CAD) 

In this section, we will examine the development of the Faraday dish model. This may be motivated 

by constraints related to the availability of materials required for its manufacture, or to meet the 

specific requirements of our project, thus requiring adjustments to the model. 

11.1.4.1 Model #1 

The original model is renowned for its notoriety in the field of Faraday cups. It is distinguished by 

a cylindrical brass cup, optimized to minimize electron losses during reflection within the cup. [20] 



 

414 

 

Faraday's_cup 

1.FCStd
 

Figure II. 19: First design proposal [18] 

 

 Figure II. 20: Measurements of the first model 

Figure II. 21: Cross section of module 1 

The challenge we faced in creating this prototype was the complexity of adjusting the brass cylinder 

to the necessary size, in addition to the delicacy required when soldering the brass components, 
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given that it does not withstand the high temperatures inherent in the soldering process. Therefore, 

we chose to focus on the second model. 

11.1.4.2 Model #2 

 

Figure II. 16: 

Le mode de 

fonctionnemen

t du deuxième 

modèle [21] 

 

 

Faraday's_cup_2.FC

Std
 

Figure II. 23: Measurements of the second model 
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11.1.4.3 Model #3 

 

Figure II. 24: The Operation of the Second Model [20] 

 

     

Faraday's cup 

3.FCStd
 

Figure II. 25: Measurements of the third model 
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11.1.4.4 Model #4 

  
Faraday's cup 

4.FCStd  

Figure II. 26: Measurements of the fourth model 

11.1.4.5 Model #5 

Farady's 

cup-5.FCStd
 

Figure II. 27: Measurements of the fifth model 

 

11.1.5 Realization 

The attached photograph illustrates the making of the second model of the Faraday dish. Starting 

with the simplest to make, we first ensure that it can capture charges, before proceeding to the 

manufacture of the model most suited to our project. This Faraday dish consists of a stainless steel 
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cylinder, with a brass plate placed in the center and an insulating material between the two to ensure 

fixation. 

 

 

Figure II. 29: Miniaturized Design of the Second Model 
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Farady's 

cup-24082023.FCStd
 

 

Faraday’s cup (total detector) 
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Faraday's cup final design (details in https://aecenar.com/index.php/downloads/summary/10-

iap/1365-design ) 

11.1.5.1 Realization of Faraday cups (last update: 14.2.24) 

cutting copper for Faraday cups: 

   

https://aecenar.com/index.php/downloads/summary/10-iap/1365-design
https://aecenar.com/index.php/downloads/summary/10-iap/1365-design
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11.1.6 Electronics and Amplification Process: 

Amplifier circuit of FC (PDF) 

https://aecenar.com/index.php/downloads/summary/10-iap/1576-03012024-amplifier-circuit-of-fc
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 PCB version of the amplifier circiut. 

 

Amplifier circuit of FC module on a bread board 

11.1.7 In summary  

Faraday's cup operations are based on the principles of electrochemical deposition and charge 

conservation. It provides a way to measure the intensity of charged particle beams by collecting the 

particles on a conductive surface and quantifying the resulting electric current. And the design of 

the Faraday cup has an effective factor on the performance of the detector. 
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11.1.8 Faraday Cut Detector Amplification Circuit 

11.1.8.1 Introduction 

By opting for the Faraday cup design, we anticipate an extremely low current at the cup output. This 

underlines the need to integrate an amplification circuit to increase this signal to a detectable and 

usable level. In the mass spectrometer under development, the particles of interest undergo 

ionization, thus transforming each molecule into a positively charged ion, having lost an electron. 

Therefore, for significant ion currents, an ion (+1) carries a charge of 1.6 x 10 -19 Coulombs. This means 

that one ion per second is equivalent to 1.6 x 10 -19 A, or 1.6 x 10 -4 fA. 

11.1.8.2 Equipment and roles 

 

Figure II. 30: Circuit diagram of the amplifier for the Faraday cup 

11.1.8.3 Printed Circuit Board (PCB) Design 
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Figure II. 17: The front-back image of the 

amplifier circuit (3D) 

 

 

 

Figure II. 18: The front-back image of the amplifier circuit with the copper layers 

11.1.8.4 Amplifier circuit 

Operational Amplifiers U 1-7 : Operational amplifiers, or op-amps, are circuit elements that can be 

used for several tasks. Here, they amplify voltage signals from Faraday cups so that they can be 

recorded and stored. 

Resistors R 1-7 : The current created by the Faraday cups will induce a potential difference across 

these resistors, which will then be amplified by the op-amps. 

Capacitors C 1-7 : Capacitors are used to reduce the effect of external noise on the signal from 

the cuts. 

Port U 10-11 : Input/output port of the amplification circuit. 

11.1.8.5 Calculations and figures 

About the LMC 6001 Operational Amplifier: 

Input bias current (max) = 25 fA 
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Your (voltage offset at 25°C) (max) = 0.35 mV 

Total supply voltage (+5 V = 5, ±5 V = 10) (max) = 15.5 V 

Total supply voltage (+5 V = 5, ±5 V = 10) (min) = 4.5 V 

Voltage gain for strong signals (A) = 1400V/mV or 1400000 times the input. 

So if the input is 1nV, the output will be 1.4mV. 

The LMC 6001 A1 operational amplifier was chosen for this application due to its high sensitivity 

and low amplifier noise. Its common mode rejection ratio (CMRR) is 83 dB, which means that the 

op-amp can effectively reject common mode signals (internal noise). 

This is a desirable value for precision and sensitive applications. It means that the op-amp 

can amplify differential signals (out-of-phase signals on the inputs) while attenuating 

common-mode signals (in-phase signals on the inputs). 

 Figure II. 33: Operational amplifier 
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12.1 SUMMARY 

The mass spectrometer represents an intriguing field for researchers. It finds a wide range 

of applications, particularly in detecting toxic gases emitted during waste combustion. This 

process involves the passage of these gases through several stages, starting with their 

ionization, followed by their acceleration and deflection, ultimately reaching the detector to 

identify the type and quantity of gases present. The design and improvement of this device 

were accompanied by numerous experiments, the results of which underwent thorough 

analysis and discussions. 

12.2 Introduction 

In light of the waste crisis in Lebanon and the state's inability to find solutions to this 

problem, as well as the economic collapse that hinders the securing of electricity for the 

population, the AECENAR Scientific Research Center, based in Tripoli, mobilized one of its 

departments, the "ENERGY Department", to look into the production of electricity by 

burning municipal waste. However, being aware that this combustion produces toxic gases 

requiring elimination in order to preserve the health of the population, the use of a mass 

spectrometer is essential. The latter will play a key role in ensuring the detection of these 

gases prior to filtration, as well as confirming their elimination after the filtration process. 

This master's thesis in physics therefore focuses on the evolution of the mass spectrometer 

device for the detection of gases emitted during the combustion of municipal waste. 

12.3 Mass Spectrometer Requirements 

12.3.1 System requirements: 

The mass spectrometer must be able to provide electrons to collide with the atoms of the 

introduced gas, thus obtaining ions. 

The mass spectrometer must be able to accelerate ions by exposing them to a high voltage. 

The mass spectrometer must be able to separate the ions from each other and change their 

trajectory by exposing them to a magnetic field coming from the Helmholtz coil. 

The detector must be able to capture ions based on their (mass/charge) after deflection. 
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12.3.2 Mechanical requirements: 

The cathode must be able to withstand thermal and electrical stress. 

The cathode must be tungsten. 

The anode must be made of stainless steel. 

The tube must be made of stainless steel (ionization chamber + 2 horizontal tubes + 1 curved 

tube). 

The vacuum pump must be able to create a vacuum in the stainless steel tube. 

The plate that pushes the ions out of the ionization chamber should be made of stainless 

steel (slight positive charge). 

The three plates that accelerate the ions must be made of stainless steel. 

The Helmholtz coil should be made of two plastic pieces, with iron inside, and copper strips 

wrapped around it. 

12.3.3 Physical requirements: 

A stainless steel plate (slightly positive charge) should be able to push the ions out of the 

ionization chamber. 

Three stainless steel plates should be able to accelerate the ions. 

The detector must be able to capture the ions and transmit a signal to the computer. 

12.3.4 Electrical requirements: 

A power supply must be capable of supplying 17V to the tungsten. 

A power supply must be capable of gradually supplying -300V, -150V and zero to the 

accelerator plates. 

The anode and all stainless steel plates must be insulated from the tube to prevent voltage 

from propagating and passing through the tube. 

12.3.5 Magnetic requirements: 

The Helmholtz coil must be able to generate the magnetic field on the bent tube. 

The Helmholtz coil must be able to generate a magnetic field of 0.2 T. 
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12.3.6 Safety requirements: 

Electrical safety 

All electrical connections must be coated with the correct insulation based on the current 

and voltage flowing through the connections. 

12.4 Mass spectrometer Design 

12.4.1 Fundamental Concepts  

  

Figure II. 19: Typical schematic arrangement 
of an ion source 

Figure II. 20: Sequence of steps in a mass 
spectrometer 

The two aforementioned illustrations illustrate the trajectory of ions through different stages, 

starting with the gas ionization phase inside the ionization chamber. The ions then progress to the 

acceleration zone before entering the deflection section, and finally end up in the detection zone. 

Based on this principle, a similar design was developed, encompassing these four crucial phases. 

Within the ionization chamber, a sample of residual gas containing harmful compounds such as 

HCl, HF, SO2 and Hg is introduced. There, this gas is positively ionized by a collision with electrons 

emanating from a tungsten filament, carrying a kinetic energy of 17 eV. Following this ionization 

process, the ions are repelled by an ion repellent plate, prompting them to enter the acceleration 

phase. 

At this stage, the ions wait in front of three negative potential plates – 300, 150 and 0 volts 

respectively – before progressing to the deflection phase. There, they are subjected to a 0.2 T 

magnetic field created by an inverted coil. This magnetic field causes the ion trajectories to deviate, 

so that each ion follows a specific path based on the m/z (mass/charge) ratio. Subsequently, the ions 

are captured by a "Faraday cup" type detector during the detection phase. 

12.4.2 Computer Aided Design (CAD) 

To develop the mass spectrometer model, we used "FreeCAD" software. 
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09032023-IAP-mass 

spectrometer and linear accelerator.FCStd
 

FreeCAD file 

 

Figure II. 21: Design of the mass spectrometer model 

 

 

Figure II. 22: Mass spectrometer model-specific measurements 
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12.4.2.1 Ionization chamber 

 

Figure II. 23: The components of the ionization chamber 

 

12.4.2.2 Acceleration zone 

 

Figure II. 24: Distribution of tension on the acceleration plates 
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12.4.2.3 Deflection zone 

 

Figure II. 25: The presence of the Helmholtz coil in the deflection zone 

12.4.2.4 Detection zone 

 

Figure II. 26: Position of the Faraday Cup type detector in the deflection zone 

12.5 Mass Spectrometer Realization 

Due to its advantageous properties, such as resistance to corrosion, heat, ease of maintenance and 

shaping, as well as its long durability, stainless steel proves to be an optimal choice [13] . In addition, 

it has low reactivity with gases, such as HCl, HF, SO 2 , Hg, compared to other materials. Considering 

the easy availability of this type of metal within the center, we made the decision to manufacture 

our mass spectrometer from stainless steel. This option fits perfectly with our objective of ensuring 

the quality and durability of our equipment. 
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The elbow shown below, which will act as the deflection zone in the mass spectrometer, was 

designed taking into account all the trajectories that the ions will follow when subjected to the 

magnetic field. This ensures that all ions will follow their path without risk of collision or loss. 

 

Figure II. 27: The curved tube where the magnetic field is applied 

 

 

Figure II. 28: The trajectories of ions under the 

influence of the magnetic field 

 

Section (1.5. Deflection) specified the radii of each ion. Using this data, we calculated the difference 

between the largest and smallest radius. As a result, we made an elbow with a diameter greater than 

this difference, and with a curvature of 17.3 cm, thus ensuring the inclusion of all possible 

trajectories. 
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The component in question, made available by the AECENAR Centre, was used and adapted to 

ensure the function of ionization chamber within the mass spectrometer. 

 

Figure II. 29: Length of the ionization chamber (~35 cm) 

 

 

Figure II. 30: Cross-sectional diameter of the ionization chamber (~ 15 cm) 

 

 

Figure II. 31: Cross-sectional diameter of two horizontal tubes (~ 14 cm) 
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In the diagrams shown below, flanges play a fundamental role in ensuring a secure connection 

between two components. They provide easy assembly and disassembly, ensuring a robust 

connection. They also allow for the isolation of specific sections if necessary. In terms of importance, 

flanges contribute significantly to the structural integrity, safety, and flexibility and adaptability of 

systems. [13] 

  

Figure II. 19: Fabrication of flanges for the various mass spectrometer components 

 

  

Figure II. 33: Mass spectrometer manufacturing and assembly steps 
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Figure II. 34: Welding during mass spectrometer manufacturing 

 

 

Figure II. 17: The assembled prototype, where the mass spectrometer is integrated 

12.6 Helmholtz coil with soft iron 

To distinguish between gas types, a crucial preliminary step is to subject them to deflection. This 

procedure directs each gas in a specific direction, giving them distinct trajectories. To accomplish 

this, the use of a magnetic field is imperative. The choice of magnet, particularly in terms of 

uniformity, perpendicular alignment relative to the ion velocity, and downward orientation, led us 

to favor the use of a Helmholtz coil equipped with soft iron. 

12.6.1 Definition 

The Helmholtz coil with soft iron is a device used in physics to create a uniform and constant 

magnetic field in a specific area of space. It consists of two identical circular coils, positioned 
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symmetrically on either side of a central axis, at a distance equivalent to their own radius [16] . The 

key element of this type of coil is the integration of soft iron cores inside the coils. The presence of 

this material is crucial to enhance the intensity of the magnetic field [17] . Soft iron has a great ability 

to effectively concentrate and guide magnetic field lines through itself due to its high magnetic 

permeability. By incorporating it into the winding, it reduces field losses to the outside and improves 

field uniformity, thus ensuring an even distribution of magnetic forces. In addition, it helps maintain 

the stability of the magnetic field by minimizing external disturbances. 

 

12.6.2 Features 

 

The main characteristics of Helmholtz coils with soft iron are: 

• Two identical coils: A Helmholtz coil usually consists of two identical coils, usually 

circular in shape, each having the same number of turns and the same radius. 

• Fixed Distance: The two coils are spaced a specific distance apart, called the 

intercoil distance, so that the resulting magnetic field is uniform in a specific area 

between the two coils. 

• Uniform magnetic field: The main purpose of a Helmholtz coil is to create a 

uniform magnetic field in the region between the two coils. This allows experiments 

or measurements to be performed in a constant magnetic environment. 

• Series Configuration: Helmholtz coils are usually wired in series, so that the electric 

current flows in the same direction through both coils, thus producing a 

strengthened magnetic field in the central region. 

• Precise control: By adjusting the electric current flowing through the coils and the 

inter-coil distance, it is possible to precisely control the intensity and direction of 

the magnetic field in the central area. 

• Magnetic field amplification: Soft iron increases the magnetic permeability of the 

system, meaning it makes it easier for magnetic field lines to pass through the 

material. This has the effect of amplifying the magnetic field in the central region 

between the coils. 
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• Magnetic field concentration: Soft iron can channel magnetic field lines, "steering" 

them more through the central region between the coils. This can potentially lead to 

an increase in magnetic flux density in this region. [16] . 

 

12.6.3 Mathematical formula  

 

The formula for calculating the magnetic field at the center of the gap between the two 

Helmholtz coils is given by the equation: 

 

B=
𝜇0 𝐼 𝑁 𝑅′2

2(𝑅′2+(𝑥−(
𝑑′

2
)

2
)

3
2

  [16] 

 

This formula is derived from the Biot-Savart law and allows the calculation of the magnetic 

field at any point on the central axis of the coils as a function of the physical parameters of 

the configuration. 

The integration of soft iron cores into the Helmholtz coil requires consideration of the 

relative permeability coefficient of this material. Thus, we will complete the previously 

stated rule with µ r [17] : 

 

B=
µ 𝐼 𝑁 𝑅′2

2(𝑅′2+(𝑥−(
𝑑′

2
)

2
)

3
2

  

With µ = µ r µ 0 . 

