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Abstract  

The purpose of this project was to design and prototype electronics to power and control a compact 

neutron source.  The compact neutron source, or Minitron, was developed by Schlumberger as a tool to 

be used in looking for oil and other fossil fuels.  Physics Professor Joseph Formaggio of MIT intends to 

use this neutron source as a calibration tool for the Mini-CLEAN (Cryogenic Low Energy Astrophysics 

with Noble Gases) dark matter research experiment at the Sudbury Neutrino Observatory Laboratories 

(SNOLab) in Sudbury, Ontario, Canada.  Using this neutron source, Physicists can simulate the detection 

dark matter event.  In this way, calibration of the detector can be accomplished, as well as testing of the 

shielding surrounding the detector.  Three power supplies were built.  Two were identical supplies for 

the Cathode and Filament pins on the Minitron which supply up to 3A at 3V.  One was a 200V 16mA 

supply for the Grid pin on the Minitron which is controlled by computer.  In addition, a controller for a 

high voltage supply for the high voltage input on the Minitron.  This report documents the process from 

design requirements to testing the supplies with the Minitron and monitoring neutron generation.  At 

the time of the writing of this report, the Minitron had not yet been used in SNOLAB.  
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Executive Summary  
Current dark matter research experiments seek to detect and characterize dark matter.  Many of these 

experiments detect events very in frequently.  The experiment which this project seeks to assist is the 

MiniCLEAN (Cryogenic Low Energy Astrophysics with Noble Gases) experiment being constructed at the 

Sudbury Neutrino Observatory Laboratories (SNOLab) in Sudbury, Ontario, Canada [4].  This experiment 

detects dark matter by observing photons released from the collision of a particle of dark matter and 

the nucleus of an Argon atom [6].  In order to ensure that the results are accurate, a method to calibrate 

the detector is needed. 

An event can be simulated using neutrons.  By injecting neutrons into the chamber, the detector can 

measure the recoil of a neutron with the nucleus of an Argon atom.  This simulated dark matter event 

can serve as a method to calibrate the detector.  Using a compact neutron source developed by 

Schlumberger Inc., this project seeks to develop the front end electronics to drive and control this 

neutron source, or Minitron, so that it can be used to calibrate these experiments [7]. 

The project details the design of two different power supplies, and one power supply controller which 

are required to drive the Minitron.  There are two identical supplies, which drive the Filament and the 

Cathode.  The Filament is a heating coil which requires a current of approximately 2.5A at a voltage of 

approximately 2.5V.  When the Filament heats up, it releases low pressure deuterium gas into the 

Minitron.  The Cathode requires 2.5A at a voltage of 2.5V as well.  The Cathode, along with the Grid 

supply, sets up an electron beam.  The Grid supply is a 200V supply which is able to source up to 16mA.  

The electron beam which it creates with the Cathode ionizes the deuterium gas.  The power supply 

controller controls a -30kV power supply.  This supply accelerates the ionized deuterium gas towards a 

target impregnated with deuterium.  This creates a fusion which creates helium-3 and a free neutron 

[7]. 
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The design is documented from design requirements, design iteration, final design, and testing.  Finally, 

the supplies are attached to the Minitron, and neutron generation is observed.  All of the design 

requirements were exceeded, and when connected to the Minitron, predictable results were observed.  

After the completion of the testing, recommendations are given for moving forward with this project to 

a production level product. 
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Introduction  
{ƛƴŎŜ ǘƘŜ ƳƛŘ мфолǎ ǘƘŜ ǿƻǊƭŘ Ƙŀǎ ōŜŜƴ ŦŀǎŎƛƴŀǘŜŘ ōȅ ǘƘŜ ƛŘŜŀ ƻŦ ŀƴ άƛƴǾƛǎƛōƭŜέ ƳŀǘǘŜǊ ƪƴƻǿƴ ǘƻŘŀȅ ŀǎ 

dark matter.  In 1933, Dr. Fritz Zwicky observed that some orbiting masses in space were orbiting with a 

ǾŜƭƻŎƛǘȅ ŦŀǊ ŦŀǎǘŜǊ ǘƘŀƴ ŎƻǳƭŘ ōŜ ŜȄǇƭŀƛƴŜŘ ōȅ ǘƘŜ ƻōǎŜǊǾŜŘ ƳŀǎǎΦ  ¢Ƙƛǎ ƭŜŘ ǘƻ ǘƘŜ ǇǊƻǇƻǎŀƭ ƻŦ ŀ άƳƛǎǎƛƴƎ 

ƳŀǎǎέΣ ǘƻŘŀȅ ƪƴƻǿƴ ŀǎ ŘŀǊƪ ƳŀǘǘŜǊ ώ1].  After over 70 years, dark matter research is still alive.  Due to 

ŘŀǊƪ ƳŀǘǘŜǊΩǎ ƭŀŎƪ ƻŦ ŜƭŜŎǘǊƻƳŀƎƴŜǘƛŎ ƛƴǘŜǊŀŎǘƛƻƴΣ ǇƘȅǎƛŎƛǎǘǎ ŀƴŘ ŀǎǘǊƻƴƻƳŜǊǎ ƘŀǾŜ ōŜŜƴ trying to 

develop methods to detect this dark matter which is theorized to make up approximately 23% of the 

total mass of the universe as shown in Figure 1 [2]. 

