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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

Since the mid 1930s the world has been fascinated by the idea of an “invisible” matter known today as
dark matter. In 1933, Dr. Fritz Zwicky observed that some orbiting masses in space were orbiting with a
velocity far faster than could be explained by the observed mass. This led to the proposal of a “missing
mass”, today known as dark matter [1]. After over 70 years, dark matter research is still alive. Due to
dark matter’s lack of electromagnetic interaction, physicists and astronomers have been 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].

7 3% DARK ENERGY

\2%% DARK MATTER
1 3.6% INTERGALACTIC GAS
0.4% STARS, ETC.

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 — 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 — 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 — 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

with the assistance of the corona shield’s power supply.

Corona Shield — 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 <“Grid” Minitron
117V 60Hz i » Cathode / Filament Supplies (o< Heating Coil and Cathode
HV Controller »  HV Supply <Acceleration Potential

Figure 3: Overall Layout of Power Supply

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 10pA. 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 can be modeled as a resistive load at approximately 1Q. Unlike the 200V supply, the load will

be constant and will always be connected to the supply.
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Figure 4 below shows a high level block diagram of the Cathode and Filament supplies.

IIYTAC

Transformer

I

Rectifier

I 3VDC Regulated
3A Maximum

Regulator & ———»

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 Current |3A

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.

117VAC

I

v

Rectifier with
Voltage Doubler Micro Controller
Configuration
®
~340VDC |
v
Requlator Current Electronic
9 200vDC Amplifier 200VDC Switch
Regulated 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 output of 200VDC at 10mA, the load will be modeled as a 20kQ resistive load.
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 100uS. The maximum allowable rise or fall time specified will
be 10% of the minimum on time, 10us. 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 Current |16mA
Output Ripple <3%
Input Voltage 117V + 5% 60Hz
Switching Rise Time <10pS
Switching Fall Time <10uS
Operating Temperature 20°C - 25°C

Table 2: Grid supply Design Requirements Summary

21
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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 50uA 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.

Input Voltage
Pin
Output Enable

Spellman TOF3000 -30kV

Current Monitor

Voltage Monitor

Figure 6: Block Diagram of HV Supply Controller

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.



B. Buck, N. Franco 26 April 2009 25

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 Voltage |10V + 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 impedance of > 1MQ, so the current drawn is
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%.
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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 U1l
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]:

R,
Vo = 125V # (1 + —)
Ry

With R2 = 121Q, R3 was found to be 169Q. A trim pot was used to select this precise value. The input
capacitance, C1, was chosen to be 10uF as suggested by the data sheet in order to maintain stability.

Similarly, the output capacitance was chosen to be 10uF 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 10uF 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.

1N4001
11
V1 2 =
;ATHV’“}-'! +[.\ LT1084 2
Z
oo\ 2
~)
5 COMMON . Rr1 . RL
1210 .62 _ 310
Jj

8 lc‘l
; =10uF =
6
R2
F 3313011
|
L

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.

\{{;Lﬂ\u‘ © CAI” LT txf-r’é

m % T e '
e §meem¢
\Imw\ ’ ' \ '
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Figure 9: Capacitor Charge / Discharge Diagram

When the capacitor is discharging during t4 the voltage is given by:

Ve = sz:ak
Assuming a constant current of 3A:
d
d—? =[=3A
Now, taking the derivative of the capacitor voltage:
dve(® _ 1 dQ
dt C dt

Substituting, one finds:
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dve(t) 1

dt C

Now, integrating:

tdl
Ve () = Vpeak +f E*I*dt

to

During the charging cycle, the capacitor voltage follows the rectified transformer voltage:
Ve (£) = Vpeak * cos(2 * 1+ 60Hz * t)

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, t,, is first found. With Ve =

7V:
4.4V =7V xcos(2 *m* 60Hz x t.)

7V COS( Z C)

-1 (—4'4V) 2 60Hz * t
COoSs = * TC * 7 *
7V ¢

e ()

t,. =————2=2.364mS
¢ 2sxm#*60Hz m

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

sinusoidal voltage, to find tq4 the charging time is subtracted from half of the period.

5.9696mS
44V =7V + f E* (—=3A) x dt
0

Moving constants out of the integral:
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(4‘4V _ 7v) % C 5.9696mS
[
—3A .

Evaluating the integral:

(AAV=TV)*C_ oo
“3A - >7brbm
Solving for C:
C = 5.9696mS 3 6.88mF
= 5. *————— = 0.
> gav—7v) o

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

6.88mF.

TRIGGER
Type

Figure 10: 3A Simulation (Yellow — Input to Regulator, Blue — 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.
The transformer had a measured output impedance of 0.15Q. 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:

4.4V
cos™ ! (—)
5.2V
=———=222 = 1491
¢ 2%m#*60Hz 91mS
Re-evaluating for the capacitor size yields:
C = 6.842mS s —— o —17.106mF
= 6. mS * = . m
(4.4V —5.2V)

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.

Coupling

Figure 11: 3A Simulation with 17.107mF (Yellow — Input to Regulator, Blue — Output of Regulator, 1V/div. 2ms/div.)
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TRIGGER
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b Zm=

Figure 12: 3A Simulation with 39mF (Yellow — Input to Regulator, Blue — 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]. An approximation of the output resistance of the regulator is 100mQ from
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.