 

12.6.4 Manufacturing conditions  
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 Figure I. 12: Schéma représentant d'une bobine de Helmholtz 

 

Precision in the manufacture of Helmholtz coils is crucial to ensuring a uniform magnetic 

field. It is essential that the coils have identical geometric specifications, such as the number 

of turns and the current flowing through them. The use of highly conductive materials with 

low resistance helps minimize energy losses and ensure optimal performance. Precise coil 

alignment and spacing equivalent to the radius are determining factors for achieving a 

uniform magnetic field between them. In addition, meticulous coil insulation is necessary 

to prevent current leakage and unwanted electromagnetic interference. [16] 

The addition of soft iron cores introduces additional considerations into the manufacturing 

process. It is essential to select a high-quality soft ferromagnetic material, such as mild steel, 

with high magnetic permeability and low coercivity. The cores must be precisely integrated 

into the coil structure, ensuring they are properly aligned to maximize their impact on 

magnetic permeability. They must also be securely fixed in place to prevent movement 

during coil use. In addition, it is imperative to ensure adequate electrical insulation between 

the soft iron cores and the coils to prevent short circuits. [17] 

 

12.7 Requirements for Helmhotz coils 

12.7.1 Mechanical requirements: 

The Helmholtz coil should be made of two plastic pieces, with iron inside, and copper strips 

wrapped around it. 

12.7.2 Electrical requirements: 

The power supply will be variable until we achieve the desired result . 
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12.7.3 Magnetic requirements: 

The Helmholtz coil must be able to generate the magnetic field on the bent tube. 

The Helmholtz coil must be able to generate a magnetic field of 0.2 T. 

12.8 Design of Helmholtz coil with soft iron 

12.8.1 Fundamental Precepts 

Proper design of Helmholtz coils requires strict adherence to essential conditions that form the basis 

of their development. This section focuses on the fundamental principles of Helmholtz coil design, 

highlighting the crucial elements for optimal manufacturing and ensuring superior performance. 

 

 

Figure II. 35: Some 

manufacturing conditions of 

the Helmholtz coil 

12.8.1.1 Consistent Twin Coil Characteristics 

It is imperative that the coils have identical geometric characteristics, number of turns, and electrical 

current. This strict uniformity ensures the harmonious alignment of the generated magnetic field, 

thus contributing to optimal performance. 

12.8.1.2 Alignment and Spacing Accuracy 

Precise parallel alignment, combined with radius-equivalent spacing, is essential to achieve uniform 

magnetic field distribution across the core of the device. This rigorous arrangement eliminates any 

unwanted asymmetry. 

12.8.1.3 Sizing of the Coiled Section 

For optimum performance, the dimensions of the wound section in terms of width and depth should 

not exceed one tenth of the coil diameter (D/10). This measurement ensures consistent winding and 

prevents unwanted distortions of the magnetic field. 
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12.8.1.4 Selection of Good Conductive Materials 

The choice of materials for the coils is crucial. Using materials such as 1 mm thick copper wire, which 

allows good current flow and has low resistance, is essential to minimize energy losses and optimize 

coil operation. 

12.8.1.5 Careful Insulation 

Proper coil insulation is essential to prevent current leakage and unwanted electromagnetic 

interference. Good insulation allows the coils to operate independently and prevents unwanted 

external influences. Therefore, the use of a specific type of plastic is recommended. 

12.8.1.6 Adding Iron 

The incorporation of iron into the Helmholtz coil significantly contributes to increasing the magnetic 

field, thus avoiding the need to excessively increase the number of turns. This helps to optimize the 

efficiency of the device. 

12.8.2 CAD 

To develop the model of the Helmholtz coil, we used the software "FreeCad". 

  

160223_IAP_Helmoh

ltz coil for mass spectrometer.FCStd
 

Figure II. 36: Some measurements of the Helmholtz coil model with iron  

 

Figure II. 20: 

Quelques 

caractéristiques 

du modèle de 

la bobine de 

Helmholtz 

avec fer 
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12.9 Realization of Helmhotz Coils 

To exploit the Helmholtz coil formula while ensuring the required diameter and meeting our need 

for a significant magnetic field, it is important to consider the constraint related to the electric current 

that can be supplied to the coil. This implies a high number of turns, exceeding 4000, which can be 

difficult to achieve. In order to reduce this number, we opted for the addition of ferrous material 

inside the coil. This approach increases the magnetic field while requiring a lower number of turns. 

It should be noted that soft iron is the preferred material in such projects, but due to its limited 

availability, we undertook an experiment comparing two commonly available types of iron: 

ordinary iron, accessible to all, and the type used in transformers, known for its beneficial effect on 

the magnetic field. 

We have: B= 
µ 𝐼 𝑁 𝑅′2

2(𝑅′2+(𝑥−(
𝑑′

2
)

2
)

3
2

with R′=14 cm, x=7.5 cm, d′=14 cm. 

  

Figure II. 21: l'emplacement du fer ordinaire 

dans la bobine de Helmholtz 

Figure II. 22: L'emplacement du fer spécifique 

des transformateurs dans la bobine de Helmholtz 

The permeability of iron will be determined from the experiment. The parameters I and N will be 

adjusted until a magnetic field of 0.2 Tesla is obtained. 

12.10 Helmhotz Coils System Test Specification 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the Helmholtz coil by supplying it 

with a corresponding power supply 

Obtain a magnetic 

field (B = 0.2 T) 

Turn off the system Turn off the Helmholtz coil The magnetic field 

stops 

Postcondition The system is off  
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12.11 Helmhotz Coils System Tests and Results 

12.11.1 Test 22.09.23 

Stage Description of the stage Expected result Result 

Precondition The system is off   

Turn on the system Turn on the Helmholtz 

coil by supplying it with 

a corresponding power 

supply 

Obtain a magnetic 

field (B = 0.2 T) 

Negative 

Turn off the system Turn off the Helmholtz 

coil 

The magnetic field 

stops 

Positive 

Postcondition The system is off   

12.11.1.1 Analysis of test results: 

In this experiment, we used iron similar to that found in transformers. We connected them optimally 

and inserted them inside each flat coil. We set the number of turns to N = 10. At each step, we 

gradually increased the voltage, which caused an increase in the current as well as the magnetic 

field. This process was repeated until the value B = 0.6 mT << 200 mT was reached. 

I (A) 0.58 1.14 1.72 2.32 2.88 3.41 3.98 4.53 5.63 6.13 6.62 7.15 7.62 8.62 

U 

(v) 

0.25 0.5 0.75 1 1.25 1.5 1.76 2 2.5 2.75 3 3.26 3.51 4 

B 

(mT) 

--- --- --- 0.2 0.25 0.28 0.31 0.34 0.42 0.45 0.48 0.51 0.53 0.6 

 

  

Figure III. 44: Arrangement 

of the transformer iron at a 

distance of 14 cm in each of 

the flat coils 
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Figure III. 45: Measurement of the magnetic field at the center of the Helmholtz coil using the 

transformer iron 

What we need to do: 

-We will change the type of iron. 

-We will change the location of the iron each time. 

12.11.2 Test 09.10.23 

In this study, variations were made to the type of ferrous material used and its location, 

while maintaining a constant number of turns, N = 10. 

a) In the first phase of the experiment, an ordinary iron plate with a diameter of 28 cm 

and a thickness of 1.5 cm was used. Only one of these plates was positioned in each 

flat coil. By modulating the voltage at each iteration, results similar to those 

obtained in the previous experiment regarding the value of magnetic induction (B) 

were observed. The maximum value reached was B = 0.6 mT << 200 mT. 
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Figure III. 46: Measurement of the magnetic field using two ordinary iron plates 28 cm in diameter 

and 1.5 cm thick 

 

b) In order to study the influence of iron on the magnetic field, a second experiment 

was conducted using Helmholtz coils without having iron inside the flat coils. We 

will then proceed to a comparison with the results obtained in the previous 

experiment. 

       

Figure III. 47: Evaluation of the magnetic field in the absence of ferromagnetic material 

 

In this comparison, we have chosen only two voltage values: 

For V = 3 v, I = 6.72 A, we obtain B = 0.42 mT. 
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For V = 4 v, I = 8.69 A, we obtain B = 0.53 mT. 

The observed difference between the experiment with and without iron amounts to 

approximately 0.06 mT, thus demonstrating that the influence of iron is extremely low. 

c) At this point we adjusted the iron layout according to the diagrams shown below. 

Despite the change in the position of the iron, the result remains almost unchanged. 

We were unable to increase the intensity of the magnetic field. 

 

       

Figure III. 48: Evaluation of the magnetic field when inserting two ordinary iron plates inside the 

space separating the flat coils of the Helmholtz coil 

           

Figure III. 49: Evaluation of the magnetic field when ordinary iron and transformer iron are 

simultaneously installed in the center of the Helmholtz coil. 
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Figure III. 50: Evaluation of the magnetic field when inserting two ordinary iron plates in the center 

of the Helmholtz coil 

12.11.2.1 Conclusion 

From previous experiences we have drawn the following conclusions: 

- The use of iron in the transformer did not bring any significant improvement. This can be attributed 

to the space between the pieces of iron and their uneven distribution inside the flat coil. 

- Replacing the iron used in the transformer with another disc-shaped piece of iron placed inside the 

flat coil also did not bring any significant improvement. When we revisited this issue and 

researched the principle of using iron cores inside the coil to improve the magnetic field, we found 

that it was usually better to use iron where the radius << the width. Thus, the lack of increase in the 

magnetic field could be attributed to the fact that the thickness of the iron << the radius. 

- Changing the position of the iron and placing it in the middle of the Helmholtz coil also did not 

bring any significant improvement. 

12.11.3 Test 20.10.23 

The choice of iron volume in the Helmholtz coil design, where the radius is considerably larger than 

the thickness, presented an inefficiency in amplifying the magnetic field. This observation prompted 

consideration of an alternative iron configuration to optimize the magnetic field. Thus, we favored 

the use of an iron cylinder, where the thickness >> the radius, while wrapping the cylinder with 

copper coils. This approach was guided by maintaining the fundamental principles of the Helmholtz 

coil. 

In our experiments, solenoids were positioned opposite each other, respecting a distance of 14 cm 

between them, as detailed in the experiments below. 

a) In the case where two solenoids have been arranged face to face: For N=42 turns, I= 6.02 A, d= 14 

cm; we have B= 0.23 mT. 
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Figure III. 51: Évaluation du champ magnétique lors du positionnement de deux solénoïdes en face 

l'un de l'autre 

 

b) In the case where three solenoids, placed at equal distances from each other, were arranged face 

to face: 

For N=42 turns, I= 3.5 A, d= 14 cm; we have B= 0.28 mT. 

 

c) In the case where three solenoids, glued to each other, were arranged face to face: 

For N=42 turns, I= 6 A, d= 14 cm; we have B= 0.5 mT. 

 

 

Figure III. 52: Évaluation 

du champ magnétique 

avec l'installation de trois 

solénoïdes, espacés de 

manière égale les uns des 

autres, en configuration 

face à face 
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Figure III. 53: Evaluation of the magnetic field 

when positioning three solenoids, back to back, 

in a face-to-face configuration 

 

 

d) In the case where three solenoids, glued to each other, were arranged face to face. 

However, in this situation we replaced the copper wires with wires with a higher thickness 

(2.25 mm). 

For N=90 turns, I= 9.5 A, d= 14 cm; we have B= 2.54 mT. 

 

Figure III. 54: Evaluation of the magnetic field 

when installing three juxtaposed solenoids, 

using 2.25 mm thick copper wires 

12.12 Mass Spectrometer System Test Specification 

12.12.1 00001: Ensure complete air evacuation 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the pump 95% empty 

Presence of a leak Risk of air leakage at the 

following locations: welds, 

flanges, anode, cathode, 

plates, tungsten windows, 

detector 

Seal leak locations 

Turn off the system Turn off the pump The pump stops extracting air 
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Use of silicon Apply silicone to the areas 

where air is leaking. 

Stop the leak and achieve 95% 

vacuum when we restart the 

pump 

Postcondition The system is off  

 

12.12.2 00002: Tungsten power supply 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the power supply Obtain a continuous power 

supply (8 V) 

Turn off the system Turn off the power supply Continuous power supply 

stops 

Postcondition The system is off  

 

12.12.3 00003: First positively charged plate (trap) electron) 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the power between 

the tungsten and the plate 

Obtain a continuous power 

supply (17 V) 

Turn off the system Turn off the power supply Continuous power supply 

stops 

Postcondition The system is off  

 

12.12.4 00004: Second positively charged plate (ion repellent) 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the power supply Obtain continuous power 

(determine experimentally) 
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Turn off the system Turn off the power supply Continuous power supply 

stops 

Postcondition The system is off  

 

12.12.5 00005: Obtain electrons 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the specific pump 

valve 

Turn on the valve The valve is open 

Turn on the pump Turn on the pump 95% empty 

Turn on the tungsten power 

supply 

Turn on the power supply Obtain a continuous power 

supply (8 V) 

Turn on the power between 

the tungsten and the plate 

Turn on the power supply Obtain a continuous power 

supply (17 V) 

Burning tungsten Burn the tungsten by 

supplying it with 8V power 

Get electrons around the 

tungsten (the lamp will light 

up). 

Electron trap The 17v power supply is 

connected to the first board 

The first positively charged 

plate attracts electrons 

towards it (moving electrons) 

Turn off the power to the 

electron trap 

Turn off the power supply Electrons are not in motion 

Turn off the tungsten power 

supply 

Turn off the power supply The lamp will go out 

Turn off the pump Turn off the pump The pump stops extracting air 

Turn off the specific pump 

valve 

Turn off the valve The valve is closed 

Postcondition The system is off  
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12.12.6 00006: Detector 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the detector The detector emits a signal 

when it receives ions 

Turn off the system Turn off the detector The detector is not working 

Postcondition The system is off  

 

00007: Ionization 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the specific pump 

valve 

Turn on the valve The valve is open 

Turn on the pump Turn on the pump 95% empty 

Turn on the tungsten power 

supply 

Turn on the power supply Obtain a continuous power 

supply (8 V) 

electron trap " plate Turn on the power supply Obtain a continuous power 

supply (17 V) 

Burning tungsten Burn the tungsten by 

supplying it with 8V power 

Get electrons around the 

tungsten (the lamp will light 

up) 

Electron trap The 17V power supply is 

connected to the first board 

The first positively charged 

plate attracts electrons 

towards it (moving electrons) 

Turn off the pump Turn off the pump The pump stops extracting air 

Turn off the specific pump 

valve 

Turn off the valve The valve is closed 

Turn on the detector Turn on the detector The detector is working 
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Turn on the specific gas valve Open the valve, introduce the 

steam, then, after a few 

minutes, turn off the valve 

The electrons will collide with 

the atoms in the vapor sample 

(obtaining ions with a (+1) 

charge) 

Turn on the power supply to 

the "ion repellent" plate 

Turn on the power supply Obtain continuous power 

(determine experimentally) 

Ion repellent The power supply is 

connected to the second plate 

The detector emits a signal 

(indicating that the second 

positively charged plate has 

repelled the ions out of the 

ionization chamber, and the 

ions have entered the tube) 

Turn off the detector Turn off the detector The detector is not working 

Turn off the power to the ''ion 

repellent'' plate 

Turn off the power supply The second plate is no longer 

loaded 

electron trap plate Turn off the power supply The first plate is no longer 

loaded 

Turn off the tungsten power 

supply 

Turn off the power supply The lamp will go out 

Postcondition The system is off  

 

12.12.7 00008: Power supply to the three plates (Acceleration zone) 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the power supply Obtain a continuous power 

supply (-300 V, -150, 0) 

Turn off the system Turn off the power supply Continuous power supply 

stops 

Postcondition The system is off.  
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12.12.8 00009: Helmholtz coil 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the system Turn on the Helmholtz coil by 

supplying it with power 

(determine experimentally) 

Obtain a magnetic field (B = 

0.2 T) 

Turn off the system Turn off the Helmholtz coil The magnetic field stops 

Postcondition The system is off  

 

12.12.9 000010: Acceleration and Deviation 

Stage Description of the stage Expected result 

Precondition The system is off  

Turn on the specific pump 

valve 

Open the valve The valve is open 

Turn on the pump Turn on the pump 95% empty 

Turn on the tungsten power 

supply 

Turn on the power supply Provide continuous power 

(8V) 

electron trap " plate Turn on the power supply Provide 17V DC power 

Burning tungsten Burn the tungsten by 

supplying it with 8V power 

Generate electrons around the 

tungsten (the lamp will light 

up) 

Electron trap The power supply is 

connected to the first plate 

The first positively charged 

plate attracts electrons 

towards it (moving electrons) 

Turn off the pump Turn off the pump The pump stops extracting air 

Turn off the specific pump 

valve 

Close the valve The valve is closed 

Turn on the detector Turn on the detector The detector is on 
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Turn on the specific gas valve Turn on the valve, let the 

steam in, then after a few 

minutes turn the valve off 

The electrons will collide with 

the atoms in the vapor sample 

(creating ions with a +1 

charge) 

Turn on the specific power 

supply for the "ion repellent" 

plate 

Turn on the power supply Obtain continuous power 

(determine experimentally) 

Turn on the specific power 

supply for three plates 

Turn on the power supply Get a continuous power 

supply of (-300V, -150V, 0) 

Turn on the Helmholtz coil Turn on the Helmholtz coil on 

the bent tube 

Obtain a magnetic field (B = 

0.2 T) 

Ion repellent The power supply is 

connected to the second plate 

The second positively charged 

plate repels the ions out of the 

ionization chamber, and the 

ions enter the tube 

Acceleration of ions Connect the power supply to 

the three plates at the 

beginning of the tube 

Ions entering the tube will be 

accelerated 

Ion deflection The ions will be subjected to a 

magnetic field of B = 0.2 T as 

they pass through the curve 

The detector emits a signal 

(indicating that the ions have 

left the ionization chamber, 

entered the tube, been 

accelerated by the plates, 

deflected by the magnetic 

field and have been detected) 

Turn off the power to the 

three-plate stove 

Turn off the power Ion acceleration stops, no 

signal will appear 

Turn off the detector Turn off the detector The detector is not working 

Turn off the Helmholtz Coil Turn off the Helmholtz coil The magnetic field stops 
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Turn off the power supply 

(ion repellent) 

Turn off the power The second plate is no longer 

loaded 

Turn off the power supply ( 

electron trap ) 

Turn off the power The first plate is no longer 

loaded 

Turn off the tungsten power 

supply 

Turn off the power The lamp will go out 

Postcondition The system is off  

12.13 Conclusion and Perspectives for using Helmhotz Coils for Mass 
Spectrometer 

In conclusion, the project to manufacture a mass spectrometer to detect toxic gases from waste 

combustion presented several challenges, particularly in the design of the Helmholtz coil to ensure 

a magnetic field of 0.2 T in the deflection zone. Optimization attempts, whether using iron from the 

transformer or ordinary iron, faced limitations related to the material thickness. Adjustments, such 

as increasing the iron thickness and using thicker copper coils, improved the magnetic field, 

although the target value was not reached. 