 

Figure 1: Estimated Distribution of Matter and Energy in the Universe [2] 

There have been several experiments claiming positive evidence for dark matter detection, but they 

have not yet been confirmed [3].  Currently, colleges and laboratories around the world have been on 

the look for traces of the elusive dark matter [4].  Many experiments which look to characterize dark 

matter record interactions very infrequently.  Because of this, a need to calibrate these experiments is 

heightened.  It has been proposed by physics professor, Dr. Joseph Formaggio, and others to use 

neutrons to simulate a dark matter interaction as to provide a means to calibrate this experiment.  For 

this to be done, a neutron source would need to be obtained. 

The neutron source, known as the Minitron, was generously lent to Dr. Joseph Formaggio by 

Schlumberger Incorporated (SLB), a leading oil services provider, who has used the Minitron in detecting 

the presence of oil.  Schlumberger, who have Research and Development facilities in a variety of 
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locations around the world, was founded in 1927 by two brothers who realized new methods of 

obtaining geological information using electromagnetic systems to create images of the wells.  Today, 

with principle offices in Houston, Paris and The Hague, Schlumberger continues to improve production 

and create new innovative ways to aid the oil and gas industry [5]. 

The new approach being taken in this project is in the usage of the Minitron.  The Minitron is used to 

supply neutron flux.  The neutrons produced will be projected into a container of liquid argon, which will 

expel a photon once the neutron collides with the nucleus of the argon (see Appendix D).  The container 

of liquid argon will be precisely measured and calibrated in order to compare the results of neutron 

collision with that of possible dark matter collision. The liquid argon will then be placed underground 

and will serve as a target to the dark matter.  If the assumption that the physical properties of dark 

matter are similar to those of a neutron is correct, the collision will produce photons similar to the 

neutron collision.  The measurements taken from the dark matter collision will then be compared to the 

measurements obtained from the Minitron calibrations in hopes of attaining numerical data on dark 

matter. 

The experiment proposed by Dr. Formaggio will target the majority of astronomy/physics professors and 

scientists who are currently studying or have an interest in the study of dark matter.  This project is 

being designed not only to support the ongoing dark matter experiments currently held worldwide, but 

also in hopes of serving future dark matter projects.  It will be first used in the MiniCLEAN (Cryogenic 

Low Energy Astrophysics with Noble Gases) experiment being constructed at the Sudbury Neutrino 

Observatory Laboratories (SNOLab) in Sudbury, Ontario, Canada.  MiniCLEAN looks for dark matter by 

recording the recoil of a Argon nucleus when a particle of dark matter collides with it [6].  Figure 2 shows 

the model of the MiniCLEAN test chamber. 
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Figure 2: Model of the MINICLEAN test chamber [6] 

The basis of neutron production is through a Deuterium to Deuterium (D-D) reaction.  Deuterium is a 

stable, nonradioactive isotope of hydrogen, also known as heavy hydrogen, containing one proton and 

one neutron.  When the two deuterium atoms collide, helium-3, a helium isotope containing two 

protons and one neutron, is created as well as one free neutron.  More information on the D-D reaction 

is located in Appendix D.  By understanding how the neutrons are produced with the Minitron, the 

information on the power supplies needed for each part of the source can be easily contemplated. 

 

In order to guarantee that the Minitron works as desired by the user, certain specifications needed to be 

met.  Andrew Bazarko of Schlumberger gave a short detailed explanation of a few suggested inputs for 

each of the pins located on the Minitron. 
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Grid Voltage ς The Grid voltage will require 200V nominally.  This power is used to attract the 

electrons towards the Grid which in turn will ionize the deuterium in preparations for the 

collision between deuterium atoms. 

Cathode ς The Cathode, which will be supplied with 2.5A of current nominally, will serve as a 

fountain of electrons to be used in conjunction with the Grid.  The electron beam produced will 

be used to ionize the deuterium supplied by the Filament. 

Filament ς The Filament, which will be supplied with -2.5A of current nominally, is a source of 

deuterium that will be used alongside the Cathode and Grid in order to create ionized 

deuterium.  The ionized deuterium will be projected towards a deuterium impregnated target 

ǿƛǘƘ ǘƘŜ ŀǎǎƛǎǘŀƴŎŜ ƻŦ ǘƘŜ ŎƻǊƻƴŀ ǎƘƛŜƭŘΩǎ ǇƻǿŜǊ ǎǳǇǇƭȅΦ 

Corona Shield ς The corona shield, which is located on the target end of the Minitron, will be 

supplied with -30kV in order to function properly for this experiment.   The -30kV will be used to 

attract the ionized deuterium towards the deuterium impregnated target, causing a Deuterium 

to Deuterium reaction.   

More information on all of the pieces of the Minitron can be found in Appendix E. 