The power efficiency of these supplies is important. From above, with a 1Q load at 3A output current,
the regulator dissipates 5.4W of power. Delivering 3A to 1Q dissipates 9W of power. Finding power

efficiency:
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P
Efficiency = delivered * 100%

l:)dissipated + lDdelivered

9w
Efficiency = m *100% = 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.
1N4001
11
V1 2 ™
117 Vrms LT ut
51 LT1084 2
B0 Hz /+ 3|||& 8
0° l\:: J % % orrace
5 20 c1 Compaon LR1 LRL
e < c2 <
==39mF §s121n==muF >10
0
0 R2
>1800 =
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.

Ui
vin . LT1084 2 Rsense Vout
Oz, W 0
COMMON
gm_
0

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.

™ - ) Y Yy
165V Switch/
A Sine Rectify | ~330V Regulate = 200V S| 200y Regulated
Power Amplifier
Wave Output

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.

Vi

0°

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 t. as before

(see page 29):

o1 (240V)
360V
tp = ———%-=2.231mS
¢ 2xmx60Hz m
Now, solving for C as before with | = 16mA:
—16mA
C=6.102mS * = 0.813pF

(240V — 360V)

Since the two capacitors are in series, each of them must be 1.626uF or more to provide the 0.813uF

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 V¢ 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 =
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10Mohm) however at higher current loads, the design began to fail, with the output voltage dropping

much lower than 200V.

Using the SPICE model from Texas Instruments for the LM317, simulations were completed to look for
the cause of failure. Figure 20 shows the Multisim Model used to simulate the circuit. Note that instead
of modeling the transformer, a sinusoidal voltage source was used. Using this model, it was possible to

pinpoint the problems with the initial design.
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Figure 20: Multisim Model of Grid Power Supply (1st design) [13]

In order to test this design, different values of Rl were chosen, and the output observed. To set the
experiment up, Rl was chosen to be 10MQ. The voltage divider of R4 and R5 sets the output voltage to
be at 200V. The capacitor C1 is required by the U2 to ensure output stability. Without the capacitor,
small changes in the output current could cause oscillations in the regulator. Aside from modifications

to R4 and R5, all of the component values came from Figure 19 [13].
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The circuit failed when larger amounts of current were drawn from Vout because the amount of base
current for Q1 could not compensate for the added loads. Simulations showed that with a 500kQ load,
that there was on an order of 150pA of current drawn from Q1. With a 50kQ load most of the current
flowing through R3 flows through the diode D1, and the base current was an order of magnitude lower,
15pA when it should have been much larger. Currents this low in simulation indicate that these

transistors are driven into cutoff, increasing the V¢ across Q2, which lowers the output voltage.

In order to correct the design, series pass transistors were added to the model in order to reduce the
output current drawn directly from the U2 [9]. These series pass transistors acted as a current amplifier.
The V¢ will remain nearly constant at 0.7V, however the transistor will supply Bz*ibase on the output.
This would reduce the current load being drawn from the regulator by B? in the Darlington configuration
shown in Figure 21. In this way, the load resistance seen by the regulator was increased significantly [9].
With these additions, simulations confirmed that the regulator properly regulated at 200V. Figure 21

below shows the circuit used for simulating this addition.



B. Buck, N. Franco 26 April 2009 42

V2

120 Vrms
60 Hz

D3 0 D4 0 Q3
™ [ . BJT_NPN_VIRTUAL 17
DIODE_VIRTUAL DIODE_VIRTU|
10 Qi
D6 l—lss— R3 ] Q4
> —|: BJT_NPN_VIRTUAL BJT_NPN_VIRTU
DIODE_VIRTUAL DIRDE_VIRTUAL 100kQ
c3 c4
Il 1l ce
] Qz =1.0uF
30uF 30uF 2_}\‘ BJT_NPN_VIRTUAL
R1 u2
1kQ LM317new
3 RZ LINE VREG|—
16—

1=}

I~

=

Y=)

P =

=

>

(=]

o
AAA—

R4 R6
1500 %2.7 RI

|
R7 14 7
1000
D2 RS c1

ZEDIODE_VIRTUAL 1 UF

AN
o
(=]
F3
o)
Il

Figure 21: Modified multisim circuit with series pass transistors

In order to test this design, the simulation was run with Rl =10MQ. The output voltage is at 197V, and
slight adjustment of the resistor pair R4 and R5 can easily bring this to 200V exactly. However, the
regulation varied significantly with the load. A second simulation was done with Rl = 8kQ and the results
were far from satisfactory. The simulation showed a voltage change of nearly 4% with the change in
load, outside the design specifications. Since this supply would be switching from 1mA load to zero load,

this is particularly unacceptable.

Even with a Darlington pair used to increase the current amplification of the transistors, the amount of
current being drawn from the U2 was too great to ensure proper regulation. To correct this flawed
design, a high voltage regulator was found which could replace the regulator block as well as the
transistors Q1 and Q2. The Supertex LR8 regulator can regulate voltages up to 400V, sourcing up to
10mA. The regulator will be able to regulate the voltage, but the design must be able to source up to

16mA of current.
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Replacing the regulator circuitry with the Supertex LR8 greatly reduced the complexity of the circuit
since there was no longer a need to “float” the regulator at a higher voltage [16]. The datasheet for the
Supertex LR8 is located in Appendix F [15]. A series pass transistor is used to increase the amount of
current which can be drawn from the supply. Unfortunately, there is no SPICE model available for this

regulator. Efforts made to contact the manufacturer about the device were fruitless. Figure 22 below

shows the schematic for the supply with the Supertex regulator.

Vi1
117 Vrms !