Looking ahead, promising solutions include exploring the use of soft iron cores, known for their 

high relativistic permeability, or fabricating iron cylinders by melting transformer material with a 

thickness greater than the radius. These approaches will need to adhere to the principles of the 

Helmholtz coil to ensure the spectrometer's efficiency. 

Additionally, potential challenges in spectrometer operation have been identified, such as vacuum 

issues. Addressing this will require the adoption of a pump that can achieve high vacuum up to 10 

-7 torr, such as a turbomolecular pump in series with a rotary pump. Concerns regarding the 

insulation and fabrication of the Faraday cup detector are also raised, but further research could 

help address these potential issues. 

In summary, these proposed improvements and solutions pave the way for future developments 

aimed at optimizing the mass spectrometer for more efficient detection of toxic gases. 
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13.1 ABSTRACT 

The mass spectrometer is a critical tool in research, with numerous applications, particularly in 

detecting toxic gases emitted during waste combustion. This analytical process consists of several 

stages, beginning with the ionization of the gases, followed by their acceleration and subsequent 

deflection, ultimately leading to their detection to ascertain both the type and mass of the gases 

present. The design and optimization of the electromagnet within the deflection zone are essential 

for facilitating this deflection. The findings of this research have been subjected to comprehensive 

analysis and discussion concerning the principles of electromagnetism. 

13.2 CHAPTER 0: INTRODUCTION 

In Lebanon, we are currently facing a crisis in energy generation. 

Therefore, one of AECENAR's most significant projects was the construction of a power generation 

facility, specifically an incinerator, designed to generate energy through the combustion of waste. 

Burning waste produces emissions of toxic and carcinogenic gases, making it essential to purify 

these gases to prevent the release of harmful substances into the atmosphere. 

AECENAR has installed an electrostatic filter to purify the gases emitted during incineration; 

however, the Municipality requires evidence that no toxic emissions are present. This is where the 

mass spectrometer detector plays a crucial role. 

This system can detect and identify the types and quantities of gases produced based on their mass. 

This project was initiated two years ago by students Asmaa El Mir and Rouwayda El Sakka. 

However, it remains incomplete, particularly the magnetic sector, which is essential for gas 

detection. 

The structure of this thesis is outlined below: 

In the first chapter, we introduced the fundamental principles of mass spectrometry and its critical 

role in gas detection. Furthermore, we discussed magnetic permeability and presented various 

methods to enhance it. Additionally, we explained the simulation of the magnetic field and the 

effects of ferromagnetic cores on it. 

In the second chapter, we explored electromagnetic concepts and conducted a simulation, along 

with a straightforward comparison between two systems: the multi-solenoid and the C-shaped coil. 

Based on the simulation results, we drew our conclusions. 

In the third chapter, we began the realization of the electromagnetic system through a series of 

processes. Ultimately, we constructed the system and conducted tests on it. 

Finally, we reached our conclusion in the last chapter. 

13.3 CHAPTER I: BASICS 

13.3.1 Mass Spectrometer Principle 

Mass spectrometers analyze the distinct fragments or ions produced by organic molecules by 

bombarding the compound with electrons to create positively charged ions. 
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The resulting mass spectrum displays each ion as a peak. [1] 

MS 

consists of four main parts: the ionization source where the molecules get ionized, the acceleration 

zone where ions gain higher velocity, the deflection determined by the mass-to-charge ratio (m/z), 

and finally, the detection part which is proportional to the abundance of ions (see Figure 1). 

 

Figure 1: Schematic representation of the principle of mass spectrometry 

 

13.3.1.1 Ionization Source 

The ionization source is a device that can be used in several methods and techniques to ionize molecules. 

The method chosen depends on the type of the sample, such as gas, liquid, or solid. Since our project 

focuses on toxic gases, electron impact ionization [2] is the suitable method in our case (see Figure 

2).The sample should be in a gaseous phase to enter the ion source. In this situation, we use a heated 

filament made of tungsten to collide with the gaseous sample molecules and generate positive 

ions. Since it is much more difficult to remove more than one electron, most of the ions will have a charge 

of +1. 
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It is important to note that the ion source must be evacuated to prevent contact with air molecules. 

[3]  

Figure 2: Schematic representation of the ionization chamber 

 

13.3.1.2 Acceleration Zone 

The positive ions are pushed out by the ion repeller, which is a positively charged plate (see Figure 2). 

Subsequently, they pass through the acceleration zone, where they are subjected to an intense electric 

field specifically designed to accelerate them and increase their kinetic energy. 

The acceleration zone is created by three plates that are gradually charged negatively, with the first disc 

being strongly negative (300 V), generating a powerful electric field that propels the positive ions towards 

the last disc. 

As the ions progress towards the subsequent discs, they continue to be accelerated by the electric field 

until they reach the final disc, which is neutral and acts as a ground (see Figure 3). 

The precise control of the electric field between the discs ensures optimal focusing of the positive ions, 

preventing any undesired dispersion or deflection. An intermediate disc, also negatively charged (150 V) 

but at a reduced intensity compared to the first disc, ensures a gradual acceleration of the positive ions. 

This stabilization in their trajectory allows them to pass to the third disc, which acts as a final barrier, 

enabling the positive ions to reach the region of the mass spectrometer dedicated to their analysis. 

We should note that all positive ions will have the same kinetic energy after acceleration. [4] 
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Figure 3: Schematic representation of the acceleration plates 

 

13.3.1.3 Deflection Zone 

The deflection zone in a mass spectrometer is a crucial step for separating ions based on the mass-to-

charge ratio (m/z), allowing us to identify each chemical species in our sample. 

The ions emerging from the ionization source enter a region with a uniform magnetic field, causing them 

to experience a magnetic force that deviates them from their initial trajectory. 

Ions with higher m/z ratios will experience less deflection compared to ions with lower m/z ratios. This 

difference enables us to separate ions based on their masses. Since most ions carry the same charge of 

+1, the extent of deflection will be determined by the mass of the ions. [5] 

The path of the ions is typically curved with a radius R. This trajectory is governed by either Biot-Savart's 

law or the Lorentz force. [6] 

Figure 4: Deflection of a mixed ion stream under magnetic field 
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In other words, the heavier the ions, the less they deflect. Furthermore, they will require a stronger 

magnetic field to deflect them. For example, we recognize that ion stream C is heavier than B, which 

is heavier than A. (see Figure 4). 

13.3.1.4 Detection of Ions 

In the realm of mass spectrometry, the detection stage holds significant importance as it pertains to 

the identification of ions that have traversed the mass analyzer's pathway. 

The detector plays an essential role in converting ions into a detectable and usable signal. 

Once sorted by the mass analyzer, the ions enter the detection zone where the detector is located. 

This component is designed to capture the physical characteristics of the ions, including their kinetic 

energy, electric charge, and mass. Mass spectrometers utilize a variety of detector types, each with 

unique advantages tailored to the specific requirements of the analytical application. Furthermore, 

the selection of the detector is influenced by the design of the instrument itself. [7] 

When an ion reaches the collector, its charge is neutralized by an electron transferring from the metal 

to the ion. The flow of electrons generated in the wire is identified as an electric current, which can 

be amplified and recorded. The level of detected current increases with the increasing number of 

arriving ions. 

We should announce that the Faraday cup detector design is complete and ready for testing. [4](see 

Figure 5). 

 

 

 

 

 

 

 

 

 

 

13.3.2 Electromagnetism 

As mentioned earlier, we cannot deflect ions without a magnetic field, and it must be strong enough 

to deflect the heavy ions emitted from the toxic gases. 

The previous tests indicate that the Helmholtz coil is not effective in generating a strong magnetic 

field (0.2 T). [4] 

Based on the famous formula of the magnetic field: 

 

Figure 5: Module 5 of the Faraday cup 
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B=μnI 

 

In the equation, B represents the magnetic flux density in Tesla, μ stands for the permeability in 

Henry per meter, n denotes the number of turns per meter, and I represents the electrical current in 

Amperes. 

We have the ability to manipulate these elements to achieve the magnetic flux density we desire. 

The challenge lies in the variability of permeability among different ferromagnetic cores. 

Conversely, achieving high permeability would reduce the need for high levels of other factors such 

as the number of turns (n) and current (I). 

13.3.2.1 Magnetic Permeability 

In electromagnetism, permeability 

refers to a material's ability to 

concentrate magnetic fields, 

indicating how easily a material can 

become magnetized (see Figure 6). 

We denote μr as the relative 

permeability compared to free 

space   (μ0 = 4π x 10-7 Henry/meter). 

μr = μ/μ0            (The relative 

permeability of free space is μr  = 

1) 

Different types of permeability can 

be identified based on the 

characteristics of changes in B and H, where H represents the magnetic field strength in amperes per 

meter. The relationship between magnetic permeability and this change is described by a formula: 

μ = ΔB/ΔH 

The relative permeability (μferro) of magnetic materials (ferromagnets) is significantly greater than 

that of non-magnetic materials such as vacuum (μvac), diamagnets (μdia), paramagnets (μpara), and 

superconductors (μsup) (see Figure 7). [8] 

  

Figure 6: The affection of permeability on the magnetic field 
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            Figure 7: B-H curve illustrating the varying permeability of different materials 

 

In simpler terms, ferromagnetic materials are ideal for constructing an electromagnet. 

This works best when they are operating below the saturation point, where the relative permeability 

is at its peak (see Figure 8). 

 

We can observe that the permeability of ferromagnetic materials decreases as they approach 

saturation, and this relationship is non-linear with the applied excitation.  
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13.3.2.2 Calculations and Discussion 

The previous calculation shows that we need a magnetic flux density of 0.2 Tesla [4]based on the 

following formulas: 

𝒓 = √𝟐𝒎𝑼 ∕ 𝒒𝑩𝟐
 

𝒗 = √𝟐𝒒𝑼 ∕ 𝒎 

Where 𝑟 is the radius of curvature and 𝑣 is the velocity. We have found that 

for 𝐵 = 0.2 Tesla and 𝑈 = 300 V, the velocity will be provided in the following table: 

Type of gas Mass 𝒎 (Kg) Radius 𝒓 (m) Velocity 𝑣 (m/s) 

HCL 5.76 x 10-26 0.073 40.8 x 103 

HF 3.2 x 10-26 0.056 54.7 x 103 

SO2 10.24 x 10-26 0.098 30.6 x 103 

Hg 32 x 10-26 0.173 17.3 x 103 

       Table 5: Mass, radius of curvature and velocity for different ions 

Figure 8: B-H curve showing the saturation point of magnetic permeability 



 

470 

 

Since our project focuses on toxic gases, a heavy ion such as lead (Pb), which has a mass of 34 x 10-26 

Kg, will have a radius of 17.8 cm, exceeding the range (see Figure 9). 

 

Figure 9: The maximum radius in the deflection zone for the mass spectrometer 

 

Therefore, we must repeat the calculation to find the ideal solution for the system. 

In general, reducing the potential difference and magnetic flux density will enhance the economic 

benefits of the project. 

Furthermore, decreasing the magnetic flux density will make the manufacturing of the 

electromagnet easier and less expensive. 

To reduce the magnetic flux density, we need to decrease the velocity of the ions, which implies 

reducing the voltage in the acceleration plates. 

Taking, for example, 𝑈 = 20 V and 𝐵 = 0.06 Tesla, the table will be as follows: 

 

Type of gas Mass 𝒎 (Kg) Radius 𝒓 (m) Velocity 𝑣 (m/s) 

HCL 5.76 x 10-26 0.063 10.5 x 103 

HF 3.2 x 10-26 0.047 14.1 x 103 
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SO2 10.24 x 10-26 0.084 7.9 x 103 

Hg 32 x 10-26 0.149 4.4 x 103 

Pb 34 x 10-26 0.153 4.3 x 103 

Table 6: Mass, radius of curvature and velocity for different ions included Pb 

 

Reducing the potential difference will decrease the velocity of the ions in the acceleration zone, but 

the velocity is still sufficient, as we can observe. 

 

13.3.2.3 Single Solenoid Coil 

A solenoid is essentially a coil of wire, typically made of copper. When an electrical current flows 

through the wire, it generates a magnetic field, similar to how a magnet works (see Figure 10). 

 

Figure 10: Magnetic Flux in a Solenoid 

The solenoid often has a cylindrical shape, which helps to create strong and uniform magnetic field. 

Despite this, there may be variations in design. Solenoids have the potential to feature 

a D-shaped frame customized for specific applications. However, the prevailing perception of a 

solenoid usually corresponds to that of an elongated, cylindrical coil. [9] 
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13.3.2.4 Simple Simulation 

  

Figure 671: A Simulation of a Single Solenoid 

 

We used COMSOL Multiphysics to simulate a simple design consisting of a single solenoid with a 

cylindrical shape (4 cm in diameter and 5 cm in height). 

We used 200 turns, a relative permeability of 200, and 6 amperes, and that was the result for the 2D 

plane (see Figure 11). 

The white arrows represent the flow of the magnetic field to determine its direction and uniformity. 

We can observe that the maximum magnetic flux density is depicted in red in the center, gradually 

decreasing in intensity towards blue. 

The simulation was conducted again with two solenoids positioned 15 8 cm apart to analyze the 

magnetic field between them (see Figure 12). 
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Figure 12: A Simulation of Two Solenoids 

 

As we can see, the magnetic field is uniform only in the middle, which is insufficient for our 

application. By employing additional solenoids, we can attain an even more uniform magnetic field. 

The simulation indicates that the magnetic field density is insufficient to achieve a 60 mT (0.06 Tesla) 

strength between the two solenoids. 

When we increase the relative permeability to 3000, we observe that the maximum magnetic flux 

density also increases (4.42 Tesla to 65.9 Tesla) (see Figure 13). 

 

But how can we determine the effect of permeability outside the coils where the relative permeability 

is one? This will be known after the following simulation. 
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Figure 13: A 2D Simulation of Two Solenoids with 3000 relative permeability 

 

 
  

We adjusted the scale to a maximum magnetic flux density of one milliTesla (1 mT) to illustrate the 

color distribution outside the coils (see Figure 14). When we reduced the relative permeability to 

200, the arrow volumes representing the magnetic fields nearly disappeared, indicating a loss of 

uniformity; however, there was no change in the magnetic flux outside the solenoids, where the 

color remained consistent (see Figure 15). Nevertheless, we were able to observe the arrow volumes 

again by readjusting the arrow scale.       