In the following sections and subsections of this report, the reader will encounter the detailed 

requirements of each of the power supplies needed in this project.  The sections following the 

requirements will consist of actual circuit designs that were proposed, modified and ultimately 

implemented on the path toward building the power supplies.  The final sections will describe the 

testing procedures used to ensure individual component functionality as well as neutron generation 

when the supplies are connected to the Minitron. 
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With the background of the project explained thoroughly, the reader should now be fully informed and 

capable of understanding more about the requirements of the power supplies and the process used to 

create each supply.  
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Chapter 1: Design Requirements  
Before describing the design of each of the supplies, it is important that the design requirements are laid 

out in full.  These requirements will serve as a reference as to whether the project was successful or 

unsuccessful, and will guide the rest of the design phase.  There will be three major components.  A 

30kV HV power supply controller, a 200V Grid power supply, and two 3A power supplies for the Cathode 

and Filament.   

PWM Controller Grid Supply

Cathode / Filament Supplies

HV SupplyHV Controller

117V 60Hz

< ñGridò Minitron

< Heating Coil and Cathode

<Acceleration Potential

 

Figure 3 shows how the main components of the project will interact.  The Grid supply will be able to 

deliver 16mA of current at 200V and will be controlled by a pulse width modulator to output a 200V 

peak square wave at approximately 1kHz.  The Cathode and Filament supplies will be able to source 3A 

of current each.  At this current, the estimated voltage is 3V.  The HV controller will interact with the 

30kV supply to output -30kV on the order of 10µA.  Each of these major components is described in 

more detail below, as well as some errata which do not specifically fit into either category. 

Cathode and Filament  Power Supplies  
There are two high-current power supplies which are connected to the Minitron.  Each of them powers 

a heating element with a resistive load.  These heating elements release the deuterium ions which can 

then be accelerated to produce the D-D reaction (see appendix D) [7].  The two supplies will be identical 

in the final project as they have the same requirements. 

According to the specifications given by Andrew Bazarko of Schlumberger Inc. (SLB inc), the load in the 

Minitron Ŏŀƴ ōŜ ƳƻŘŜƭŜŘ ŀǎ ŀ ǊŜǎƛǎǘƛǾŜ ƭƻŀŘ ŀǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ мʍΦ  ¦ƴƭƛƪŜ ǘƘŜ нлл± ǎǳǇǇƭȅΣ ǘƘŜ ƭƻŀŘ ǿƛƭƭ 

be constant and will always be connected to the supply.   

Figure 3: Overall Layout of Power Supply 
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Figure 4 below shows a high level block diagram of the Cathode and Filament supplies. 

Regulator

Rectifier

117VAC

3VDC Regulated

3A Maximum

Transformer

 

Figure 4: 3V Regulator Block Diagram 

The input to the supply will be standard wall power, 117VAC.  This is the most convenient form of power 

available and it will be used exclusively throughout this design.  For the intentions of this project, 

standard wall power is defined at 117V RMS ± 5% 60Hz AC power.  The output of the supply will be at 

3V.  The heating coils, which will be attached to this output, will draw approximately 3A of power at this 

voltage.  The supply will maintain this output voltage to within 10% while loaded.  The ripple on the 

output line will be within 3%.  A summary of the specifications in shown in Table 1. 

The efficiency of the power supply is an important aspect that must also be considered.  It is likely that a 

linear power supply will be used to reduce the amount of Electro-Magnetic Interference, also known as 

EMI.  Switching power supplies use high speed current switching onto a capacitor in order to maintain a 

voltage.  This switching, however, can produce EMI [8].  Linear supplies, which generally do not produce 

any significant EMI, maintain a voltage by using an active component to reduce the input voltage to the 

output voltage [9].  A sensing mechanism controls how much voltage is dropped by the active 
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component, thus maintaining the output voltage.  The active component, however, dissipates the power 

loss into heat.  For this reason, linear supplies are known for being less efficient than their switching 

counter-parts [8].  The efficiency is not specified; however design decisions will be made to make the 

supply as efficient as possible.  Also, since linear supplies convert excess power to heat, it is likely that 

thermal issues will need to be considered in the design phase.  The experiment in which this project will 

be used uses photomultiplier tubes, or PMTs, to detect a dark matter event.  These PMTs are sensitive 

to EMI [10].  If a switching design is selected, the spectral overlap of the interference generated and the 

sensitivity of the PMT will need to be analyzed. 

Another design consideration that needs to be addressed is the ambient temperature.  The supply will 

be used underground where the ambient temperature is 25°C.  However, the lab is climate controlled to 

20°C.  All the power sources will need to be able to operate at these temperatures. 

Table 1 below shows the summary of the design requirements for this power supply. 