60 Hz

o o b1, D2 LR8 Jompso

J_ 1 D J_ B 1 | ZNINTTES
D3 D4 C1 COMMCN P
3 3, N 30uF 402kQ ==1.0uF Vout vout
c2 T 1T T |
R4 J_c4
0 0 402kQ 25uF

Figure 22: Grid Regulator Design with LR8

Notice that there is a 402kQ shunt resistor, R3, attached to the output of the regulator. The regulator
requires that a minimum 500pA of current is drawn to ensure stability. Because the supply will be
switched on and off, R3 is in place to ensure this requirement. In addition, there is a 402kQ resistor, R4,
in parallel with the output capacitor to ensure that large amounts of energy are not stored in the
capacitor when the circuit is disconnected from power. Also note that C1 and C2 were selected to be
30uF. Selecting a larger capacitor allows the circuit to be easily extended to higher currents. The

resistors R1 and R2 were chosen based on the following formula from the LR8 datasheet:
Ry\ | .
Vour = 1.20V % (1 +R_> + i * Ry
1

Solving for R2 gives:
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Vour — 1.2V

12v, . R
R, T lag

Evaluating for i,g = 10pA typically, R1 = 2kQ, and Vout = 200V yields:

200V — 1.2V

1.2V
kT 10pA

=R, = 325.9kQ

In practice, the value of 329kQ was selected using a trim pot to account for variations in i,q; and the

voltage drop Vg in the output transistor.

Using the series pass transistor Q1TIP50, the regulator only needs to supply the base current to the
transistor which is very low. It allows for much larger output currents as a precise output voltage. Even
without using a Darlington pair to further amplify the current as in the previous design, this regulator
works well. The circuit was built and tested on the bench. Several experiments were set up in order to
test the power supply. Voltage was tested with no load, with 10kQ load and with 20kQ load. The

regulation was stable in all cases.

The regulated circuit outputs to an electronic switch, which is controlled by the microcontroller. This
switch pulse width modulates the 200V signal in order to control the neutron flux. Originally, a design
incorporating an optocoupler was considered because it would electrically isolate the microcontroller
from the 200V supply. However, it was found that the response of the optocoupler was too slow to be
used in the design. The rise and fall times were on the order of 40uS for optocouplers which could
handle the voltage. An alternative design was considered which used transistors to switch the current.
This design had the benefit of being much faster; however, it lacked the desired electric isolation of the

optocoupler design.
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The circuit, shown in Figure 23 below, uses two transistors to switch the output voltage high and low on

to the load, modeled as RI.

VCcC VCcC
200V 200V
2 Re
2 40kQ
Q1 |1 Q2
Vai R3
LB S W
1kQ *
Vout

Figure 23: Electronic Switch Circuit

The transistor selected was the Fairchild Semiconductor 2SC3503FSTU transistor. This was selected
because of the high voltage capabilities and the high transition frequency, the importance of which will
be discussed later. The first transistor, Q1 inverts the signal. This is desired for two reasons. First, if the

output were to be taken directly from the base of the second transistor, the load, Rl would be part of a

voltage divider. Figure 24 below shows this circuit.

_vee
200V
.Re
§ 40kQ
al
Vaig R3 -
D—fxmi{ X

Vout

Figure 24: Common Emitter switch showing voltage divider output
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The collector resistor Rc would need to be very low in order for the desired output voltage to be met,
and this would cause unreasonable amounts of current to flow through the resistor when the output
was “off”. In addition to this reason, it will oftentimes be unnecessary to operate the circuit with a

pulsed output, and simply grounding V;; will cause the switch to be on.

An alternative is to use an emitter follower configuration where the voltage output is taken from the

emitter of the transistor. Figure 25 below shows this configuration.

vee
200V
Q2
Vaig R3 1 o
W, A -
1k
Vout
t—O
SRL
0

Figure 25: Emitter Follower switch showing large Ve

However, the input signal V;; will be on the order of 2.7V from the microcontroller. Since a transistor in
the forward active region, or in saturation, has a Vg on the order of 0.7V, the microcontroller output
voltage would need to be 200.7V in order to properly bias the transistor on. For this reason a common
emitter stage is used to amplify the signal from the microcontroller to approximately 200V. Then this
signal is fed into a emitter follower stage where the concerns about the output being part of a voltage

divider are no longer present.

One difficulty using a transistor switch is the delay caused by removing the saturation charge from the
base when switching the transistor off. In order to reduce V¢ as much as possible, the transistor is put
into the saturation region [17]. In order to accomplish this, excess charge is pumped into the base of

the transistor [18]. In order to turn off the transistor, this charge must be removed which takes time.
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Until this charge is removed, the transistor remains in saturation and only once that charge has been
removed does it traverse the forward active region eventually resting in the cutoff region. Additionally,
when the transistor is turned off, current flows out of the base terminal. It is desirable to have this
current leave the base as quickly as possible in order to increase the switching speed [18]. For this
reason, a low base resistance is chosen. In addition, the transition frequency of the transistor effects
the switching speed [18]. The transition frequency for the transistor is dependent on the collector
current. For the transistors selected, the optimal transition frequency occurred around 30mA of
collector current [19]. However, at 5mA of collector current, there was not a significant change in
transition frequency. By paying a small price in transition frequency, a significant reduction in power
dissipation was earned. The collector resistor on Q1 is 40kQ which causes 5mA of current to flow
through Q1. This resistor dissipates 1W of wasted power, however it is necessary in order to achieve an
acceptable switching speed. An alternative design might utilize MOSFET switches. MOSFET switches do
not have this problem, however a MOSFET which could take a Vgs of >200V could not be practically

found.