   

Figure 14: Relative permeability is 3000 Figure 15: Relative permeability is 200 
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13.3.2.5 Biot-Savart Law 

According to Biot-Savart's law, the magnetic field density at point P, which is on the axis of the 

center of the solenoid (see Figure16), is equal to:   

 

𝑩 = 𝑵𝑰𝝁 (𝐜𝐨𝐬 𝜽𝟏 + 𝒄𝒐𝒔𝜽𝟐) ∕ 𝟐𝑳 

As we 

observe, cosθ2 is always negative outside the solenoid since θ2 is greater than 90 degrees, while 

cosθ1 is always positive. 

In general, when θ belongs to [0, π], if θ increases, cosθ decreases. Therefore, increasing the radius 

of the solenoid will decrease the difference between cosθ1 and cosθ2, thus increasing the overall 

magnetic field. 

But the effect of increasing the radius will be negligible for a point far away from the solenoid and 

at the center of the solenoid since B = NIμ. 

  

13.3.3 Purification of Iron 

The purity of iron is an important factor to consider because pure iron is more effective in magnetic 

fields due to its high permeability. 

So, in order to remove impurities from iron, there are several methods, each with its own advantages 

and disadvantages, to produce pure iron. [10] 

We chose to use the electrolytic refining method, which involves an electrolysis cell. The impure iron 

serves as the anode, while on the cathode side, we use another iron that will be purified. [11] 

 

Figure 16: The two angles formed by a point P located outside the solenoid. 
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13.3.3.1 Needed Materials 

1.1.1. Electrolysis Cell 

To purify iron, we use an electrolysis cell, which is a container capable of handling the electrolyte 

solution and separating the anode from the cathode. The container is often made of acrylic. 

 

1.1.2. Power Source 

We will need a DC power supply to deliver a constant current with sufficient voltage to drive the 

electrolysis process. The specific voltage and current requirements will depend on the cell setup and 

the desired purity of iron. 

 

1.1.3. Impure Iron Anode 

The iron you want to purify acts as the anode. The size and shape of the iron will depend on the 

amount you wish to purify. 

 

1.1.4. Iron Electrolyte Solution 

This is a crucial component in the process. Iron(II) chloride (FeCl2) is a popular choice due to its good 

solubility and availability. 

 

1.1.5. The Cathode 

The cathode is where the purified iron will deposit. It is typically made of a thin sheet of iron, which 

is commercially available as high-purity iron. 

 

13.3.3.2 The Electrolytic Refining Process 

  

1.1.6. Preparing the Electrolysis Cell 

We fill the cell with an ionic electrolyte solution, such as FeCl2 in this case. Next, we submerge the 

impure iron anode and the cathode into the solution, ensuring that they remain separated. To 

minimize the dissolution of anode material into the cathode compartment, a diaphragm can be 

employed. 

 

1.1.7. Applying a DC Current 

We must connect the power source to the electrodes. The anode will be connected to the positive 

terminal, while the cathode will be connected to the negative terminal. 
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1.1.8. Electrolysis 

When the current is applied to the cell, chemical reactions occur. 

At the anode side, oxidation takes place: Fe → Fe²⁺ + 2e⁻. 

The iron atoms from the impure iron anode lose electrons and dissolve into the solution as Fe²⁺ ions. 

At the cathode, reduction occurs: Fe²⁺ + 2e⁻ → Fe. 

The Fe²⁺ ions from the electrolyte solution gain electrons and deposit on the cathode as pure iron 

atoms (see Figure 17). 

 

 

 

 

 

 

 

 

 

13.3.3.3 Drawbacks 

Electrorefining is technically feasible for small-scale iron purification; however, it is not the most 

practical option for several reasons. Its efficiency is relatively low compared to other methods, and 

it requires significant energy consumption to transport the iron ions. In this context, we must either 

employ an alternative purification method or purchase high-purity iron (99.5%) and undergo the 

electrolytic refining process to achieve even higher purity (99.9%). 

13.3.4 Annealing 

 The annealing process is a heat treatment method used to reduce the hardness and enhance the 

ductility and toughness of various steels, cast iron, and alloys. This technique involves heating the 

material above its recrystallization temperature, which promotes the formation of new grains and 

enables the reorientation of existing grain structures. [12] 

13.3.4.1 History of Annealing 

Annealing involves heating to a specific temperature and then cooling at a controlled rate. 

Historically, annealing was discovered around the 12th century when the word originated from the 

Middle English term "anelen," which means to set on fire or bake. In Europe, it was discovered 

through advances in blacksmithing that annealing alters the properties of steel and iron. [13] 

Blacksmiths discovered that by heating iron to a specific temperature and then rapidly cooling it, 

the iron would become stronger and more durable. 

Figure 17: The Electrorefining Method of Iron 
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The metal heat treatment techniques were developed in the Middle Ages when medieval 

blacksmiths discovered a process that involved reheating quenched metal to a lower temperature 

and then cooling it slowly. This enhancement made weapons and armor more effective in wars. 

The Industrial Revolution in the 18th and 19th centuries led to the development of the annealing 

process as we know it today. This process involves heating metal to a high temperature and then 

allowing it to cool slowly. Subsequently, heat treatment methods have continued to evolve up to the 

present day. [14] 

13.3.4.2 Annealing Process 

The annealing process consists of three distinct stages: an initial recovery phase, a subsequent 

recrystallization phase, and a final grain growth phase. [12] 

During the recovery phase, a metal is heated to a specific temperature below its melting point using 

a programmable furnace or oven to regulate the temperature. Typically, nitrogen is purged as an 

inert gas to prevent the oxidation of the metal. [15] 

During the recrystallization phase, the metal is heated to the desired temperature and held for a 

specific duration, which varies based on the desired properties. 

This phase involves the reorganization of the crystal structure and the initiation of new grain 

structures. During the grain growth stage, the size of both newly formed and existing grains 

increases once the cooling process commences. The phase composition, crystal grain size, and 

growth are determined by factors such as the cooling rate, atmosphere, and material grade (see 

Figure 18).  

 

Figure 18: The Different Stages of the Annealing Process               
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1.2. Annealing & Permeability 

Annealing can enhance the initial magnetic permeability of metals. By subjecting the metals to high 

temperatures during annealing, the permeability can be significantly increased. The extent of this 

increase is influenced by various factors, including the temperature applied, the rate of cooling, and 

the duration of soaking. 

Typically, metal permeability increases with higher temperatures, as evidenced by superior results 

at 1180°C compared to 1093°C. Additionally, longer soaking times contribute to enhanced 

permeability, with a six-hour hydrogen annealing process yielding higher permeability levels than 

a two-hour anneal. [16] 

 

 

 

 

 

 

13.4 CHAPTER II: ELECTROMAGNETIC CONCEPTIONS  

 

1. Multi-solenoid Unit 

Multi-solenoid unit is an electromagnet specifically designed to produce a more uniform magnetic 

field across a large air gap and throughout a relatively extensive volume. 

 

1.1. Prototype Design 

  

Figure 19.1: Electromagnet view 1 Figure 19.3: Electromagnet view 3 Figure 19.2: Electromagnet view 2 
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We used Computer-Aided Design (CAD) to construct a basic prototype of an electromagnet that 

utilizes a multi-solenoid unit (see list of Figures 19). 

In this design, the overall magnetic field magnitude depends on the strength of each individual 

solenoid. Adding more solenoids does not increase the magnetic flux magnitude but increases its 

volume while maintaining uniformity. 

Each solenoid must induce a magnetic field in the same direction. 

 

1.2. Simulation Part 

 The magnetic field must fill the entire area inside the vacuum tube. To determine this, we conducted 

a simulation for a multi-solenoid system. We used two cylindrical coils with a radius of 6.25 cm and 

500 turns each, with a relative permeability of 200 and an electrical current of 6 amperes. The coils 

were positioned 15.8 cm apart (see Figure 20). 

As we can observe, the magnetic field is almost uniform but less than 5 mT. 

 

Figure 680: A 2D simulation of two solenoids with a diameter of 12.5 cm. 

 

To clearly observe the effects of the multi-solenoid system, we utilized ten solenoids instead of two 

(see Figure 21). 

Each solenoid has a radius of 1.75 cm, with a distance of 1 cm between each pair of solenoids, 

creating a 12.5 cm diameter, which matches the diameter of the previous simulation and with the 

same conditions. 
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However, we observe that the magnetic field inside the vacuum tube is now almost uniformly 

distributed compared to before, with a slight increase in strength (see Figure 22). 

The color inside the vacuum tube is nearly uniform, light blue, indicating a consistent magnetic flux 

density in the Tesla simulation measurement (see Figure 23). 

In conclusion, the multi-solenoid system can generate a uniform magnetic field, but it is too weak, 

which poses challenges in achieving 60 mT. 

  

Figure 21: Ten solenoids are used on a cylindrical vacuum tube. 

 

Figure 22: The 2D simulation utilizing arrow volumes 

 

Figure 23: The 2D Simulation without arrow volumes 
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2. C-shaped Unit 

One of the most common components in the magnetic sector is the C-shaped coil, an electromagnet 

that focuses the magnetic field within the gap area based on an electromagnetic circuit. 

 

2.1. Fundamental Principles of Electromagnetism 

It can be observed that the air gap volume is the region where we aim to achieve the desired 

magnetic field (see Figure 24).   

 

 

 

 

The equation for magnetic flux density, denoted as ( B ), can be derived from the fundamental 

principles of electromagnetism: 

 

                                                     Φ = BA  

Φ: magnetic flux (Weber) 

A: surface area that the flux going through (m2) 

B: magnetic flux density (T) 

 

Now, we have another equation that is directly related to the fundamental characteristics: 

Figure 24: The C-shaped core was taken from one side of the transformer.    
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                                            Ni = Φ (ℛg+ℛc)  

 

N: number of coil turns (turn) 

i: current going through the coil (A) 

ℛc: Reluctance of the core (A.turn/Wb) 

ℛg: Reluctance of the air gap (A.turn/Wb) 

The magnetic system can be transformed into a magnetic circuit (see Figure 25), and the equations 

used are analogous to Ohm's Law. 

 

We can deduce from the equations that reducing the total reluctance (ℛc + ℛg) will increase the 

magnetic flux (Φ), which, in turn, will enhance the strength of the magnetic flux density. 

 

                                                  ℛc= Lc/Acμc 

                                                  ℛg= Lg/Agμg 

 

Lc represents the mean length of the core, while Ac denotes its cross-sectional area. Additionally, 

Lg indicates the length of the air gap in meters, and Ag represents the cross-sectional area with a 5% 

correction applied (see Figure 26). 

μc represents the core permeability, while μg denotes the permeability of free space (μ0). 

Figure 25: The magnetic circuit of a C-shaped core 
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From these equations, we can conclude that reducing the lengths of both the core and the air gap 

will lead to a decrease in reluctance (see Figure 27). 

 

 

 

 

Figure 27: The efficiency comparison of two C-Shaped modules 

 

 

By combining the equations, we obtain the following result: 

 

Figure 26: The C-shaped core showing the mean core length 
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                                           Ni = BA (ℛg+ℛc)  

 

 

Substituting ℛg and ℛc with their respective values: 

 

                                Ni = BA ( (Lg/Agμg)+ (Lc/Acμc) ) 

                                                           or                            

                              N= BA ( (Lg/Agμg )+ (Lc/Acμc ) )/ i 

  

In the air gap, the useful magnetic flux tends to bulge outward, resulting in a slight increase in area—

approximately 5%, depending on the size of the gap and the geometry of the core. This phenomenon 

is known as fringing. 

This implies that Ag = Ac + 5% of Ac, which can be expressed as Ag = 1.05Ac. 

Therefore, we will have: 

 

                                N = B ((1.05Lc /μc )+(Lg /μg ))/ i  

 

adding in account that μc = μrμ0 = μrμa  

then the equation will be: 

 

                                         N = B (1.05Lc+μrLg)/μci 

 

At a very high permeability (μr), the minimum number of turns required is as follows: 

 

                                         N = BLg/μ0i 

 

 For a magnetic field strength (B) of 0.06 Tesla, with a length (Lg) of 15.8 cm, and a current of 6 A, the 

minimum number of turns required is 1,258. 
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2.2. Design Assembling 

 

 

Since we do not have a cubic iron core, we will utilize a cylindrical core with precise dimensions to 

construct our assembly (see Figure 28), we will purchase an iron bar with 12 cm diameter and a 

length of 90.2 cm, and then we will cut it to five sections, the biggest one with 48 cm, two sections 

with 16.1 cm and the last two sections with 5 cm each.  

Finally, we will assemble the iron into a C-shape (see Figure 29), as specified in the plan with an air 

gap of 15.8 cm. 

 

Figure 28: The cutting plan for the iron bar 

Figure 29: The assembling plan for the C-shape core 
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2.3. The Simulation Conditions of the Iron Core 

  

First and foremost, we developed a simulation of our C-shaped iron core. The colored sections 

indicate the locations of the coils (see Figure 30). Subsequently, we conducted the meshing process, 

which is a software-based simulation for Finite Element Analysis (FEA) (see Figure 31). 

The properties of iron are presented in the table below: 

Figure 1090: The C-shaped core illustrates the region where we wrap the 
copper 

 

Figure 31: The meshing process before simulation 
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                       Table 7: Properties of the Iron Core: Establishing Permeability 

 

The total number of turns required to achieve a magnetic field strength of 0.06 T at the air gap, using 

a 9 A electric current, is 3,500 turns. The largest coil on the left side contains 1,500 turns, while each 

of the two coils located above and below contains 1,000 turns. 

We conducted simulations using a variety of permeabilities (see list of Figures 32). 

Figure 32.1: Relative permeability is 20 
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Figure 32.2: Relative permeability is 100 

Figure 32.3: Relative permeability is 200 
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Figure 32.4: Relative permeability is 500 

Figure 32.5: Relative permeability is 1000 
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The simulation results indicate a significant magnetic field density, denoted as "B" (measured in 

Tesla), within the core. The density increases from a maximum of 3.04 Tesla at a relative permeability 

of 20 to a maximum of 100 Tesla at a relative permeability of 1,000. Additionally, we observed a 

variation in the volume of the magnetic field vectors. 

However, in the air gap, the magnetic field density varies from 0.02 Tesla to 0.06 Tesla, which may 

seem like a significant decrease. 

Nevertheless, this variation is quite normal, as the permeability of iron is x times greater than that 

of air, so it is essential to maintain a high flux density in the core to achieve the desired flux density 

in the air gap. 

In conclusion, the C-shaped module is more user-friendly because it effectively generates a stronger 

magnetic field while ensuring a uniform distribution of that field, which is more beneficial for our 

project. 

 

2.4. Calculation of the Mass of Copper 

The equations used to measure the mass of copper are:     

                              

                                        mc = ρc x Vc 

                                        Vc = Ac x Lc 

 

           mc is the mass of copper 

           ρc is the density of copper 

           Vc is the volume of copper 

           Ac is the cross-sectional area of copper 

           Lc is the length of wire of copper 

 

ρc  is given by 8960 kg/m3 

for a diameter of 12cm Lc will be 12 x π x 10-2 m 

 

 

 

For a wire with Ac = 2mm2 

Vc = 2 x 10-6 x 12 x π x 10-2 = 0.754 x 10-6 m3 

mc = 8960 x 0.754 x 10-6 = 0.006755 kg 

for 2000 turns: 
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Total mass = 2000 x 0.006755 = 13.51 kg 

for 1500 turns: 

Total mass = 1500 x 0.006755 = 10.1325 kg 

 

This calculation seems to contain an error. We made 25 turns using a copper wire with a cross-

sectional area of 2 mm², and the weight was 0.3 kg. 

For 1,500 turns, this is equivalent to 60 sets of 25 turns each. Therefore, 0.3 multiplied by 60 equals 

18 kg. 

This value is significantly greater than 10.1325 kg. 

 

2.5. CAD Design 

Here is a CAD design we created for the C-shaped coil (see Figure 33). 

 

 

 

 
Figure 33: CAD design of the C-shaped coil from two perspectives 
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13.5 CHAPTER III: REALIZATION, TESTS & DISCUSSION 

13.5.1 Realization 

We purchased an iron bar weighing 84 kilograms from "Nawfal and Khawli" and proceeded with 

the cutting process according to the specified dimensions. The liquid is used to prevent the iron from 

overheating and to facilitate easier cutting (see Figure 34). 

 

1.1. Annealing Process 

 Once the iron is prepared, we proceed with the annealing process to enhance its permeability. We 

utilize a muffle furnace, which allows us to achieve extremely high temperatures using a 

temperature sensor (see Figure 36). 