Property Requirement

Output Voltage 3V ± 10%

Maximum Output Current3A

Output Ripple <3%

Input Voltage 117V ± 5% 60Hz

Operating Temperature 20°C - 25°C  

Table 1: Design Requirements Summary for 3A supplies 
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Grid  Power Supply  
The Grid Power Supply acts as the trigger of the Minitron [7], causing electrons to collide with 

deuterium, creating ions to be accelerated by the -30kV potential.  In order to control the neutron flux, 

the Grid power supply will be pulse-width modulated at frequencies up to 1kHz.  Using a microcontroller 

to modify the duty cycle and frequency the supply will be able to control the neutron flux.  Figure 5 

below shows the high level block diagram for this circuit. 

Regulator
Current 

Amplifier

Electronic 

Switch

Micro Controller

Rectifier with 

Voltage Doubler 

Configuration

117VAC

~340VDC

200VDC 

Regulated
200VDC 

Regulated

Large Current 

Available

200VDC @ 

16mA max
 

Figure 5: High Level Block Diagram for Grid Supply 

The input to the Grid supply will be 117VAC.  This is selected for the same reasons as in the Cathode and 

Filament supplies, namely that it is the most convenient form of power available.  Similar to the 3V 

supplies, this supply must be able to tolerate a change in supply voltage of 5%. 

 The specification for the Grid supply given by Andrew Bazarko of SLB inc. was for an output of 200V at 

approximately 10mA.  However, during the operation of the Minitron, several other factors affect the 

current drawn by the Grid.  In normal operation, currents of up to 16mA may be drawn.  For this reason, 
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the output will be tested to 16mA output current to provide design margin and flexibility.  Depending on 

the needs of the physicists during neutron characterization, the output current may be raised or 

lowered.  With a nominal ƻǳǘǇǳǘ ƻŦ нлл±5/ ŀǘ млƳ!Σ ǘƘŜ ƭƻŀŘ ǿƛƭƭ ōŜ ƳƻŘŜƭŜŘ ŀǎ ŀ нлƪҠ ǊŜǎƛǎǘƛǾŜ ƭƻŀŘΦ  

This power supply will be switched on and off to control the neutron flux, so the rise time must also be 

specified.  The specified maximum switching frequency will be 1kHz.  The minimum duty cycle specified 

is 10% which corresponds to an on time of 100µS.  The maximum allowable rise or fall time specified will 

be 10% of the minimum on time, 10µs.  In addition, the regulation for this power supply while switching 

is an important requirement.  The change in voltage from full load to no load will be less than 3%.  In 

addition, the maximum ripple allowable on the output pin must be 1% on the line, excepting switching 

transients.  These specifications are in place to ensure that the output of the 200V power supply will be 

able to provide adequate power to the Grid pin on the Minitron (see Table 2).  

The Grid supply, like the Cathode and Filament supplies, must not produce EMI and must function at the 

ambient temperature in the mine.  The minimum efficiency for this supply is not specified; however 

design decisions will be made to keep the supply as efficient as possible.  Since it is likely that a linear 

power supply will be utilized in order to eliminate EMI, the power dissipated in the supply will be 

converted to heat, which will need to be addressed during the design phase. 

The output of the Grid supply will not go directly to the Minitron.  It must pass through an electric 

switch, controlled by the microcontroller so that the frequency and duty cycle can be modified.  An 

opto-coupler or transistor will likely be used to isolate the sensitive electronics in the microcontroller 

from the high voltages and currents on the power supply side.  The switch will drive a high-voltage 

transistor to be in either cutoff or saturation to switch the output voltage off or on, respectively. 

Table 2 below shows a summary of the design requirements for the Grid supply. 
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Property Requirement

Output Voltage 200V ± 3%

Maximum Output Current16mA

Output Ripple <3%

Input Voltage 117V ± 5% 60Hz

Switching Rise Time <10µS

Switching Fall Time <10µS

Operating Temperature 20°C - 25°C  

Table 2: Grid supply Design Requirements Summary 
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Microcontroller  
The microcontroller will control the pulsing of the Grid supply output.    The microcontroller will be able 

to pulse at frequencies ranging from 100Hz to 1kHz.  The smallest increment in the period will be 1 mS.  

Additionally, the duty cycle of the supply will need to be controlled.  The duty cycle will range from 10% 

to 100% as desired by the user. 

The microcontroller will accept input from the user via a serial port connection.  The serial port 

connection will accept several commands from the user as follows: 

Change Period: This command will take an argument of a three digit integer.  This integer, when 

multiplied by 1 mS, will constitute the period of the device.  This will change the frequency of the pulse 

width modulator to the specified frequency if and only if the frequency is above 100Hz and below 1kHz, 

the desired frequency range specified by Professor Formaggio. 

Change Duty Cycle: This command will take an argument of a three digit interger.  This integer will 

represent the duty cycle.  For example, if the argument is 40, the duty cycle will be set to 40% (on 40% 

of the time, off the other 60%).  This will change the duty cycle if and only if the duty cycle is between 10 

and 100, the range between specified by Professor Formaggio is between 10% and 100%. 

Echo: This command will write the current configuration back to the computer.  Specifically, it will 

display the duty cycle, frequency, and state of the output.  This command was not requested 

specifically, however the designers assumed that this functionality was desired. 