The final design for the regulator is shown below in Figure 26.
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Figure 26: Final Regulator Design

Power Dissipation Analysis
The power dissipation analysis is important. At nominal operating point, the power supply delivers

10mA at 200V. This is a delivery of 2W. Also in the power supply, Figure 22, several components
dissipate power into heat. The power dissipated by the bridge rectifier is insignificant and will be
ignored. The transistor Q1 nominally has a V¢ of 130V. At a nominal load of 10mA, combined with

another 5mA being drawn from the electronic switch, the power dissipated in the transistor is given by:
PTransistor = VCE * IC
130V * 15mA = Prapsistor = 1.95W

This component will need to have an appropriate heat sink attached to it in order to safely dissipate this

heat load. There are two 402kQ shunt resistors with 200V across them. Power dissipated in a resistor is

given by:
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VZ
PResistor = E

200V?
402kQ

= 1:)Resistor =99.5mW

The voltage divider should also be considered:

200V?2

m = PVoltage Divider = 120.8mW

With a minimum large signal beta of 30, the transistor bias current is 333.3pA or less supplied from the
LR8. With a large input capacitance, the input voltage to the regulator is approximated as 330V. With

130V across the LR8, the power can be calculated:
Pregulator = Vbitferential  * loutput
130V * 333.3pA = Pregulator = 43.3mW
The total power dissipation is:
Preansistor + 2 * Presistor + Pvoltage Divider + Pregulator = Protal
1950mW + 2 * 99.5mW + 120.8mW + 43.3mW = Py = 2.31W
With 3W being delivered, 1W to the switch and 2W to the Minitron, this gives an efficiency of:

P
Efficiency = delivere d «100%

dissipated + lDdelivered

3w

Efficiency = m *100% = 56.4%

The stability of this circuit depends on two factors. First, the stability depends on the stability of the LR8

regulator. The regulator is guaranteed to be stable to within 3% for a current change of 0.5mA to 10mA



B. Buck, N. Franco 26 April 2009 50

at an output of 5V. Since the change in base current to the series pass transistor will be very small
compared to the constant current drawn from the 402kQ resistor, this leads one to believe that the

stability of the regulator will not be significant. However, this will need to be tested in the final design.

The second factor depends on the Vg of the TIP50 series pass transistor. This factor is mostly
dependent on temperature and the collector current. However, it ranges from 0.6V to 1.01V over an |,
current range of 10mA to 2A. A change of 0.4V corresponds to less than 0.5% of the output voltage, so
the stability of the series pass transistor will also likely be insignificant. However, this will need to be

tested in the final design.

Aside
If a higher switch frequency was needed, one possible design enhancement would be to use an emitter

switch configuration for the electronic switch shown below in Figure 27

vCC vCC
200V 200v
Re
§40k0
-
at |1 Q2
Vbias
O ha e
2 | Vout
Q3
Vsig E §RL
0
0

Figure 27: Emitter Switching for Faster Switch Times

This design uses a MOSFET to switch the current in a transistor. This has the benefits of decreasing the

current drawn from the microcontroller. This will also give an improvement in the switching speed [18].
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30KkV Controller Interface
The 30kV controller interface programs the 30kV power supply output. The circuit, which can be seen in

Figure 28, explains the functionality of the front-end interface and the connections to each of the pins of

the DA-15 connector.

l:m R2
= 28K0 238k
1
2 J
1w
— 24V c
D1
0 TV R3
10kQS
L ooydbdbdyd
Pins: 2 5 & T 8 12 13 15

Figure 28: 30kV Controller Interface Schematic

R1 and D1 provide a 10V signal to pin 2, which specifies that 30kV is desired at the output. R2 and R3
provide a TTL high signal to pin 12, connected with a switch. This allows the controller to turn on and off
the power supply. Pin 15 provides power to the supply, and 6, 7, and 8 should normally be grounded.
The circuit is powered by a 24V power supply. Each pin shown in the figure above has a specific

function. Table 4 lists all of the pins in the DA-15 interface connector and, if the pin serves a purpose,

describes the function of the pin.
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PIN [SIGNAL SIGNAL PARAMETERS
1|Spare n/c
2|Voltage Program Oto 10V =0to 100% Rated Output
3|Spare n/c
4|Spare n/c
5[Voltage Monitor Oto 10V =0to 100% Rated Output
6|TTL Polarity Control Signal |Hi = Positive Polarity, Low = Negative Polarity
7|Signal Ground Signal Ground
8|Power Ground Power Ground
9(Spare n/c
10(Spare n/c
11(Spare n/c
12(TTL HV Enable Hi = Inhibit, Low = Enable
13|Current Monitor Oto 10V =0to 100% Rated Output
14|Spare n/c
15(+24Vdc +24Vdc, up to 2A

Table 4: DA-15 Connection List

52

As can be seen in the figure and the table, pin 2, or the voltage program, controls the voltage output of

the 30kV power supply. Figure 28 displays only one of the values available to pin 2. With a switch used

with the diode configuration shown above, the user will be able to choose from 4 different voltages:

10kV, 15kV, 20kV and 30kV. Pin 5 will be used to monitor the voltage being passed through pin 2. Pin 6

controls whether the voltage at pin 2 is positive or negative. This is done by providing pin 5 with either a

hi or low signal. Since the Minitron expects a voltage of -30kV, pin 6 may be connected directly to

ground. Pin 7 and pin 8, being signal and power ground shall share the same value as pin 6. By sending

either a logic 1 or logic 0 signal to pin 12, the user may decide whether the high voltage is enabled or
disabled. Pin 15, as can be seen in the table, will take in a voltage source of +24Vdc. After the designs

were completed, the circuit was created and mounted, which can be seen in the following image:
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Figure 29: Photograph of First Controller Interface

Figure 29 shows the first design of the controller interface with only one available voltage being placed
into pin 2. The connector shown on the left side of the photograph is known as a DA-15 connector and

contains a total of 15 pins arranged in the following manner:

1 8

o (i) ) ows
15

male
9

Figure 30: DA-15 Interface Connector [20]

Before the controller was connected to the 30kV supply, each of the relevant pins was tested for

functionality on the bench. A more rigorous testing routine is described in the testing section.
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Chapter 3: Testing

Cathode and Filament Power Supplies
The Cathode and Filament power supplies deliver the most amount of power as compared to any of the

other supplies. In order determine if this supply is functional, it will need to pass several tests. The
output voltage while loaded will need to be stable to within 10%. In addition, the ripple on the output
line must be less than 3%. The junction temperature will also be calculated to ensure that the

components are not generating too much heat.

Output Voltage Ripple
The ripple on the output voltage line is of moderate interest. Because these supplies are being used to

power a heating coil, which requires only low precision, the output voltage ripple is not critical to the
design. However, it is still desired to have a low value of 3% for the output ripple voltage. In order to
test this the supply will be attached to a 1Q load. An oscilloscope will be attached to the output
terminals and set to the AC coupling setting in order to measure the ripple. In addition, the ripple across
the input capacitor (C1 in Figure 14 on page 35) will be measured. This will help ensure that the voltage

on the input capacitance never drops to 1.5V above the target output voltage.

This testing was completed on 18 Apr. 2009. The results are summarized in Table 5 below.

Test Measurement
Output Voltage Ripple [<1mV pk-pk
Capacitor Voltage >6.52V

Table 5: Ripple Test Results

The test results gave an output voltage ripple of less than 1mV pk-pk. This is extremely small, and is
considered negligible. This meets the 3% ripple criteria. The voltage on the capacitor never dropped
below 6.52V, indicating that there was no danger of approaching the 4.4V minimum regulator input

voltage required to maintain 3V on the output. The regulator passed these tests. In addition, the supply
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was tested with a varying wall supply voltage. Using a variac, the RMS value of the input voltage was set

at 117V, 125V, and 105V to determine if there was any change in the output. For this test, the supply
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was preset at 3V using a 1Q load. The results are shown in Table 6 below.

RMS Input (V) |Measured Output (V) |Input Variation (%) [Output Variation (%)
105 2.999 -10.26 -0.033
117 3.003 0.00 0.100
125 2.992 6.84 -0.267

Table 6: Grid Test Results with Varying Input Voltage

These tests indicate that the supply operates at voltages +5% of the nominal 117V RMS of standard wall

power.

Thermal Stability
The Cathode and Filament supplies dissipate a considerable amount of power in the voltage regulator.

The power, dissipated in the form of heat, causes the supplies to heat up. The regulators in use,
AP1084, can adequately regulate at a junction temperature of up to 125°C [11]. In order to keep the
temperature below this, the regulators are supplied with heat sinks to dissipate heat more rapidly. The
purpose of this test is to ensure that the junction temperature does not exceed this maximum 125°C. In

addition, the regulator stability with temperature will be measured.

For this test, the regulator will be pre-set to 3V at 3A (on a 1Q load). The regulator will be turned on,
and the output voltage will be measured. After 10 minutes of run time, the temperature of the
regulator will be measured using an infrared thermometer. The output voltage will also be measured to

see the change with respect to temperature.

After 10 minutes, the temperature measured on the regulator was 78°C. The datasheet gives the
thermal junction to case resistance of Oy, = 3.5 °C/W. The circuit in Figure 31 below can be used to

approximate the junction temperature.
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Figure 31: Thermal Circuit

With Oy, = 3.5 °C/W, T, = 20°C, and Tys = 78°C, the junction temperature is found as follows:

ch = THS + 5.4W % OTH

o

C
T = 78°C+ 54W % 3.5 —=96.9°C
w

This junction temperature, while high, is far below the maximum functioning temperature of 125°C.
Even with the substantial increase in temperature, the regulator remained very stable. At the beginning
of the test, the voltage was measured at 3.02V. At the end of the test, the voltage had dropped by
10mV to 3.01V. This represents a change of 0.33%. This is far below the 10% requirement of the supply.
Considering the small range of necessary operating temperature, between 25°C and 20°C, and the large
amount of temperature and voltage margin, this test demonstrated satisfactorily that the supply meets
the temperature specification. Because there was not a reliable way to heat the testing apparatus to
25°C, no test was done at this temperature.

Grid Power Supply

The 200V Grid Power Supply is the most complicated supply to test because of the pulsed output. In
order for this supply to be deemed functional, it must pass several tests. The output voltage stability
must be maintained over a range of output current loads. The ripple on the output voltage line will also
be measured, excluding switching transients. The thermal stability of the supply will also be tested to
ensure that the supply will not over heat and that the pass transistor has a proper heat sink. In addition,

the switching transients will need to be analyzed at a variety of output currents.
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Output Voltage Stability
The output voltage stability is the first metric used to determine if the supply is working properly. In

order to perform this test, the supply will be loaded with several different resistive loads and the change
in output voltage will be measured. To perform the test, the supply will first be calibrated at the
nominal current level of approximately 10mA. After this, a variety of different output loads are attached

and the change in output voltage is measured. Table 7 below shows the loads to be used in the test.