We have confirmed that the furnace is completely sealed and ready to proceed with the annealing 

process (see Figure 35). 

 

Figure 34: The cutting process for the iron 
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We purged the nitrogen from the furnace using an inert gas to prevent the oxidation of iron by air. 

The gauge on the left side indicates the amount of nitrogen in the bottle, while the gauge on the right 

displays the volume of gas that has been purged, which is slightly smaller (see Figure 37). We must 

continue purging throughout the entire annealing process. 

We began heating the iron in the furnace. It took approximately one and a half hours to reach the 

desired temperature of 870 degrees Celsius which is logical, as the optimal temperature depends on 

the material’s structure [17]. The green number indicates the target temperature, while the red 

number represents the actual temperature 

(see Figure 38). 

Figure 37: The nitrogen bottle filled with 150 bar 

Figure 36: The temperature sensor 
Figure 35: The iron bars inside the furnace 
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We left it there for approximately one hour before turning off the furnace and keeping it closed to 

allow the iron to cool slowly and uniformly.  

 

We observed that we consumed approximately 100 bars of nitrogen gas throughout the entire 

annealing process (see Figure 40), leaving the iron in the furnace until the following day. 

The outer shell of iron must be cleaned before beginning the construction of our C-shaped core. 

 

We observed that the iron exhibited some burnt impurities resulting from the heating process it 

underwent. The taller iron bar took a longer time to cool, which is expected due to its size and the 

amount of heat it absorbed (see Figure 39). 

 

 

 

 

 

Figure 38: Numerical panel shows the temperature inside the furnace  
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1.2. Iron Cleaning 

 

The first step after annealing was to clean the outer shell of the iron, removing any burnt remnants 

and polishing it until it was completely free of black impurities. We began with the smaller sections 

before advancing to the larger ones (see Figure 41). 

The difference can be observed in the accompanying figures (see Figure 42). 

Figure 40: Comparison between of nitrogen amount before and after annealing 

Figure 39: The iron bars depending on the cutting plan after the annealing process Figure 41: Polishing the iron from the black impurities from smaller to larger parts 
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Cleaning the iron is essential for the successful construction of the C-shaped core, as impurities can 

hinder the construction process. 

 

 

1.3. Core Construction 

After ensuring that the iron was thoroughly cleaned, we commenced the welding process to 

fabricate our C-shaped iron core. 

We placed the larger section of iron on two concrete blocks and began welding the smaller 

components to it (see Figure 43). 

 

 

 

 

 

 

 

 

 

 

Figure 42: The difference steps of cleaning the heated iron 

Figure 43: A factor was welding the iron 
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After completing the welding process, we began polishing to remove the burnt impurities that 

resulted from welding. Consequently, the three sections now appear as a single cohesive unit (see 

Figure 44). 

The iron core was shaped according to the design specifications. We welded four small iron bars to 

facilitate handling the core (see Figure 45), which weighed approximately 84 kilograms. 

When we completed the welding, the iron core was prepared to proceed with winding the copper. 

  

 

 

 

 

 

 

 

 

 

Figure 44: Welded iron before and after polishing 

Figure 45: C-shaped iron core and its 2D characteristics 
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13.5.1.1 1.4. Winding the Coil 

We began winding the core with copper wire that has a cross-sectional area of 2 mm². First, we 

covered the core with insulating paper, and then we continued winding the wire on top of it. 

The winding process was challenging; it was performed manually (see Figure 46) and required a 

significant amount of time due to the heavy weight of our core, which made the winding machine 

impractical. 

 

 

Figure 46: Factors that wind the copper around our C-shaped core 

 

We calculated the required number of turns using the equation: 

 

N = B (1.05Lc+μrLg)/μci 

 

We found for a B = 0.06 Tesla, Lc = 90.2 cm, Lg = 15.8 cm, i = 6A and for μr =25 

We require 1,558 turns; however, we have observed that this figure does not align with the 

simulation results, which indicate that a greater number of turns and a significantly higher relative 

permeability are necessary. This discrepancy arises from the fact that the iron is circular rather than 

rectangular, as is the case with transformers. 

As a result, this equation is applicable only for very small air gaps. 

Finally, we have completed winding our electromagnet, achieving a total of 1,530 turns. Due to the 

dimensions of the deflection zone tube, there is no capacity for additional turns. 
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Considering the weight of the electromagnet, which is approximately 104 kilograms (with the 

copper component weighing around 20 kilograms), we constructed a specialized stand to support it 

(see Figure 47). 

 

 

 

 

Figure 1107: The C-shaped Electromagnet 
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The 

primary difference 

between the CAD design and our 

electromagnet is the cross-sectional area, which is circular. Although we were unable to use a 

rectangular iron core due to its unavailability in the market, the air gap and overall dimensions are 

nearly identical, as can be observed (see Figure 48). 

A rectangle = 11 x 10 = 110 cm2  

A circle = π x 62 = 113 cm2  

 

13.5.2 Tests and Results 

 

1.4. Single Solenoid Testing  

We took a small piece of iron measuring 16.1 cm in length and 2 cm in diameter to investigate the 

strength of the magnetic field both with and without the iron core. To conduct this experiment, we 

constructed a coil consisting of 115 turns of copper wire, supported by two holders, one at each end 

(see Figure 49). 

 

 

 

We 

required 

a power 

supply, a 

multimeter, 

Figure 48: Comparison between the real and CAD designs 

R = 6 cm 

Figure 49: The small iron section with 5cm, before and after winding the copper 
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and a teslameter to initiate the testing process. After preparing the necessary equipment (see Figure 

50), we began measuring the current in the wire, which was 3.5 amps. The results indicated that for 

a 2.7 cm segment of iron, we achieved a magnetic field strength of 8.4 mT (see Figure 51). 

In contrast, when measuring a 2.7 cm air gap, the teslameter recorded only 2.3 mT. 

This difference is logical, given the relative permeability of iron compared to that of air. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We can simply see the difference in the following table: 

 
 Current I Magnetic Field B 

2.7 cm of iron 3.5 A 8.4 mT 

2.7 cm of air gap 3.5 A 2.3 mT Table 8: A comparison between air gap and an iron core effect on the magnetic field 

Figure 1110: The system is ready for testing 

Figure 51: The teslameter indicates a magnetic field strength of 8.4 milliteslas. 
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1.5. Electromagnet C-shaped Testing 

 

Once we completed the construction of the C-shaped electromagnet, it was ready to be tested for its 

magnetic field in the air gap. 

 

 

 

 

 

 

 

 

 

1.5.1. Magnetic Field without Pipe Test 

 

Requirements: 

• Mechanical Requirements: 

The C-shaped electromagnet is constructed from 

iron shaped into a C configuration, wound with 

copper wire, and includes an air gap specifically 

designed to accommodate the mass sector tube (see 

list of Figures 52). 

• Electrical Requirements:  

The electrical supply must be adjustable until the desired outcome is achieved. 

• Magnetic Requirements: 

The C-shaped electromagnet must produce a magnetic field within the mass sector tube. 

The C-shaped electromagnet must produce a magnetic field of 0.06 Tesla. 

 

Test Specification: 

Figure 52.2: Fitting the mass sector tube in the air gap 

Figure 52.1: C-shaped electromagnet along 
the mass sector tube 

Figure 52.3: C-shaped electromagnet along the 
mass sector tube in the mass spectrometer 
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Step Step description Desired result 

Pre-Condition The system is powered off  

Turning on the system Activating the C-shaped 

electromagnet using a 

power supply 

Achieving a magnetic field 

(B = 0.06 Tesla) 

Turning off the system Deactivating  the C-shaped 

electromagnet 

The magnetic field has 

ceased. 

 

Post-Condition The system is powered off  

 

 

 

 

 

 

 

System Test and Results: 

 

Test 1: 

Step Step description Desired result Result 

Pre-Condition The system is powered off   

Turning on the 

system 

Activating the C-shaped 

electromagnet using a 

power supply 

Achieving a 

magnetic field 

(B = 0.06 Tesla) 

Negative 

Turning off the 

system 

Deactivating  the C-shaped 

electromagnet 

The magnetic 

field has ceased. 

 

Positive 

 

Post-Condition The system is powered off   

 

Analyzing the results of the test: 
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We measured the magnetic field at the center of the air gap, where the ions are expected to move. 

We observed that applying a current of 6 amperes results in a teslameter reading of 50 millitesla (see 

Figure 53), which is insufficient for our project. However, this serves as a solid starting point, as we 

need to achieve a magnetic field of 60 millitesla, necessitating an additional 10 millitesla. 

So, all we can do is enhance the current situation; in this manner, we can attain the desired result. 

 

 

 

 

 

 

 

 

 

 

Test 2: 

Step Step description Desired result Result 

Pre-Condition The system is powered off   

Turning on the 

system 

Activating the C-shaped 

electromagnet using a 

power supply 

Achieving a 

magnetic field 

(B = 0.06 Tesla) 

Positive 

Turning off the 

system 

Deactivating  the C-shaped 

electromagnet 

The magnetic 

field has ceased. 

 

Positive 

 

Post-Condition The system is powered off   

 

Analyzing the results of the test: 

We successfully achieved our target of 60 millitesla (see Figure 55) by increasing the current to 7.5 

amperes (see Figure 54). Fortunately, the copper wire can safely handle approximately 9 amperes 

before reaching a critical threshold. However, at 7.5 amperes, the results were optimal. 

Figure 53: The teslameter displays a reading of 50 millitesla 
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All ferromagnetic materials exhibit 

the phenomenon of hysteresis. [18] 

We observe a small residual magnetic field of approximately 1 millitesla (see Figure 56). 

Consequently, our C-shaped core becomes magnetized, indicating that its permeability has 

increased even further. 

Figure 54: The multimeter displays a 
reading of 7.5 amperes 

 

Figure 55: The teslameter displays a reading of 60 millitesla 
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Figure 572: System is off and the teslameter displays a reading of 1 millitesla 

1.5.2. Magnetic Field in Open Pipe Test 

This test is identical to the previous one; however, the key difference is that the mass sector curve 

tube is now positioned within the air gap of the electromagnet, enabling us to take measurements. 

13.5.3 Calibrating Mass Spectrometer with Known Material Probes 

13.5.3.1 Process Control System 

It is important to identify the sensors and actuators that will be connected to the PLC (see Figure 57); 

therefore, we will install them in the control panel. Program the PLC using “DELTA WLPSoft” 

software. 

Create the graphical user interface (GUI) using C#.NET. we should note that the addresses in the 

Programmable Logic Controller (PLC) program differ from those in the C# code. 

Reason: Improved clarity and technical accuracy by expanding the acronym. 
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Figure 57: The required sensors and elements in the process control system  
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13.5.3.2 3.2. System Test Specification 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This test will not be conducted due to time constraints; however, we would like to present the test 

specifications. To enhance understanding, we provide a description of the current process control 

system: 

Action Expected result 

-10 V 
-20 V 

0 V 

Figure 58: System specification 
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Turn on the valve V1 and the pump 

 

V1 is open, 95% Vacuum 

 

Turn on the Power Supply P4 and P9 

 

Continuous Power (17V) 

 

Burn the Tungsten by supplying it with P9 

 

Get electrons around the Tungsten 

(the lamp will light) 

 

Connect the power supply P9 to the first 

plate 

 

The first plate positively charged attracts 

the electrons towards it 

 

Turn off the pump and the valve V1 

 

The air stopped and V1 is closed 

 

Turn on the detector 

 

Detector is running 

 

Turn on the valve (V2) for a few minutes 

 

The electrons will collide with the atoms of 

the vapour sample 

(Get ions with charge (+1)) 

 

Turn on P8 and P5 

 

Continuous power (20 V) 

 

Turn on the electromagnetic Coil 

 

Get magnetic field (B=0.06 T) 

 

Connect the power supply P8 (10V) to the 

second plate 

 

The second plate positively charged 

repulses the ions out of the ionization 

chamber, and the ions enter the tube 

 

Connect the power supply P5 to the three 

plates in the tube 

 

The ions that entered the tube will be 

accelerated 

 

Ions will be subjected to a magnetic field of 

B= 0.06 T when they pass through the curve 

 

The detector gives a signal (this indicates 

that the ions left the ionization chamber, 

entered the tube, accelerated by the plates, 

deflected by the magnetic field, and were 

detected) 
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Turn off P5, the detector and the 

electromagnetic Coil 

 

Ions acceleration stops, no signal will 

appear. Detector is not running. 

Magnetic field stops 

 

Turn off P8, P9 and P4 

 

The second and the first plates are no 

longer charged and the lamp will turn off 

 

 

 

13.6 CHAPTER IV: CONCLUSION & PERSPECTIVES 

 

We successfully constructed our electromagnet while taking economic factors into account. Initially, 

we aimed for a more ambitious target of 0.2 T across an air gap of approximately 

15 cm; however, this goal proved to be both challenging and costly.  

 

Consequently, we established a more affordable and achievable target of 0.06 T across the same air 

gap, which is ideal for our purposes, at the same time the acceleration zone will require a lower 

voltage of 20 V, compared to 300 V. 

 

Although the process control system developed by AECENAR is ready for testing, a computer 

software program must be employed for gas detection. 

 

Additionally, we need to utilize a high-performance pump capable of achieving an ultra-high 

vacuum of 10-7 bar to facilitate the ionization of ions and ensure that the volume inside the mass 

spectrometer is thoroughly evacuated, we can achieve this by using multiple high-vacuum pumps 

in series, and then the mass spectrometer will be completed and ready for the detection of toxic 

gases. 
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14 Electron Gun for Mass Spectrometer11 

14.1 Introduction 

Electron guns are fundamental components in many scientific instruments, including, cathode ray 

tubes, particle accelerators, and mass spectrometer. An electron gun’s core components—a cathode, 

anode, and Wehnelt grid—work together to emit and focus electrons. Through thermionic emission 

and controlled electric fields, electrons are accelerated and formed into a coherent beam. 

14.1.1 Structure and Function of an Electron Gun 

An electron gun is composed of several primary elements: the "cathode", which emits electrons; the 

"anode", which accelerates the electrons; and the "Wehnelt grid" for electron flow control. The 

structure is often enclosed in a hugh vacum environment to ensure minimal interference. 

Cathode: The cathode in an electron gun is typically made of tungsten due to its high melting point 

and low work function, which makes it efficient for thermionic emission. When heated (by current 

or another heating source), the cathode releases electrons.  

 

14.1.2 Electric Fields and Electron Acceleration 

Once electrons are emitted from the cathode, the anode (often set at ground or 0 V) attracts them by 

creating an electric field. The potential difference between the cathode and anode accelerates the 

electrons toward the anode. 

 

11 From https://aecenar.com/index.php/institutes/institute-for-astronomy-and-astrophysics/physics-lab/flue-

gas-analysis-with-mass-spectrometry/electron-gun-for-mass-spectrometer  

https://aecenar.com/index.php/institutes/institute-for-astronomy-and-astrophysics/physics-lab/flue-gas-analysis-with-mass-spectrometry/electron-gun-for-mass-spectrometer
https://aecenar.com/index.php/institutes/institute-for-astronomy-and-astrophysics/physics-lab/flue-gas-analysis-with-mass-spectrometry/electron-gun-for-mass-spectrometer
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14.1.3 Role of the Wehnelt Grid 

The Wehnelt grid, positioned between the cathode and anode, helps shape and control the electron 

beam. By applying a voltage slightly more negative than the cathode’s, the Wehnelt grid forms a 

localized electric field that can focus or suppress electron emission. 

This field helps concentrate the electrons along the beam’s longitudinal axis, creating a more 

collimated flow. 
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14.1.4 High Vacuum (HV) Requirements and Materials 

To maintain optimal electron flow and prevent scattering, electron guns operate in high vacuum 

(HV) conditions. Commonly used materials for HV are metals like stainless steel and ceramics due 

to their low outgassing rates and resistance to vacuum pressure. 

This helps prevent electron collision with gas molecules, which would otherwise disrupt the beam. 

 

14.1.5 Magnetic Lenses and Electron Optics 

Electron optics use magnetic or electric fields to further control the electron beam. Magnetic coils 

(lenses) focus electrons by bending their path. The field strength of these lenses can be calculated to 

match the focal length needed for the beam. 