Enable Output: This command will enable the output.  If the output is already enabled, this command 

will have no effect.  This command was also not requested, however the designers assumed that this 

functionality was desired, especially since this will be controlling the output of radiation. 
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Disable Output: This command will disable the output.  If the output is already disabled, this command 

will have no effect.  This command was also not requested; however the designers assumed that this 

functionality was desired, especially since this will be controlling the output of radiation. 

DC Mode: This command will instantly put the output of the Grid supply in DC output mode.  This 

special command was requested by Professor Formaggio.  With this command, the user can switch 

quickly between a desired pulsing frequency and duty cycle to DC mode by entering a single command.  

This will be useful while characterizing the neutron flux. 
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High Voltage Controller Interface  
The HV power supply provides the potential needed to extract the neutrons from the source.  This large 

potential is used to accelerate deuterium ions so that the D-D reactions can take to produce neutrons 

[7].  The original plan was to design a -30kV power supply to use with the Minitron.  The supply had 

requirements of a -30kV output voltage delivering 50µA of output current.  Unfortunately, when 

simulations and analysis of basic designs for this supply were completed, the results indicated that 

purchasing expensive high voltage diodes would be required.  Because of this, the design requirement 

was changed to develop the controller interface to a 30kV supply, which MIT already owns.  Figure 6 

below shows the block diagram for this supply. 

24 V DC Supply
Input Voltage 

Pin

Output Enable

Polarity

Current Monitor

Voltage Monitor

Spellman TOF3000 -30kV

 

The supply (Spellman TOF3000, see Appendix A) requires an input controller to supply input control 

signals which determine the output voltage.  The supply requires an input of +24V DC and input current 

of 2A maximum.  The polarity of the output voltage can either be positive or negative, which for this 

project is desired to be negative.  The polarity is selected by a TTL input pin.  The output voltage is 

controlled by a voltage program pin.  The voltage program input can vary from 0 to +10V DC which 

corresponds to varying the output for the supply from 0 to +/- 30kV output.  For example, if the user 

decides there should be an output voltage of 15kV, then the voltage applied to the program input 

should be at 5V DC.  In addition there is an interlock which enables or disables the output of the device. 

Figure 6: Block Diagram of HV Supply Controller 
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For this project, an output voltage of -30kV is desired.  The controller will have the following design 

requirements listed in Table 3. 

Property Requirement

Voltage Control - Output Voltage10V ± 10%

Voltage Feedback Pin Easily Accessable

Current Feedback Pin Easily Accessable

TTL HV Enable Pin <0.3V when On, >4.5V when Off

TTL HV Polarity Pin <0.3V (corresponds to negative output)

Input Supply 24V ± 2% at up to 2A

Operating Temperature 20°C to 25°C  

Table 3: Design Requirements for 30kV controller interface 

The Voltage Feedback and Current Feedback pin will need to be easily accessible for testing.  These pins 

output a voltage which corresponds to the output voltage or output current.  The input pins, Voltage 

Control, TTL HV Enable and TTL HV Polarity, have an input impeŘŀƴŎŜ ƻŦ Ҕ мaҠΣ ǎƻ ǘƘŜ ŎǳǊǊŜƴǘ ŘǊŀǿƴ ƛǎ 

negligible.  A 24V DC power source is already supplied and will power the controller board as well.  It 

may vary by no more than 2%. 

  



B. Buck, N. Franco 26 April 2009 26 

 

Chapter 2: Circuit Design 
In this section the designs of the various components of the project are described.  This includes the 

development of various designs, as well as designs which were attempted or abandoned. 

Cathode and Filament  Power Supplies  
The Minitron requires two 3A power supplies to drive heating elements.  During the design period for 

the Cathode and Filament power supplies, many different ideas and modifications were made in order 

to meet the design goals. 

Circuit Design  

Early in the design process the decision was made to design the Cathode and Filament power supplies, 

as well as the Grid power supply, as a linear power supply over a switching power supply.  The main 

advantage of the switching power supply is the power efficiency.  Unfortunately switching power 

supplies can produce EMI [9].  The potential interference caused by the switching power supply could 

affect the sensitive PMTs used in proximity to the Minitron.  Since this supply, once proved functional, 

may be used in other experiments, the amount of interference generated was of great concern to the 

customer.  Power efficiency, however, was not.  Therefore, the linear power supply was a reasonable 

design choice.  Although the efficiency of linear power supplies is generally much lower than their 

switching counterparts, the linear power supply will not produce any high-frequency interference [9]. 

Following the high level block diagram in Figure 4, a simple design included the transformer, rectifier, 

and regulator.  This original design of the Cathode / Filament supply can be seen in Figure 7 [11]. 
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Figure 7: Original Design of Cathode / Filament Power Supply [11] 

 

The transformer T1 will drop the input voltage down to a lower voltage.  The fully wave rectifier and 

capacitor (C1) combination then produce an unregulated DC voltage with some ripple.  The regulator U1 

would drop this voltage down to exactly 3V DC with very little ripple.  The resistors R1 and R2 program 

what voltage the regulator will output.  The result would be a constant 3V being supplied through the 

load in the Minitron shown as RL.  The second capacitor, C2, is needed by the regulator to ensure output 

stability. 