Load [Target Current |Target Power
10kQ 20mA 4W
20kQ 10mA 2W
40kQ 5mA 1w

100kQ 2mA 400mWwW
1MQ 0.2mA 40mwW

Table 7: Test Loads and Predicted Current and Power for 200V supply

To complete this test, the supply will be attached to standard wall power, 117V AC 60Hz. The output
voltage will be measured by a multimeter attached across the load resistor. After adjusting the supply
to the 20kQ resistor, the other resistors will be attached and the output voltages measured. The supply

will be running at DC or 100% duty cycle.

The test was completed on 21 April 2009. Table 8 shows the results of this test.

Target Load (kQ) |[Measured Load (kQ) [Measured Output (V) [Error (%)
10 9.623 200.020 0.010

20 22.316 200.001 0.001

40 33.53 200.010 0.005

100 99.706 200.070 0.035

1000 9985 200.045 0.022

Table 8: Grid Testing Results with Varying Loads

These results show that the error is far less than the 3% allowable. The maximum observed error was
0.035%, which is excellent and demonstrates the stability of the supply designed. In addition, the supply

was tested with a varying input voltage. Using a variac, the RMS value of the input voltage was set at
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117V, 125V, and 105V to determine if there was any change in the output. For this test, the supply was

preset at 200V using a 22.316kQ load. The results are shown in Table 9 below.

RMS Input (V) |Measured Output (V) |Input Variation (%) [Output Variation (%)
105 200.140 -10.26 0.070
117 200.001 0.00 0.001
125 199.970 6.84 -0.015

Table 9: Grid Test Results with Varying Input Voltage

These tests indicate that the supply operates at voltages £5% of the nominal 117V RMS of standard wall

power.

Output Voltage Ripple
Unlike the 3V supply, the ripple on the output of the 200V Grid supply is important. This supply should

have less than 3% ripple on the output line to be deemed functional. In order to test this, the ripple will
be measured with an oscilloscope at 10mA output current. An oscilloscope will be attached across the
load in AC coupling mode and the peak to peak ripple value will be measured. Using a load of 22.316kQ,
the peak to peak ripple was measured to be 5mV. This corresponds to 0.0025% ripple. This meets the

specification of <3% ripple.

Thermal Stability
The thermal stability of the supply is of interest because the supply will be dissipating a considerable

amount of power into heat through the series pass transistor. The functionality of this transistor is
guaranteed only if the junction temperature is lower than 125°C. The transistor is supplied with a heat
sink in order to help it dissipate heat rapidly. For this test, the regulator will be pre-set to 200V at 16mA.
During previous testing, it was observed that after 5 minutes, the temperature appeared to have
reached its final value, and no noticeable additional increase in temperature was observed. For testing,

this amount of time was doubled to 10 minutes. For the test, the regulator will be turned on and after



B. Buck, N. Franco 26 April 2009 59

10 minutes of run time, the temperature of the regulator will be measured using an infrared

thermometer.

After 10 minutes, the temperature measured on the regulator was 41°C. From the datasheet a junction
to case resistance of Oy, = 3.125 °C/W is calculated. With this, the circuit in Figure 32 below can be used

to approximate the junction temperature.

Tje Bth The
AN
1.95W CD §Bhs
Ta

Figure 32: Thermal Circuit

With Oy, = 3.125 °C/W, Tys = 41°C, and T, = 20°C, the junction temperature is found as follows:

ch = THS + 5.4W x @TH

o

C
T =41°C+ 1.95W 3.125W = 47.1°C

This is far below the maximum temperature of 150°C. Considering the small range of necessary
operating temperature, between 25°C and 20°C, and the large amount of temperature margin, this test
demonstrated satisfactorily that the supply meets the temperature specification. Because there was not

a reliable way to heat the testing apparatus to 25°C, no test was done at this temperature.

Switching Transients
The output of the 200V supply is attached to an electronic switch comprised of two transistors. These

transistors turn the output on and off rapidly at approximately 1kHz. In order for the supply to be
deemed functional, the rise and fall time of the output must be relatively short compared to the period
of the switching frequency. Since the supply may be operated down to a 10% duty cycle, a minimum

rise and fall time of 10uS is required. 10uS is 1% of the total period at 1kHz. To test this, the supply will
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be run at 16mA at a 50% duty cycle. The output will be measured using an oscilloscope connected

across the load.

Testing indicates that this supply meets the switching requirements. Figure 33 below shows the

switching transient turning the output off.

Telk N Trig'd f Pos: 0.000s TRIGGER
+
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CHE .00y M 250ns CH2 184y
13-Mar—03 14:24 1.07343kHz

Figure 33: Switching Transient Turning Off. Blue Trace — Input (1V/div), Orange Trace — Output(50V/div) Time: 250nS/div

The blue trace is Vi, and the orange trace is the output voltage. Note that the transition happens in less
than 250nS. This is well below the 10uS requirement. The slower transition is turning the supply on.