14.2 Simulation 
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 cross sectional view: 

 

The Voltage on each part: 

Tungestun = -1000 V 

Wehnelt grid = -1100 V 

anode = 0 V 
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The Voltage on each part: 

Tungestun = -500 V 

Wehnelt grid = 0 V 

anode = 500 V 
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14.2.1 ElectronGun Outer Cover Design (Dec24/25) 

 

14.2.2 Electron Entrance Realization Concept (4.1.25) 

14.3 System Test Specification 

Pre-

Start requirement 
 Role Condition 

 Starting Process of the Mass 

Spectrometer 

Vacuum pump 

To get a high 

vacuum ( 

below 0.8 

mmHg) for 

electron mean 

free path of 

100 mm. 

In addition, 

not to burn the 

tungesten 

heating 

filament. 

  

The system should be 

completely air 

sealed from the out 

side. 

  

Silicon paste was 

used to seal off any 

potential leak holes. 

First step: 

Turning  on the vacuum 

pump  and reaching the specified 

pressure. 

Heating Filamint 

power supply 

To heat up the 

cathode, 

 12V DC power 

soures 
Second step:  
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which will 

allow for an 

easier way for 

electrons to 

bounce of the 

cathodes 

surface. 

This will 

allow the use 

of a relatively 

low voltage 

(300V to 

1000V) for the 

anode and 

cathode  

Turning on the heating filamint 

power supply. 

High-voltage 

power supply 

To create a 

high potential 

difference 

between the 

anode's 

electrode and 

the cathode's 

electrode 

(about 500V) 

 500V DC power 

source 

 Third step: 

Turning the high voltage supply 

while watching the multimeter to 

know the that there is a flow of 

current. 

Low-voltage 

power supply 

To create an 

electric field 

that will trap 

the positive 

charged ions 

 30V DC power 

source 

 Forth step: 

Turning on the power supply of 

the ion trap while watching the 

multimeter connected to it. 

Ammeter 1 

To measure 

the current 

flowing 

through FC 

detector 

 A multimeter will be 

connected in series 

with 30V DC source 

 The presence of reading on this 

multimeter marks the success of 

the this test. 

Which implies the presence of 

electron beam in the system and 

the ability to ionize gases in the 

body of the mass spectrometer. 
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In addition this will prove that 

the Faradays cup detector is 

capable of detecting charged 

particles 

Ammeter 2 

 To measure 

the electron 

beam current 

generated by 

the cathode 

 A multimeter will be 

connected in series 

with 500V DC power 

source 
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Conducting test 2 for vacuum: 

 

Air leaks were found in various places. 

We will close them with silicon and teflon. 

  

  

14.4 Electron gun Test (15.3.25) 
The air leaks are minimized which allowed us to reach 0 Bars on the electronic sensor: 
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The Tungesten power supply is first turned on, then the high voltage power supply is turned. 

A multimeter was connected in series with the power supply to measure the current produced by it. This 
will help us identify wether if there any arcs, leakage current, (if the current is much higher than zero), 
or if the electordes are well insulated and only electron beam is emitted if the current is very close to 
zero (micro-nano amps range). (KimBall Physics) 
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The multimeter red 6 µA, that implies two things: 

-No arcs (insulation hold) 

-Electron beam of 6µA going from the cathode to the anode. 
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After turning on the Grid Voltage, the readings on the multimeter showed an increase in electric current 
the moment the grid power supply is turned on  
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The current increased to around 50µA which is in range of electron beam at this voltage. 

  

Thus, the test was successful and an electron beam was emitted 

--- 
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15 Intertial Confinement Fusion (ICF) 

15.1 Fundamentals 
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15.2 ICF Simulation Introduction and Theory 

• ICF Simulation 

Abstract. 

    As the general features of Inertial Confinement Fusion have been laid down, we now shall proceed 

in making numerical estimates of physical quantities of interest (such as released nuclear energy, 

Lawson's confinement parameter, etc..) that are involved during the extraordinarily short time span 

of the whole process. 

    Any accurate description of ICF must take into account a wide variety of factors, and seeking an 

analytical solution of the problem is simply hopeless; One is therefore lead to resolve the problem 

numerically. To this end, we discuss in what follows a computer code whose purpose is to simulate 

the process. 

  Recall that ICF consists of hitting the surface of a (usually spherical) fuel pellet (most commonly 

filled with D-T fuel) with high intensity laser beams from all directions. The outer surface will 

evaporate almost instantly due to intense energy, and will ablate off causing the formation of 

converging shock-waves throughout the fuel. These shocks will(ideally) converge to the center 

compressing it to extreme densities and thus inducing thermonuclear reactions. If the conditions for 

self-sustainability are fulfilled  then the burn will propagate and consume the relatively cold fuel 

surrounding the center; 
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   The purpose of this simulation is to make a (rough) estimate of the temperature and pressure and 

released  energy etc.. during the process of ICF. 

Technical details.   We shall write our code in C++. We are using the Qtcreator platform, you can 

download the Qtinstaller from here.(The installation process is straightforward) 

When installed you will be asked to choose a Kit, A Qt Kit is a set of a Qt version, compiler and 

device and some other settings. The one I am using is given below: 

 

  

General references.  It must be kept in mind that no ICF code up-to-date takes into account all the 

occurring physical interactions, and several (simplified) models have been devised over the past 

decades to describe more or less accurately these phenomena. For starters we shall adhere to the 

simplest model: The Laser-generated plasma  is treated as a single fluid with two 

temperatures(corresponding to ion and electron populations). This model is addressed in the 

following: 

Medusa I 

Medusa II 

Wasser 

These serve as the theoretical basis for our code, even though i have made several deviations from 

them, further references are cited when needed.  

Code repository 

https://www.qt.io/download-qt-installer
https://www.aecenar.com/index.php/downloads/send/10-iap/1729-medusa-model-i-pdf
https://www.aecenar.com/index.php/downloads/send/10-iap/1730-medusa-ii
https://www.aecenar.com/index.php/downloads/send/10-iap/1731-wasser-simulation-of-icf
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Code Name Version Description 

ICP-

ICF_SIMULATION 

31.08.2024 

Initial Version; one dim. ICF, 

spherical laser driver; similar to 

Medusa (Medusa I, Medusa II) 

      

      

  

Class Diagram 

Our code currently compromises the following classes: 

 

• normaliser: imposes the normalisation condistion Σfk=1 on the fractions fk of each specie in 

the ion gas 

• pressure: calculates the ion pressure 

• specheat: calculates the specific heat at constant volume of the ion gas 

https://www.aecenar.com/index.php/downloads/send/10-iap/1732-c-code-for-icf
https://www.aecenar.com/index.php/downloads/send/10-iap/1732-c-code-for-icf
https://www.aecenar.com/index.php/downloads/send/10-iap/1729-medusa-model-i-pdf
https://www.aecenar.com/index.php/downloads/send/10-iap/1730-medusa-ii
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• B_T: returns the B_T coefficients of the electron gas 

• Bremloss: returns the energy losses due to Bremstrahlung radiation in the electron gas 

• pressure: returns the electron pressure 

• specheat: returns the electron specific heat at constant volume 

 

• Heat_exchange: returns heat exchange between electrons and ion gases 
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• artificial_visc: calculates Neuman q 

• update_lag_co: takes the lagrangian co-ordinate to the next time step 

• update_speed: takes speed to the next time step 

• volume:  returns the volume of a cell 

 

• DDn, DDp, DHe3, DTreactivity: returns the reactivity of the corresponding nuclear reaction 

• Y_i, Y_e: portions of nuclear energy absorbed by ions and electrons respectively 

 

• A, B, C, D, G coefficients: return the coefficients of temperature in the discretized heat 

equation (for ions and electrons) 

• update_tem: takes temperatures to the next timestep 
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•  absorb_coeff: returns the absorbtion coefficient of plasma 

• absorb_rate: returns the absorbtion rate of laser energy by the plasma 

     As for the general program flow, we summarize it in the following diagram  
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 Theory. We shall give a brief outline of the underlying theoretical treatment of plasma; 

I. Hydrodynamics.  

    Due to spherical symmetry, the problem can be thought of as one-dimensional, In this case it turns 

out to be most convenient to work in the Lagrangian picture. The equations of motion can thus be 

written as 
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 Now the Navier-Stokes equation, as we know, allow discontinuous solutions(shock-waves) which 

complicate its numerical resolution. To overcome this difficulty we follow Neuman's idea and 

introduce to the pressure a term q(artificial viscosity). In a ideal fluid, shock-waves have no thickness 

so quantities characterizing the fluid(such as temperature) change discontinuously on passing 

through a shock. If viscous effects are present however, the shock surface is "smeared out" and is 

turned into a very thin layer, throughout which thermodynamical quantities change rapidly yet 

continuously, Hence we introduce the q term with this purpose in mind. The choice of q can be quiet 

arbitrary as long as it satisfies some conditions, we shall use the following: 

 

Where b is an adjustable numerical constant, V is the specific volume, m is the mass of the fluid 

particle, it is related to the Lagrangian co-ordinate by 

     

for more details you can consult this paper. 

II. Thermo-nuclear reactions. 

The four nuclear reactions of interest in ICF are: 

 

Notice that the D-D reaction has two branches: The p-Branch and the n-Branch. 

 Every reaction has a specific reactivity(that depends on temperature) these are given by formulae 

of the form: 

https://www.aecenar.com/index.php/downloads/send/10-iap/1766-artificialviscusity-neuman-richtmeyer
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Where T is the ion temperature in kev, A1, A2, A3 and A4 are numerical constants obtained by 

extrapolation, they can be found right here. 

 III. Heat equation. 

Now on applying the first law of thermo-dynamics for ions and electrons populations we get and 

equation of the form 

 

  

  

 U above is the internal energy. The forms of S for ions and electrons are different, they are given as: 

 

Where; 

o H is the heat flux 

o K is the exchange rate between ion and electron populations 

o Y is the portion of thermo-nuclear energy that is absorbed by ions and electrons 

o Q is the shock heating term(Due to artificial viscosity) 

o J  is the energy loss due to Brehmstralung 

o X is the absorption rate of Laser energy 

The formulae for these terms are given in Medusa I and Medusa II so we won't write them down 

here. 

 IV. Equations of state. 

   The ion gas is treated as an ideal gas, so its thermodynamical quantities are most easily given as 

 

Where k is the Boltzmann constant, mH is the hydrogen mass, M is the average atomic mass, γ is the 

specific heat ratio. 

https://www.aecenar.com/index.php/downloads/send/10-iap/1767-reactionrates
https://www.aecenar.com/index.php/downloads/send/10-iap/1729-medusa-model-i-pdf
https://www.aecenar.com/index.php/downloads/send/10-iap/1730-medusa-ii
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   The electron gas however is poorly handled by the perfect gas model, as it does not not take into 

account degeneracy effects. To this end, we shall make use of the following quasi-classical treatment: 

"the electron gas is modeled as an aggregate of particles that obey the Fermi-Dirac statistics". 

The thermodynamical quantities of the electron gas are given in term of the Fermi-Dirac integral: 

  

 Where α is a constant that is fixed by the condition 

  

Where ne is the electronic density, m the electronic mass, h the plank constant. 

 The equation of state and the pressure are respectivley given by 

 

Now in order to proceed further we need to expand the Fermi-Dirac integral as a power series,  The 

nature of this expansion will depend on whether the degeneracy is strong, moderate or non-existent. 

We find it here useful to define the ratio 

 

With Z is the average atomic number. We further introduce the parameters ζ_min  & ζ_max That 

will serve as mean to distinguish between different degrees of degeneracy. Typical values of these 

parameters would be 0.38 and 1 respectively. 

We can now write the expressions for pressure, Specific heat and B_T coefficient as follow: 
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 Notice how these values coincide with their values for a perfect gas when ζ is bigger than ζmax, 

Which correspond to the case of no degeneracy. 

for further details consult "Principles of Stellar formation and nucleo-synthesis, chap.2" by D.D. 

Clayton. 

 V. Chemical composition. 

The gas consist of several species, but we are exclusively interested in those elements that undergo 

nuclear reactions, namely: Deut, Trit, He3, and we denote their densities as 

 

 Together with the total ion density ni. 

The evolution of these quantities with time is governed by the set of differential equations  

 

where ⟨σv⟩ denotes the reactivity corresponding to each reaction(according to the subscript). 

  

 

15.3 Our ICP-ICF Simulation Code 

310824_12ICF_SIMULATION.zip
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15.3.1 Documentation of the ICF_SIMULATION code 

In what follows a documentation of the Inertial confinement fusion simulation code is presented. 

15.3.1.1 Description of main.cpp 

1. Calculation 

The main.cpp file can be found here. 

1.1 Physical Constants 

The following physical constants are defined for use in various calculations throughout the code: 

• m_H: Mass of a hydrogen atom (proton) in kilograms (1.67262192 × 10⁻²⁷ kg). 

• m_e: Mass of an electron in kilograms (9.1093837 × 10⁻³¹ kg). 

• clight: Speed of light in meters per second (299,792,458 m/s). 

• elem_charge: Elementary charge, or the charge of a proton in coulombs (1.60217663 × 10⁻¹⁹ 

C). 

• boltz: Boltzmann constant in joules per kelvin (1.380649 × 10⁻²³ J/K). 

• gamma: Specific heat ratio (1.667), commonly used for an ideal diatomic gas. 

• zetamax: Upper bound of the zeta parameter (1). 

• zetamin: Lower bound of the zeta parameter (0.38). 

1.2 Atomic and Nuclear Data 

These variables define basic properties of isotopes involved in nuclear reactions: 

• Isotope masses (atomic mass units): 

o MDeut: Mass of deuterium (2 u). 

o MTrit: Mass of tritium (3 u). 

o MHe3: Mass of helium-3 (3 u). 

• Isotope charge numbers: 

o ZDeut: Charge number of deuterium (1). 

o ZTrit: Charge number of tritium (1). 

https://www.aecenar.com/index.php/downloads/send/10-iap/1732-c-code-for-icf
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o ZHe3: Charge number of helium-3 (2). 

1.3 Nuclear Reaction Energies (in MeV) 

These constants represent the energy released by various fusion reactions: 

• E_DT: Energy of deuterium-tritium reaction (3.6 MeV). 

• E_DD: Average energy of deuterium-deuterium reaction (2.4 MeV). 

• E_DHe3: Energy of deuterium-helium-3 reaction (18.3 MeV). 

1.4 Hydrodynamic and Time Step Parameters 

Several parameters used for hydrodynamic calculations and time step control: 

• b: Parameter for hydrodynamic calculations (0.5). 

• a1, a2, a3: Parameters controlling time step calculations (0.75, 0.8, and 1.02 respectively). 

1.5 Initial Data 

This section initializes the initial conditions for the simulation: 

• TotalMass: The total mass of the plasma or fusion fuel (1 × 10⁻⁶ kg). 

• fD0, fT0: Initial mass fractions of deuterium (70%) and tritium (30%), with helium-3 (fHe3) 

set to 0 initially. 

• R_0: Initial radius of the fusion pellet (25 mm). 

• N: Number of spatial cells used in the simulation grid (10). 

• M: Number of time steps (20). 

• initialtem: Initial temperature of the plasma (300 K). 

• p_0: Initial pressure of the plasma (600,000 Pa). 

• initialspeed: Initial velocity of the plasma (0 m/s). 

1.6 Laser Parameters 

These variables define the properties of the laser driving the inertial confinement: 

• lambda: Wavelength of Laser Light (5 × 10⁻¹⁰ m). 

• omega: Frequency of the laser, calculated as clight / lambda. 

• power: Laser power at the outer boundary (50 kW). 

1.7 Object Definitions 

Objects representing different physics modules and processes: 

• elec, ion: Represent the electron and ion populations. 

• hydro: Handles hydrodynamics-related computations. 

• heat: Deals with heat transfer processes. 

• las: Represents the laser interaction with the plasma. 

• nucl: Nuclear reaction handling object. 
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• eleccalc: Calculates electron-related properties. 

• compo: Handles chemical composition and reaction rates. 

• eng: Energy calculation module. 

1.8 Time Step and Geometry Initialization 

• dt: Time step index. 

• deltat[M]: Array storing time step sizes for each iteration. 

• g: Dimensionality of the problem, taken from the hydrodynamics module (hydro.g). 

1.9 Mass Distribution 

• dM[N-1]: Array storing the mass in each spatial cell. The total mass is distributed uniformly 

across the cells. 

• dM_mesh[N]: Mass distribution at mesh points for interpolation or calculations involving 

the mesh. 

1.10 Fuel Fractions and Densities 

Arrays used to track the fractions of fuel components and particle densities across space and time: 

• f_Deut[N-1][M], f_Trit[N-1][M], f_He3[N-1][M]: Fractions of deuterium, tritium, and 

helium-3, initialized with f_Deut = 0.7, f_Trit = 0.3, and f_He3 = 0 at the start. 