An initial prototype of this design was constructed using an AP1084 low voltage regulator.  The 

transformer used was a 20:1 transformer, which dropped the input voltage to approximately 6 VRMS 

after rectification.  The resistor values were determined by the equation given on the data sheet [12]: 

Vout = 1.25Vᶻ1 +
R2

R1
 

²ƛǘƘ wн Ґ мнмҠΣ wо ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ мсфҠΦ  ! ǘǊƛƳ Ǉƻǘ ǿŀǎ ǳǎŜŘ ǘƻ select this precise value.  The input 

capacitance, C1, was chosen to be 10µF as suggested by the data sheet in order to maintain stability.  

Similarly, the output capacitance was chosen to be 10µF as well. 
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However, an incorrect assumption was made in the selection of C1.  While choosing C1, the designers 

incorrectly assumed that 10µF would be able to store enough charge to maintain approximately 6V DC 

on the input of the regulator.  The capacitor size was actually off by several orders of magnitude.  This 

resulted in a rectified sinusoid being fed into the regulator.  Because of this, the condition the Vin = Vout 

+ >1.4V required by the AP1084 was not met.  Therefore, when initial testing was conducted, the 

regulator failed.  The conclusion drawn from this failure was that the voltage at the output of the 

regulator had achieved a level higher than the input of the regulator therefore causing the current to 

reverse its direction.   

In order to successfully design the 3V power supply, proper calculations and simulations would have to 

be done.  Unfortunately, while modeling the design in MultiSim the model for the desired 3V regulator, 

the AP1084, could not be encountered online.   The LT1084 is very similar to the AP1084 and was used 

in place of the actual regulator for the simulations.  The SPICE model for the LT1084 can be found in 

Appendix B.  Figure 8 shows the resulting schematic for the second attempt at the Cathode and Filament 

power supplies. 

 

Figure 8: First Multisim Schematic with LT1084 
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Note that a protective diode is placed across nodes 8 and 9 to ensure that large amounts of current 

cannot flow in reverse through the regulator.  Since the voltage at the input to the regulator U1 will be 

at approximately 6V RMS, the capacitor C1 will need to be a large value for the circuit to function 

without the input voltage dropping below the necessary 4.4V.  Figure 9 below shows the charging and 

discharging cycle of the capacitor C1.  

 

Figure 9: Capacitor Charge / Discharge Diagram 

When the capacitor is discharging during td the voltage is given by: 

VC =
Qpeak  

C
  

Assuming a constant current of 3A: 

dQ

dt
= I = 3A 

Now, taking the derivative of the capacitor voltage: 

dVC(t)

dt
=

1

C
ᶻ

dQ

dt
 

Substituting, one finds: 
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dVC(t)

dt
=

1

C
Iz 

Now, integrating: 

VC(t) =  Vpeak +
1

C
Iz dzt

t d

t 0

 

During the charging cycle, the capacitor voltage follows the rectified transformer voltage: 

VC(t) = Vpeak czos(2 ʌzz 60Hz tz)  

It is desired to determine the smallest capacitor value which will be able to store enough charge to keep 

the capacitor voltage above 4.4V.  To do this, the capacitor charging time, tc, is first found.  With Vpeak = 

7V: 

4.4V = 7V czos(2 ʌzz 60Hz tzc) 

4.4V

7V
= cos(2 ʌzz 60Hz tzc) 

cos 1
4.4V

7V
= 2 ʌzz 60Hz tzc  

tc =
cos 1 4.4V

7V
2 ʌzz 60Hz

= 2.364mS 

Now, solve the discharging equation, assuming I = 3A.  Solve for VC = 4.4V.  Since this is a rectified 

sinusoidal voltage, to find td the charging time is subtracted from half of the period. 

4.4V = 7V +  
1

C
(z 3A) dzt

5.9696mS

0

 

Moving constants out of the integral: 
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(4.4V 7V) Cz

3A
=  dt

5.9696mS

0

 

Evaluating the integral: 

(4.4V 7V) Cz

3A
=  5.9696mS 

Solving for C: 

C= 5.9696mSᶻ
3A

(4.4V 7V)
= 6.88mF 

Evaluating this equation gives C = 6.88mF.  The simulation results below show the circuit using C1 = 

6.88mF.  

 

Figure 10: 3A Simulation (Yellow ς Input to Regulator, Blue ς Output of Regulator, 1V/div. 2ms/div.) 

Note that in the simulation the input voltage drops slightly below the threshold and the output voltage 

follows.  This simulation, however, does not take into consideration the ohmic losses in the transformer.  

Even a small DC resistance in the transformer will mean significant losses while drawing 3A of current.  