Figure 34 shows the switching transient turning the output on.
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Figure 34: Switching Transient Turning On. Blue Trace — Input (1V/div), Orange Trace — Output(50V/div) Time: 250nS/div

Again, the blue trace is Vsig and the orange trace is the output voltage. Note that this transition takes

only 1uS to complete, but there is a significant latency of 4uS. This is because the transistors are being

driven into saturation. This test demonstrates that the electronic switch meets the 10uS rise and fall

time criteria.

30KkV Controller Interface

The 30kV controller was tested on 9 March 2009 at the Bates Linear accelerator facility. The purpose of

the test was two-fold. First, it was desired that the output of the controller was verified, and the
expected voltages were delivered to the output pins. Having completed that, it was possible to attach

the controller to the power supply in order to test the output of the supply.

Output of the controller
The controller interacts with the 30kV power supply by sending various voltages and control signals to

the power supply. In order to test the functionality of the controller, these voltages needed to be
tested. Of interest were the following pins:

e Pin 15:24VDC power

e Pin 12: High Voltage Enable

e Pin 8: Power Ground
e Pin 7: Signal Ground
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e Pin 6: HV Polarity
e Pin 2: Voltage Program

These would be tested by applying 24 Volts to the input (V1 in Figure 28) and measuring with a volt-
meter the output voltages. For pin 12, two measurements would be taken, one with the switch closed,

and one with the switch opened.

Before bringing the controller to Bates for final testing, all of the pins were tested and passed at WPI.
However, when testing began at Bates the controller was not functioning properly. There was no
consistency in the measurements, and the proper voltages were not being observed. Unfortunately,
while attempting to determine what the problem with the board was, one of the probes caused a hard

short over the power supply rails and destroyed the power supply.

It was determined that a faulty solder bridge which connected the power supply ground to the rest of
the circuit was the cause of the problem. After fixing this problem, and using a bench supply, the output
of the controller was verified. Table 10 below shows the criteria used to pass the board. In order for

the board to pass, each pin must pass.

Pin |Description Pass Criterion
15/24 VDC Power Error < 2%
12|HV Enable (J1 Open) |Value <0.1V
12|HV Enable (J1 Closed) |Value > 4.5V

8|Power Ground Value <0.01V
7|Signal Ground Value <0.01V
6[(HV Polarity Value <0.1V
2(Voltage Program Error < 2%

Table 10: Pass Criteria for 30kV controller Testing

The input voltage pin 15 must be within 2% of the nominal voltage, 24V. This is derived from the power
requirements of the TOF3000 which can be seen in Appendix A. For pin 12 with J1 open the criterion is
a value of less than 0.1V. This is a TTL input which should be set in the low position. Therefore, if the

value is less than 0.1V the pin is guaranteed to be in the low position. For pin 12 with J1 closed the



B. Buck, N. Franco 26 April 2009 63

criterion is a value greater than 4.5V. Again, this is a TTL input. With a value larger than 4.5V the pin is
guaranteed to send a logic high. The two grounds, pins 8 and 7 are tied together and tied to the input
power supply ground. As such, a value larger than a few mV would indicate some problem in the circuit.
Pin 6 controls the polarity of the output voltage and uses a TTL input. For the same reasons as pin 12,
this criterion is set at having a value smaller than 0.1V. Pin 2 controls the output voltage of the supply.

An error of less than 2% is desired for this pin.

Having defined the passing criteria for the test, the results are listed below in Table 11.

Pin |Description Expected |Observed (Units |Error Pass Fail
15|24 VDC Power 24.00 23.90( V 0.42%|Pass
12|HV Enable (J1 Open) 0.00 0.00| V 0.00% |Pass
12|HV Enable (J1 Closed) 5.00 4.83| V 3.40%|Pass

8|Power Ground 0.00 0.00| V 0.00%|Pass
7|Signal Ground 0.00 0.00| V 0.00%|Pass
6[HV Polarity 0.00 0.00[ V 0.00%|Pass
2|Voltage Program 10.00 9.90( V 1.00%|Pass

Table 11: Testing results for 30kV controller

All of the pins passed the test. The variation in the DC power was well within acceptable limits. The HV
Enable pin outputs acceptable TTL values. The Signal and Power ground were at zero, as expected. The
HV polarity was also at zero as expected. The Voltage Program pin had an error of 1%, which is less than

the 2% passing criterion.

Output of the supply
Having verified the functionality of the controller, the final test is to observe the output of the 30kV

supply. As mentioned earlier, the supply in use is a Spellman TOF 3000. This supply features both a
voltage and current feedback pin. These pins allow the use to measure a smaller voltage (0V - 10V)
which is proportional to the output voltage or to the output current. For this experiment, both the
direct output voltage as well as the feedback output voltage and current would be measured. The direct

output current would be calculated and compared with the feedback current result.
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The criterion for passing this test is for the output voltage to be within 1% of the programmed voltage.
In order to test the output voltage a 950MQ load will be used. At the desired voltage of 30kV, this
would result in a current draw of 31.50uA. Attached to the load is also a Fluke80k-40 high voltage
probe. This probe connects to any voltage meter and gives a reading of 1000 times less than the
measured voltage. This volt meter has an input resistance of 1GQ, so it will affect the current drawn
from the supply. The expected current draw is 61.59pA. In addition, another voltage meter would
measure the voltage feedback and current feedback pins. Since no testing enclosure was made for this
testing procedure, the power was turned on remotely and all personnel were out of the room while the

high voltage was on. Table 12 below shows the results of this test.