• ion_den[N-1][M]: Ion density (particles per cubic meter). 

• Z[N-1][M]: Effective charge state (Z value). 

• elecden[N-1][M]: Electron density (particles per cubic meter). 

1.11 Lagrangian Coordinates 

• R[N][M]: Lagrangian coordinates for each spatial mesh point, initialized based on the pellet 

radius and number of cells. 

1.12 Temperature and Pressure 

Arrays for storing temperatures and pressures: 

• electem[N-1][M], iontem[N-1][M]: Electron and ion temperatures. 

• elecpress[N-1][M], ionpress[N-1][M], p[N-1][M]: Electron, ion, and total hydrodynamic 

pressures. 

1.13 Main Time-Stepping Loop (for(dt; dt < M; dt++)) 

This loop handles the time evolution of the system by updating physical properties like specific 

volume, density, reaction rates, and pressures at each time step. 

1.14 Specific Volume and Density Calculation 

For each spatial cell (i): 

• SpecVol[i][dt]: The specific volume of each cell at time dt is calculated using the 

hydro.volume() function, which depends on the current Lagrangian coordinates (R[i][dt] and 

R[i+1][dt]) and the mass of the cell (dM[i]). 
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• Density Calculation: 

o If the specific volume is not zero, the density rho[i][dt] is calculated as the inverse of 

specific volume. 

o If the specific volume is zero (to avoid division by zero), the density is set to 1 as a 

fallback. 

• Ion Density: 

o ion_den[i][dt] represents the ion density, which is calculated using the ion.Ionden() 

function. This function depends on the mass density (rho[i][dt]), hydrogen mass 

(m_H), and the mass fractions of deuterium, tritium, and helium-3. 

• Charge and Electron Density: 

o Z[i][dt] is the effective charge state, calculated based on the charge numbers and mass 

fractions of deuterium (ZDeut), tritium (ZTrit), and helium-3 (ZHe3). 

o elecden[i][dt] is the electron density, computed as the product of the effective charge 

state (Z[i][dt]) and the ion density (ion_den[i][dt]). 

1.15 Heat Capacities Calculation 

For each spatial cell (i): 

• Electron Heat Capacity: 

o elecCV[i][dt]: The specific heat capacity for electrons is calculated using the 

elec.specheat() function. This function depends on electron temperature 

(electem[i][dt]), mass density (rho[i][dt]), Boltzmann constant (boltz), hydrogen mass 

(m_H), the mass fractions of deuterium, tritium, helium-3, specific heat ratio 

(gamma), and the zeta parameters (zetamin, zetamax). 

• Ion Heat Capacity: 

o ionCV[dt]: The ion heat capacity is calculated using the ion.specheat() function. This 

function depends on the specific heat ratio (gamma), Boltzmann constant (boltz), and 

the mass fractions of deuterium, tritium, and helium-3. 

1.16 B_T Coefficients Calculation 

The B_T[i][dt] coefficient is calculated for each cell, which likely represents a temperature-

dependent coefficient used in further calculations. The calculation is done using the elec.B_T() 

function, which takes into account the electron temperature, mass density, fuel fractions, specific 

heat ratio, and the zeta parameters. 

1.17 Pressure Calculations 

The pressure in each cell is updated based on the electron and ion temperatures: 

• At Initial Time Step (dt == 0): 

o elecpress[i][0]: Initially, the electron pressure is set to zero. 

o ionpress[i][0]: The ion pressure is initialized to the initial plasma pressure (p_0). 
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• At Later Time Steps (dt > 0): 

o Electron Pressure: elecpress[i][dt] is calculated using the elec.pressure() function, 

which depends on the electron temperature (electem[i][dt]), Boltzmann constant 

(boltz), mass density (rho[i][dt]), and the mass fractions of deuterium, tritium, and 

helium-3. 

o Ion Pressure: ionpress[i][dt] is calculated using the ion.pressure() function, which 

depends on the ion temperature (iontem[i][dt]), Boltzmann constant (boltz), mass 

density (rho[i][dt]), and the mass fractions of deuterium, tritium, and helium-3. 

o Total Hydrodynamic Pressure: The total pressure p[i][dt] is the sum of the electron 

and ion pressures for each cell. 

1.18 Reaction Rates Calculation 

For each cell (i), the nuclear reaction rates are calculated: 

• Deuterium-Tritium Reaction Rate (DTreac[i][dt]): This represents the reaction rate for the 

deuterium-tritium fusion, calculated using the nucl.DTreactivity() function. The input to this 

function is the ion temperature (iontem[i][dt]) multiplied by the Boltzmann constant. 

• Deuterium-Deuterium Reaction Rates: 

o DDpreac[i][dt]: Reaction rate for the D-D proton branch, calculated using 

nucl.DDpreactivity(). 

o DDnreac[i][dt]: Reaction rate for the D-D neutron branch, calculated using 

nucl.DDnreactivity(). 

• Deuterium-Helium-3 Reaction Rate (DHe3reac[i][dt]): This is the rate for the D-He3 fusion 

reaction, calculated using nucl.DHe3reactivity(). 

1.19 Heat Conductivity Calculation 

This section calculates the thermal conductivity for both electrons and ions in each spatial cell (i): 

• Electron Conductivity (eleckappa[i][dt]): The function heat.kappa_elec() is used to compute 

the electron heat conductivity based on the electron temperature (electem[i][dt]), electron 

density (elecden[i][dt]), and the mass fractions of deuterium, tritium, and helium-3. 

• Ion Conductivity (ionkappa[i][dt]): The ion heat conductivity is computed using 

heat.kappa_ions() based on ion temperature (iontem[i][dt]), electron temperature, electron 

density, and the fuel fractions. 

Next, the values of heat conductivity at mesh points are calculated by averaging adjacent cell 

conductivities: 

• Mesh Conductivity (eleckappamesh[i][dt], ionkappamesh[i][dt]): The heat conductivity at 

each mesh point is the average of the conductivities of adjacent cells. 

1.20 Heat Exchange Rate Calculation 

For each spatial cell (i), the heat exchange rate between ions and electrons is calculated: 
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• Heat Exchange (heatexch[i][dt]): The rate of energy exchange between electrons and ions is 

determined using heat.Heat_exchange(), which depends on ion temperature (iontem[i][dt]), 

electron temperature, electron density, and the fuel fractions. 

1.21 Bremstrahlung Loss Calculation 

For each spatial cell (i), the Bremstrahlung radiation loss rate is computed: 

• Bremstrahlung Loss (Brem_loss[i][dt]): The Bremstrahlung energy loss rate, which 

represents the energy radiated due to collisions between electrons and ions, is calculated 

using elec.Bremloss(). This depends on electron temperature, hydrogen mass, fuel fractions, 

and mass density. 

1.22 Laser Energy Absorption Calculation 

For each spatial cell (i), the rate of laser energy absorption is calculated: 

• Laser Absorption (LaserAbs[i][dt]): The rate of laser energy absorbed in each cell is 

computed using las.absorb_rate(). This depends on electron temperature, laser frequency 

(omega), fuel fractions, mass density, radial coordinate (r), laser power, pellet radius, and 

cell mass. 

1.23 Thermo-Nuclear Energy Calculation 

This section calculates the energy absorbed by electrons and ions due to nuclear fusion reactions: 

• Energy Absorbed by Electrons (AbsByElec[i][dt]): The energy absorbed by electrons from 

fusion reactions is computed using nucl.Y_e(). The function takes ion and electron 

temperatures as inputs, as well as the energy yields from deuterium-tritium (E_DT), 

deuterium-deuterium (E_DD), and deuterium-helium-3 (E_DHe3) reactions. 

• Energy Absorbed by Ions (AbsByIons[i][dt]): Similarly, the energy absorbed by ions from 

fusion reactions is calculated using nucl.Y_i(). 

1.24 Artificial Viscosity Calculation 

For each spatial cell (i), the artificial viscosity is calculated to handle shock waves: 

• Artificial Viscosity (q[i][dt]): The artificial viscosity is computed using 

hydro.artificial_visc(), which depends on the parameter b, mass density, and the velocities 

at adjacent mesh points (speed[i][dt] and speed[i+1][dt]). 

1.25 Time Step Calculation 

The time step is calculated based on the Courant-Friedrichs-Lewy (CFL) condition to ensure 

numerical stability. 

1.26 Speed of Sound Calculation 

For each spatial cell (i), the speed of sound is calculated: 

• Total Pressure (p[i][dt]): The total pressure in each cell is the sum of the electron pressure 

(elecpress[i][dt]) and ion pressure (ionpress[i][dt]). 
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• Speed of Sound (c[i][dt]): The speed of sound is calculated using the relation c=γ⋅pρc = 

\sqrt{\frac{\gamma \cdot p}{\rho}}c=ργ⋅p, where gamma is the specific heat ratio, p[i][dt] 

is the pressure, and rho[i][dt] is the mass density. 

1.27 CFL Condition 

The CFL condition is used to determine the maximum allowable time step based on the speed of 

sound and spatial grid: 

• CFL Value (CFL[i]): The CFL value for each cell is calculated as (R[i+1] [dt]−R[i] [dt])/c[i][dt]

, representing the ratio of the distance between adjacent mesh points to the local speed of 

sound. 

• Global CFL Condition: The minimum CFL value across all cells is computed and scaled by 

the constant a1 to determine the time step (deltat[dt]), ensuring stability in the numerical 

scheme. 

1.28 Chemical Composition Update 

This part of the code updates the fuel fractions (deuterium, tritium, helium-3) over time, taking into 

account the nuclear reactions occurring in each spatial cell. 

1. Temporary Arrays for Composition: 

o Temporary arrays (tempf_Deut, tempf_Trit, tempf_He3) are created to store the 

updated fuel fractions. These are initialized with the current values for each species 

at time dt. 

2. Update of Fuel Fractions: 

o For each cell i, the fuel fractions of deuterium (f_Deut), tritium (f_Trit), and helium-3 

(f_He3) are updated using specific functions from the compo object. These updates 

take into account: 

▪ The ion density (ion_den[i][dt]), 

▪ The fuel fractions in neighboring cells, 

▪ The nuclear reaction rates (DTreac, DDpreac, DDnreac, DHe3reac), and 

▪ The current time step (deltat[dt]). 

o After updating the compositions, the ion.normaliser() function is called to normalize 

the fuel fractions, ensuring that the sum of fractions is consistent. 

3. Update the Fuel Fractions for the Next Time Step: 

o After updating, the new fuel fractions for deuterium, tritium, and helium-3 are stored 

in f_Deut[i][dt+1], f_Trit[i][dt+1], and f_He3[i][dt+1] for the next time step. 

1.29 Discretized Heat Equation Coefficients Calculation 

This section calculates the coefficients required to solve the discretized heat equation for ions and 

electrons. These coefficients are crucial for determining temperature updates in each spatial cell. 

1. Coefficients for Heat Equation: 
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o Aelec[i][dt] & Aions[i][dt]: These represent the coefficients of the discretized heat 

equation. They are calculated using eleccalc.A_elec_atn_atl(), based on mesh points 

(R[i][dt]), heat conductivity (eleckappa[i][dt], ionkappa[i][dt]), mass (dM[i]), and 

time step (deltat[dt]). 

o Celec[i][dt] & Cions[i][dt]: These represent another set of coefficients for the heat 

equation. The function eleccalc.C_elec_atn_atl() is used here, with similar inputs to 

the A coefficient calculation, but using mesh-centered conductivities 

(eleckappamesh[i+1][dt], ionkappamesh[i+1][dt]). 

2. Additional Coefficients: 

o Belec[i][dt] & Bions[i][dt]: These are computed using eleccalc.B_elec_atn_atl() and 

depend on the specific heat capacities of electrons and ions (elecCV[i][dt], ionCV[dt]). 

o Delec[i][dt] & Dions[i][dt]: These account for sources and sinks of energy, such as 

laser absorption (LaserAbs), Bremstrahlung losses (Brem_loss), thermonuclear 

energy absorption (AbsByElec, AbsByIons), and heat exchange (heatexch). 

o Gelec[i][dt] & Gions[i][dt]: These coefficients handle terms involving the 

temperatures from the previous time step. 

1.30 Solving the Heat Equation 

The heat equation for both ions and electrons is solved iteratively using the coefficients calculated 

in the previous step. 

1. Temporary Variables: 

o Temporary arrays (tempelec, tempions, etc.) store the intermediate results for the 

temperatures and coefficients during the iterative solving process. 

2. Updating Temperatures: 

o The functions eleccalc.update_tem() are called to update the electron and ion 

temperatures based on the A, B, C, D, and G coefficients. 

o After updating, the new temperatures are stored in electem[i][dt+1] and 

iontem[i][dt+1] for the next time step. 

1.31 Iteration Control 

The iteration is controlled by the do-while loop, ensuring that the chemical composition and 

temperature updates are applied repeatedly until the desired convergence is reached (not specified 

here but likely based on a convergence criterion). 

• numbOfIterations: This variable tracks the number of iterations. 

1.32 Hydrodynamic Update 

The code updates the hydrodynamic quantities, specifically the speed and position, for each cell in 

the simulation. 

1. Temporary Arrays: 
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o tempSpeed[] and tempR[] store the current speed and position at time step dt. 

o tempNewSpeed[] and tempNewR[] store the updated speed and position, which will 

be calculated and then assigned to the next time step dt+1. 

2. Update Speed and Position: 

o For each cell, the new speed (tempNewSpeed[i]) is updated using the function 

hydro.update_speed(). This function takes into account: 

▪ Pressures (elecpress, ionpress), 

▪ Heat flux (q), 

▪ Mass (dM), and 

▪ Time step (deltat). 

o The new position (tempNewR[i]) is updated using the function 

hydro.update_lag_co(), which uses the new speed and time step. 

3. Store Updated Values: 

o The updated speed and position values are stored in speed[i][dt+1] and R[i][dt+1] for 

the next time step. 

1.33 Restrict Time Variation 

This part restricts the time step to ensure numerical stability based on the relative variation of ion 

temperature, electron temperature, and speed. 

1. Relative Variations: 

o The relative changes between consecutive time steps (dt and dt+1) are calculated for: 

▪ Ion temperature (iontemVar[]), 

▪ Electron temperature (electemVar[]), and 

▪ Speed (speedVar[]). 

o Each variation is normalized by the sum of the current and previous values to avoid 

division by zero. 

2. Find Minimum Variation: 

o MinIonTemVar, MinElecTemVar, and MinspeedVar store the minimum variation for 

ion temperature, electron temperature, and speed, respectively, across all cells. 

o Maxrestriction is the overall minimum variation, which will be used to adjust the 

time step. 

3. Time Step Adjustment: 

o A new time step (newdeltat) is calculated based on Maxrestriction and a factor a2. 

o If the current time step (deltat[dt]) is smaller than the newly calculated one, the loop 

is terminated. Otherwise, the time step is updated to the new value. 

1.34 Energy Checks 
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This section evaluates various forms of energy in the system at each time step, including thermal, 

kinetic, input energy, fusion energy, and Bremstrahlung loss energy. The difference between the 

input and output energies provides an estimate of the system's energy conservation. 

1. Energy Arrays: 

o Arrays like ThermEng[], KinEng[], InEng[], FusEng[], BremEng[], and DeltaE[] store 

energy values at each time step. 

2. Bremstrahlung and Fusion Energy Calculation: 

o totBremEng[]: The total Bremstrahlung energy loss is computed by summing 

contributions from neighboring time steps, weighted by the mass of each cell (dM[]). 

o totNuclEng[]: The total nuclear energy from ions and electrons is computed similarly, 

accounting for absorption rates. 

3. Thermal and Kinetic Energy: 

o Thermal energy is calculated using eng.ThermalEng() with inputs like pressure, 

specific volume, mass, and the adiabatic index (gamma). 

o Kinetic energy is computed using eng.kineticEng() based on the speed at the current 

and previous time steps. 

4. Input Energy: 

o The rate of energy input into the system is calculated using eng.InputEngRate() with 

boundary pressures and speeds. 

o The cumulative input energy over time is computed using eng.InputEng(). 

5. Fusion and Bremstrahlung Energy: 

o Fusion energy (FusEng[]) and Bremstrahlung energy loss (BremEng[]) are updated 

over time using eng.BremEngAtn(). 

6. Energy Conservation Check: 

o The energy balance is checked using DeltaE[], which is the difference between the 

thermal and kinetic energy on one side and the input, fusion, and Bremstrahlung 

energy on the other. This value estimates how well energy is conserved during the 

simulation. 