¢ƘŜ ǘǊŀƴǎŦƻǊƳŜǊ ƘŀŘ ŀ ƳŜŀǎǳǊŜŘ ƻǳǘǇǳǘ ƛƳǇŜŘŀƴŎŜ ƻŦ лΦмрҠΦ  At 3A, this gives an approximate DC drop 

of the peak voltage of 450mV.  In reality, this voltage drop is larger.  Current is only drawn while the 

transformer is charging the capacitor which is only a fraction of the time.  For this reason, the 

transformer supplies much more than 3A of current in order to put enough charge into the capacitor.  
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This results in a higher voltage drop.  From calculations, the transformer is charging the capacitor about 

28.3% of the time.  The peak current will therefore be assumed to be 10.5A, giving a voltage drop of 

1.8V.  This gives a peak capacitor voltage of 5.2V.  First, the charging time needs to be re-evaluated: 

tc =
cos 1 4.4V

5.2V
2 ʌzz 60Hz

= 1.491mS 

Re-evaluating for the capacitor size yields: 

C= 6.842mSᶻ
3A

(4.4V 5.2V)
= 17.106mF 

However, having the input-output voltage differential go to exactly 1.4V is very risky because it does not 

provide any design margin.  For this reason, larger capacitor was chosen.  A 39mF capacitor was a readily 

available value for C1 in the final design.  Including such a large value of C1 in the design will prevent 

circuit failure due to component tolerances.  Figure 11 below shows the simulation with the 17.107mF 

capacitor while Figure 12 below shows the simulation with the 39mF capacitor.  Note the larger voltage 

margin available with the 39mF capacitor as compared to the 17.107mF capacitor.  Including this in the 

design will prevent circuit failure due to varying input voltage. 

 

Figure 11: 3A Simulation with 17.107mF (Yellow ς Input to Regulator, Blue ς Output of Regulator, 1V/div. 2ms/div.) 
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Figure 12: 3A Simulation with 39mF (Yellow ς Input to Regulator, Blue ς Output of Regulator, 1V/div. 2ms/div.) 

Power Dissipation Analysis 

To calculate the power dissipated in the power supply, the RMS voltage will be approximated by the 

arithmetic mean of the maximum and minimum voltages.  At maximum, there is a 2.2V drop across the 

regulator.  At minimum, there is a 1.4V drop across the regulator.  The mean is 1.8V across the 

regulator.  At 3A the power dissipation is 5.4W.   

One idea for lowering the amount of power being dissipated over the 3V regulator was the use of an 

alternative transformer that would drop the voltage lower than the previous 6V.  A 24:1 transformer 

was found which would bring the RMS voltage down to 5V.  This transformer would not function, 

however, because of the ohmic losses.  Because the RMS voltage was lower, less ripple could be 

tolerated.  Because less ripple could be tolerated, a larger input capacitance would be needed.  This, in 

turn caused more current to be drawn while the capacitor was being charged.  With the ohmic losses 

from the increased current drawn from the transformer, the voltage drop in the transformer became 

unacceptable. 

An alternative approach seeks to not reduce the amount of power dissipated, but spread the thermal 

load into multiple devices.  Placing two regulators in parallel will split the load of both of the regulators 

in half.  Theoretically, changing nothing in the circuit except for the addition of the regulator will result 

in the same output with a distributed thermal load.  The schematic created using simulations can be 

seen in Figure 13. 
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Figure 13: Schematic for 3A Power Supply (Parallel Regulator) 

As can be seen in the schematic above, the resistor configuration used in the previous design has also 

been used in the parallel regulator design.  By doing so, this will allow the regulators to output the 

correct voltage and half the total output current.  However, in practice the regulators are not both 

identical.  Due to of slight differences in the construction of each individual regulator, the regulators 

cannot be expected to be perfectly matched.  This will cause one to output a slightly higher voltage than 

the other, resulting in a larger amount of current sourced by that regulator.  This will result in one 

regulator dissipating significantly more power than the other.  The datasheet specifies a maximum load 

regulation of 1% [12]Φ  !ƴ ŀǇǇǊƻȄƛƳŀǘƛƻƴ ƻŦ ǘƘŜ ƻǳǘǇǳǘ ǊŜǎƛǎǘŀƴŎŜ ƻŦ ǘƘŜ ǊŜƎǳƭŀǘƻǊ ƛǎ мллƳҠ ŦǊƻƳ 

observations while testing the device.  This results in a change in current of 300mA, or 10%.  This is far 

too high.  Ballast resistors could be used to change prevent this load mismatch, however this would 

decrease the efficiency of the supply [12].  For this reason, this technique was abandoned. 

¢ƘŜ ǇƻǿŜǊ ŜŦŦƛŎƛŜƴŎȅ ƻŦ ǘƘŜǎŜ ǎǳǇǇƭƛŜǎ ƛǎ ƛƳǇƻǊǘŀƴǘΦ  CǊƻƳ ŀōƻǾŜΣ ǿƛǘƘ ŀ мҠ ƭƻŀŘ ŀǘ о! ƻǳǘǇǳǘ ŎǳǊǊŜƴǘΣ 

ǘƘŜ ǊŜƎǳƭŀǘƻǊ ŘƛǎǎƛǇŀǘŜǎ рΦп² ƻŦ ǇƻǿŜǊΦ  5ŜƭƛǾŜǊƛƴƎ о! ǘƻ мҠ ŘƛǎǎƛǇŀǘŜǎ ф² ƻŦ ǇƻǿŜǊΦ  CƛƴŘƛƴƎ power 

efficiency: 
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Efficiency=
Pdelivered

Pdissipated +  Pdelivered
1z00% 

Efficiency=
9W

5.4W + 9W
1z00% = 62.5% 

This is an acceptable level of efficiency. 

While prototyping with these supplies, the designers noticed that it is very convenient to use a 

potentiometer in the voltage divider (R2 in Figure 14 below).  This allows the user to fine tune the 

output current.  The final design for the Cathode and Filament power supplies is shown below in Figure 

14. 

 

Figure 14: Final Filament / Cathode Supply Design 

Aside 

After completing testing with the Minitron, it was considered that the regulators might be best used in a 

current regulation setup.  In the most common usage, a voltage regulator is set up as in Figure 15 below. 
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Figure 15: Standard Voltage Regulator Topology 

The regulator functions by maintaining a reference voltage across R1.  However, if R1 is placed in series 

with the load, the regulator can act as a constant current source.  A regulator should be chosen which 

has a low reference voltage to ensure that large amounts of power are not dissipated in R1.  

Alternatively, using an amplifier, a very small R1 could be chosen, and the voltage across it amplified.  

This is shown in Figure 16 below.   

 

Figure 16: Current Source Topology 

The current can be controlled by adjusting the gain of the amplifier U2.  Making this change will allow 

the user to more easily select the Cathode and Filament currents.   
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Grid  Power Supply  
The Grid power supply is the more complex supply in the project.  Not only does it require a very precise 

voltage output, but in addition, the supply must be controlled by an electronic switch.  As previously 

discussed, a linear power supply design was selected for this supply. 

Circuit Design  

As shown in Figure 17 below, there are three main stages of the high level design of the power supply. 

 

Figure 17: High Level View of Grid Power Supply 

The first step in the high level design for the power supply is to rectify 117VAC using bridge rectifier with 

a voltage doubling capacitor configuration shown in Figure 18. 

 

Figure 18: Voltage Doubling Capacitor / Rectifier Configuration 

The input power will be first attached to a 1:1 isolation transformer.  This configuration will result in a 

330V unregulated signal.  Alternatively, a 1:2 transformer could have been selected, and that signal 

rectified to the same 330V signal, still using a capacitor to filter the voltage to DC.  Ideally, a transformer 

which would permit a peak voltage output closer to 200V would have been selected.  Having a 

transformer at that voltage would mean less power dissipated in the power supply.  Unfortunately, 

transformers at that specific output voltage were not readily available, and a standard 1:1 transformer 
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was chosen for the input.  The capacitors C1 and C2 were chosen to provide a high amount of regulation 

for the first order analysis of the circuit.  The minimum voltage on the input of the regulator block will 

be 240V.  This will allow for the minimum drop-out voltage as well as some fine tuning if a slightly higher 

output voltage is desired.  To determine the capacitor size, reference Figure 9 and solve for tc as before 

(see page 29): 

tc =
cos 1 240V

360V
2 ʌzz 60Hz

= 2.231mS 

Now, solving for C as before with I = 16mA: 

C= 6.102mSᶻ
16mA

240V 360V
= 0.813АF 

{ƛƴŎŜ ǘƘŜ ǘǿƻ ŎŀǇŀŎƛǘƻǊǎ ŀǊŜ ƛƴ ǎŜǊƛŜǎΣ ŜŀŎƘ ƻŦ ǘƘŜƳ Ƴǳǎǘ ōŜ мΦснс˃C ƻǊ ƳƻǊŜ ǘƻ ǇǊƻǾƛŘŜ ǘƘŜ лΦумо˃C 

desired. 

The regulation block proved to be the most complex.  There are few high voltage regulators available.  

Most regulators have a Vin to Vout differential of less than 50V [9].  In order to combat this, a design 

from National Semiconductor, shown in Figure 19 below, was used to "float" the regulator at a higher 

voltage [13].   
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Figure 19: High Voltage Regulator from National Semiconductor [13] 

Feedback from the output of the regulator feeds transistors Q1 and Q2 through a Zener diode which 

keeps the output voltage within 5V of the input voltage.  In this way, the transistors bring the output 

voltage down to approximately the output voltage, and the regulator removes any residual noise and 

ripple on the signal [13].  The regulator chosen for this design was a National Semiconductor LM317 

which has a maximum Vin - Vout differential of 40V. 

As a first approach, this design was quickly prototyped.  A SPICE model was not available from National 

Semiconductor's website, so no SPICE modeling was done before hand.  In order to achieve a higher 

voltage than the recommended 160V maximum, TIP50 (which have a much higher VCE maximum rating) 

transistors were substituted for Q1 and Q2.  The datasheet for the TIP50 transistor is found in Appendix 

C.  Preliminary tests of this design showed good regulation at extremely low current loads (Rl = 