1.35 Lawson Parameter Calculation 

The Lawson parameter is a measure of the confinement quality in fusion simulations, crucial for 

determining whether a system achieves the conditions necessary for sustained fusion. 

1. Total Mass and ρR\rho RρR: 

o The total mass (totmass) is accumulated by summing over all cells. 

o The confinement parameter rho_R_dM is computed by summing the product of 

density (rho[i][j]), position (R[i][j]), and mass for each cell. 

2. Lawson Parameter: 
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o For each time step, the Lawson parameter is calculated as the ratio of rho_R_dM to 

the total mass. This provides insight into the confinement efficiency of the plasma at 

each time step. 

2. Output/Visualization of computation results 

This section of the code is responsible for writing simulation results to various output files. Each 

file corresponds to a different physical property or parameter, such as ion temperature, electron 

temperature, pressure, etc. The files are created in specific directories, and the simulation data for 

each time step and mesh point is written to them. 

1. Output File Streams: 

o Various std::ofstream objects are created to handle the writing of data to files, each 

representing a different property: 

▪ Ion temperature (outputfile_iontem) 

▪ Electron temperature (outputfile_electem) 

▪ Ion pressure (outputfile_ionpress) 

▪ Electron pressure (outputfile_elecpress) 

▪ Mesh points (outputfile_Cellbounds) 

▪ Speed (outputfile_speed) 

▪ Deuterium fraction (outputfile_fDeut) 

▪ Tritium fraction (outputfile_fTrit) 

▪ Helium-3 fraction (outputfile_fHe3) 

▪ Energy error (outputfile_EngErr) 

▪ Lawson parameter (outputfile_Lawson) 

▪ Density (outputfile_rho) 

2. Opening Files: 

o Each file is opened using open(), with paths specified for directories such as 

"ICFsim_output\\Temperature\\..." for temperature-related data, 

"ICFsim_output\\Hydrodynamics\\..." for hydrodynamic properties, and so on. 

o If the file opens successfully, data for each time step and cell is written to it. 

Otherwise, an error message is printed to std::cout. 

3. Writing Data: 

o For each file, the program loops over time steps (M) and mesh points (N). 

o At each time step, data for all cells in the mesh is written, and a new line is added 

between time steps to separate the data. 

4. Specific Data Files: 
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o Ion and Electron Temperature: These files log the temperature of ions and electrons 

at each cell for all time steps. 

o Ion and Electron Pressure: These files log the pressure values at each cell for each 

time step. 

o Cell Boundaries (Mesh Points): This file logs the positions of cell boundaries (R[j][i]). 

o Speed: This file logs the speed of each cell at each time step. 

o Density (rho): Logs the density of the material in each cell. 

o Fuel Fractions (f_Deut, f_Trit, f_He3): These files log the fraction of deuterium, 

tritium, and helium-3 in the plasma. 

o Energy Error (DeltaE): This file records the energy conservation error. 

o Lawson Parameter: This file records the Lawson parameter for each time step. 

5. Formatting Output: 

o The code includes newline (\n) and empty line (std::endl) separators between time 

steps to make the output more readable. 
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15.4 Design of IAP-ICF Device 

Tbd 
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16 ICF Light-Ion Driver: Marx Generator and Pulsed Powered Diode 

 

  



 

578 

 

 

 

 

 

 

 

 

 

Pulsed power diode accelerator 
 

 

 

 

 

Author: 

 Ali Obeid 

 

 

 

 

 

 

Last Update: 31.03.2022 

  



 

579 

16.1 Pulsed power diode accelerator 

16.1.1 General Features: 

Pulsed diode accelerators are not charged particle accelerators in the usual sense familiar from high 

energy physics research.  Alternatively they can be considered as electromagnetic pulse 

compressors.  The general operation of these devices involves discharging electrical energy from 

capacitive storage devices known as Marx generators into a pulse modulation line where a short, 

high-energy pulse is formed and then applied to the diode via the transmission line.  An intense 

electromagnetic wave travels inward along the transmission line and appears on a pair of face-to-

face particle accelerator electrodes.  One electrode, the cathode, is charged with a negative pulse 

relative to the other electrode, the anode.  When millions of volts are applied to the electrodes, the 

electric fields produced are enough to pull electrons from the cathode material into the vacuum.  

Electrons withdrawn from the cathode dissipate enough energy at both the cathode and anode to 

vaporize their surface layers and form a plasma.  The cathode plasma becomes the electron source 

and the anode plasma provides a source of positive charge to neutralize the static field electric 

current of the beam.  The basic components of a pulse diode accelerator include:  

 

1. A capacitive energy storage system:  Usually this is a Marx generator that acts as a storage device 

and a voltage multiplier. The Marx The alternator charges the capacitors in parallel and then 

discharges them in series to achieve a very high voltage.  The rise time of the pulse produced by a 

Marx generator is too slow for ICF drive applications, so one must then compress the pulse in time.   

2. Pulse forming lines:  A pulse modulating network is used to compress electrical energy into a short, 

fast pulse, nearly doubling the output voltage in the process.  This can be both one or more pulse 

lines and a complex transmitter such as the Blumlein network.   

3. Transmission line:  Then the energy pulse is transmitted as an intense electromagnetic wave 

through a transmission line to the diode.  High voltage isolation of the transmission line is of 

particular concern because it determines the maximum allowable voltage pulse.   

4. Diode:  The diode consists of a cathode and an anode chip, separated by a short gap.  When the 

high voltage pulse reaches the cathode, its voltage causes an intense field to be emitted from the 

cathode tip which produces plasma on the surface of the cathode and results in an intense current 

of electrons moving towards the anode.  At higher energies, electrons can easily penetrate a thin 

anode wafer and continue to form a relativistic electron beam with radial 

Currents of several mega-amperes.  The polarity of the diode can be reversed and the electron 

current suppressed to produce an ion beam in the device.   
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16.1.1.1 Marx generator 

The term Marx Generator describes a unique circuit designed for voltage multiplication. In general, 

all Marx generators follow the same fundamental operation. However, similarities between Marx 

systems diverge in their construction and performance characteristics as a function of their 

application. Typical applications of the Marx generator has been with pulse charging circuits. In 

essence, the generator is used as an energy storage element, at relatively low voltages, and when 

fired, pulse charges a transmission line at a high voltage, with typical applications seen in High 

Power Microwave, and accelerators. Generators in this role tend to be large, as well as slow devices. 

Smaller versions of the Marx generator have filled the role of trigger generator for larger systems. 

These generators are typically characterized by their low per pulse energies, but with several 

hundreds of kV. The main attraction to these pulses lies in their rise times and compact geometries. 

Recent work has extended the use of these compact generators into the Ultra WideBand (UWB) 

genre. With rise times as short as 250 ps, these compact generators are finding their way into UWB 

radar systems and RF weapon systems and come packages that may be hand held. The Marx circuit, 

on the solid state level has also found applications in laser systems as Pockel’s cell drivers and trigger 

generators. The “credit card” devices can deliver voltages of 10’s of kV, with sub-Joule energies. This 

paper attempts to provide a broad overview of Marx generators, their fundamental operation, and 

some perspective on electrical characteristics and associated volumes. Fundamental trigger 

techniques are presented and include information for low jitter operation. Finally, the wave-erection 

generator is presented. 

The Marx generator is a capacitive energy storage circuit which is charged to a given voltage level 

and then quickly discharged, delivering its energy quickly to a load at very high power levels. A 

typical Marx circuit uses resistors to charge N capacitors in parallel to a voltage V,as shown in Figure 

1. When triggered, the first switch voltage drops which increases the voltages across the remaining 

switches, causing a chain reaction of self-triggering. The capacitors are then momentarily switched 

into a series configuration, delivering a voltage pulse to the load that is theoretically N x V, depicted 

in Figure 2. The output switch is present to isolate the load while charging the Marx, and to insure 

full Marx erection before energy is transferred to the load. The charging resistors grade the output 

voltage from the charging supply during firing, providing electrical isolation. 
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Marx generator: 

A) Large Generators Systems Large Marx generator systems may be found in the ever-expansive 

high energy systems such as with the Z-machine and large HPM systems, and often reside in very 

large rooms. These systems offer Mega-volts and Mega-Joules at relatively long pulse durations. The 

pulses are slow in their rise time (10’s of ns), and due to their massive energy requirements, offer 

very low repetition rates (essentially single events). 

B) Moderate Generator Systems Moderate Marx generators may be categorized as small room to 

large desktop-sized systems, offering voltages from 100’s of kV to several MV’s. Pulse energies may 

rate into the low MJ’s. Pulse widths vary from 10’s of ns to μs. Their rise times typically remain slow, 

on the order of several ns to 10’s of ns. However, repetition rates are more achievable and as high as 

several 10’s of Hz.  

C) Compact Generator Systems Compact Marx generators fit into the range of handheld to desktop-

sized systems. These systems over relatively low pulse energies, < 10 J – 1kJ, and high voltages of 

100’s kV to MV. Fast rise times, 100’s ps, are achievable, as well as high repetition rates (> 1 kHz).  

D) Solid State Generator Systems Solid state Marx generators are circuit board size systems with 

voltages up to the several kV range and less than 1 Joule energy storage. Rise times in the 100 ps 

range have been demonstrated. Repetition rates could potentially be in the 10’s to 100’s of kHz. Large 

and moderate Marx generators are typically used as pulse charging sub-systems in larger pulsed 

power applications. In systems such as Z pinch machines Marx generators are initial energy stores 

which deliver energy to a pulse compression circuit before reaching the load. Compact and solid 

state generators can be designed to have pulse widths that are narrow enough to drive some 

applications directly. These include ultra wide band antennas, jamming systems, and pulse radar 

systems. Multi-pulse systems can also be directly driven, with serial temporal signals spaced apart 
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in the 10’s of ns for driving a common antenna, or phased array systems with sub-ns jitter and sub-

ns phase differences firing into an array of antennas. 

MARX TRIGGERING TECHNIQUES  

The choice of Marx switches is dependent on the operating voltage, pulse repetition frequency, and 

lifetime, and switching support requirements. Solid state switches may be used in low voltage 

applications. However, many Marx generators operate in regimes where the only viable alternative 

is a spark gap. Spark gap technology is broadly split into liquid filled and gas filled systems. For 

both cases, the medium provides both the cooling and switching characteristics. Maximum 

repetition rates are achieved by flowing the medium through the switching region to carry away 

heat and recover voltage hold-off capability quickly. Liquid systems typically use oil or water, but 

can be based on a variety of other liquids. Liquid systems have excellent thermal mitigation 

properties. However, these systems tend to use pumps and filters to remove contamination, adding 

to volume and complexity. Gas systems can be based on a variety of gases, depending on repetition 

rates, spark gap lifetime, and safety concerns the highest repetition rate systems use high pressure 

hydrogen due to its ability to recover its insulating properties quickly after firing. V. REPETITION 

RATE ISSUES An important parameter for any pulsed power system is the time it requires after 

firing to recharge and be ready to fire again. Large and moderate generator systems typically have 

low repetition rates which are dictated by either the power supply’s ability to recharge the system 

or thermal stabilization of the load. Compact and solid state generator systems obtain size reductions 

by storing less energy per shot. Typically these systems still have reasonably high peak power levels 

with narrow pulse widths, so that thermal heating of the system from a single event is low. These 

systems tend to be operated at higher repetition rates in order to raise the average energy deliver to 

the load. High repetition rate systems can still be power supply limited. However, the recovery time 

of the switches used becomes a key concern Resistive charging works well for low repetition rates. 

However, the charging time required by the Marx before firing is approximately equal to 2N2 RC 

and the resistors reduce the charging efficiency. Therefore, for high repetition rate systems the 

resistors are replaced with inductors to accommodate fast, efficient charging. The addition of mutual 

coupling between the two inductors associated with a Marx stage can further increase the system 

performance. For this case, the individual inductances appear smaller during charging and larger 

during firing, allowing for faster charging with increased firing isolation. 

MARX DESIGN EXAMPLE 

The following example demonstrates key elements of designing a Marx generator for single output 

pulse delivery into a known real load. A first order approximation of the Marx generator circuit is a 

single loop LRC circuit where Leq and Ceq are the lumped inductance and capacitance of the Marx 

circuit and R is the load resistance. The period of oscillation for an underdamped circuit is given in 

equation (1) and the Marx impedance in equation (2). 
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Critical damping is chosen as a compromise between maximum voltage amplitude and overshoot, 

as defined by equation 3. For this choice, the FWHM pulse width is about 80% of half the period of 

underdamped oscillation and that the output voltage will be near 70% of theoretical, shown in 

equations (4) and (5) where n is the number of stages and Vcharge is the Marx input voltage. 

 

Therefore, a first pass Marx design is obtained in the following way: 1. Choose the desired Tpulse, 

Vout, and R. 2. Solve equations (2), (3), and (4) to find Leq and Ceq. 3. Choose n and Vcharge to 

satisfy equation (5). 4. Calculate the stage inductances and capacitances according to equations (6) 

and (7). 

 

It should be noted that the additional inductance associated with both ends of the Marx has been 

neglected. They can be easily included by subtracting them from Leq before calculating Lstage. This 

simplification has been made to more easily show the results of adding stages in the following 

paragraphs. Consider the design of a Marx generator with a FWHM pulse width of 8ns with an 

amplitude of -170kV into 50 Ohms. These require Leq = 80nH and Ceq = 127pF. A charge voltage of 

240kV is required, so an 8 stage Marx is chosen with 30 kV charging. The simulated result is shown 

in Figure 3. The design process shown has been straightforward, and a Marx designed as described 

typically performs reasonably close to specifications. It is now assumed that a Marx has been 

designed and constructed as described. The system works as planned, but now it is decided to 

increase the output voltage. It seems reasonable to construct more stages just like are presently in 

use and lengthen the Marx. How will these additional equivalent stages affect circuit performance, 

other than changing the charging time? Equation 8, derived from 2, 6 and 7 shows that the 

impedance of the Marx increases with n. Figure 4 illustrates that the LRC circuit model becomes 

increasingly underdamped. The pulse length does not change significantly, but more energy is lost 

in the overshoot, decreasing the voltage efficiency as shown in Figure 
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WAVE ERECTION MARX 

 The transient wave erection Marx shown in Figure 6 differs from the Marx circuit of Figures 1 and 

2 in its use of stray capacitance effects. The general Marx circuit does not force switches to close in 

succession. Therefore, switches can fire randomly, adding temporal jitter to the system’s 

performance. The transient wave Marx insures that after closure of the first switch, stray 

capacitances hold one side of each successive switch near ground until the switch fires. A voltage 

wave propagates toward the load with increasing intensity, triggering successive switches faster and 

faster until it reaches the load with sub-ns rise time and low jitter for output voltages of several 

hundred kV at moderate per pulse energies. 
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The output waveform from a 17 stage transient wave Marx generator is shown in Figure 7. Notice 

the characteristic Marx output pulse shape, except for the front spike. The risetime is 250ps. A 

temporal jitter of 114ps RMS has been demonstrated by a 17 stage transient Marx, excluding the 

15kV trigger generator circuitry. 

 

Marx generators are effective systems for efficient voltage multiplication. For short pulse generation 

the Marx should operate near its critical damping due to a balance between voltage efficiency and 

overshoot. The transient wave erection Marx should be used where fast rise times are critical. 

16.1.1.2 Pulse forming line (PFL)  

• There are numerous applications in both physics and electrical engineering for short (~10 𝑛s < 𝑡p < 

100 𝜇s) electrical pulses. These applications often require that the pulses have a “good” square 

shape. 

• Although there are many ways for generating such pulses, the pulse-forming line (PFL) is one of the 

simplest techniques and can be used even at extremely high pulsed power levels. 

•  A transmission line of any geometry of length 𝑙𝑙 and characteristic impedance 𝑍𝑍0 makes a pulse 

forming line (PFL), which when combined with a closing switch 𝑆𝑆 makes the simple transmission 

line pulser. 
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Blumlein PFL 

• An important disadvantage of the simple PFL is that the pulse generated into a matched load is only 

equal to 𝑉𝑉0/2.  

• This problem can be avoided using the Blumlein PFL invented by A. D. Blumlein.  

• Two transmission lines and one switch is used to construct the generator. 

 

• After switch closure, the end of line 1 is effectively shorted; thus the reflection coefficient is +1. 

• At the junction of line 1 and the load, the reflection coefficient is given by 

 
•  Matching condition: 𝑍𝐿 = 2𝑍0 
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• The reflection coefficient at the load  
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• The reflected step at the load  

 
• The step 𝑉𝑉𝑇𝑇 transmitted to the load and the line 2 

 
• The fraction of the step to the load and the line 2 
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