Measurement Expected |Interpolation [Observed|Interpolation |Units [Error Pass / Fail
Program Voltage 10.00 -30000.00 9.90 -29700.00| V

Output Voltage -29.70 -29700.00 -29.68 -29680.00| V 0.07%|Pass
Voltage Feedback 9.89 -29680.00 9.90 -29700.00| V -0.07%|Pass
Current Feedbacly 1.539V 61.57uA|1.547V 61.88uA -0.52%(Pass

Table 12: 30kV supply output test results

By the definition of the passing criterion, the supply has passed this test. It is also pertinent to note that
a crackling noise was observed while the supply was on, in addition to the observation of several small
pieces of paper being attracted to the testing apparatus. The crackling noise is generally indicative of
corona, which produces wideband noise and would be unacceptable in a final product.

Minitron

The Minitron would need to be tested at MIT Bates Laboratories. There are several safety factors which
need to be taken into consideration before the Minitron can be turned on. Primarily, there will need to
be shielding from the radiation dosage from the source and proper insulation from the high voltage
from the -30kV source. In addition, there must be proper precautions taken to ensure that the Minitron

itself is not damaged.
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Test Setup
A dry run of the test was conducted at the Bates facility on 9 April 2009 to verify the test setup. The

Minitron is housed in a custom made acrylic gas chamber and supported by two custom made Teflon
spacers. This chamber has two feed throughs, one for the low voltages (Grid, Cathode, Filament, and
ground) and one for the high voltage(-30kV HV Signal). Figure 35 shows a model of the acrylic tube with

the Minitron supported inside .

LV Port Acrylic
Minitron
Supports
HV Port

Figure 35: Minitron Testing Chamber Model for Radiation Protection

This model was used to help determine the predicted radiation dose rates while the device is in
operation. Before testing can begin, the radiation protection department at MIT Bates must ensure the
safety of the staff working at the facility. The acrylic tube provides some neutron shielding because it is
rich in hydrogen. When neutrons collide with hydrogen, they lose a considerable amount of energy
[21]. It was decided that the dose rates would be low enough, and the acrylic would provide enough
shielding for humans to safely work in close proximity to the device. A small amount of extra shielding

would be added in the final test setup.
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In addition, the chamber has two gas ports for filling the chamber with Sulfur Hexafluoride (SFg)
insulating gas which are not pictured in Figure 35. Figure 36 below shows a labeled photo of this

chamber.

Gas Ports
LV Port

HV Port

Figure 36: Testing Chamber

The Minitron is placed inside of the acrylic tube and set on the Teflon spacers. The low voltage wires are
attached to the low voltage feed through. The low voltage feed-through has been sealed with epoxy to
make it air-tight. It is bolted to the acrylic tube with a layer of RTV-103 sealant to make an air tight seal.
A wire screws into the corona shield of the Minitron and attaches via a clip to the high voltage feed
through. The high voltage feed-through flange is bolted to the acrylic tube with an O-ring, which makes
the chamber air-tight. After this has been completed, the power supplies are attached to the feed-
throughs. The high voltage supply is connected to a wire which is soldered to a washer, bolted to the
end of the feed-through. The low voltage supplies are connected via a standard 6 pin connector. Figure

37 below shows the bench with the Minitron connected to the feed-throughs.
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Figure 37: Minitron connected to feed-throughs

Once the supplies are connected, the gas ports are connected to the SFg bottle. SFgis pumped into the
chamber to provide insulation inside the chamber. The chamber is filled until the pressure inside is 7psi.
The chamber has an extremely low leak rate, 7 days after the test was completed, there was no

discernable drop in pressure.

Once the gas ports are connected, the neutron insulation must be put in place. MIT uses polyethylene
blocks to insulate against neutrons because it is very rich in hydrogen. Other good neutron insulators
are water and borated plastic. Neutron detectors will be placed both inside the insulators, to measure
the neutron flux from the device, and outside the insulators, to measure the neutron flux penetrating

the insulation. Figure 38 below shows the final setup with the neutron insulation in place.
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Polyethylene

Figure 38: Final Setup with Neutron Insulation in Place

Having shielded against the high voltage with the SFs and against the neutrons with polyethylene, it is

now safe to turn on the power supplies. However, for the dry run, the power is disconnected from the
Minitron and tested independently. The loads are attached to the low voltage cable so that the power
supplies can be tested in conditions as close to actual running conditions as possible. The Cathode and

Filament loads are simulated using a 1Q resistor, and the Grid load is simulated using a 22.5kQ resistor.

Having disconnected the Minitron, the electrical testing could begin. The AC line which powers the Grid
Cathode, Filament, and high voltage supplies was plugged in. All three of the low voltage supplies were
attached to an oscilloscope for calibration and monitoring. At the start, the Cathode and Filament
supplies were running at approximately 1.5V each. The Grid supply was turned off. The voltage on the
Cathode and Filament supplies was slowly increased to the target values of 2.5V. After this had been
done, the Grid supply was turned on in DC mode (no pulsing). If the test was being run with the
Minitron, at this point the 30kV supply would be turned on. With all of the supplies in DC mode, the test
was run for 10 minutes. At the end of the test, there was no detectable difference in the output of the
Grid, Cathode, or Filament supplies. The temperature of the heat sinks was measured, and the results

given in the table below.
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Item Temp.|Max Temp.|Units
Cathode Regulator 78 125 °C
Cathode Regulator Heat Sink 68 - °C
Cathode Transformer 34 - °C
Cathode Bridge 34 150 °C
Cathode Load 97 - °C
Filament Regulator 78 125 °C
Filament Regulator Heat Sink | 80 - °C
Filament Transformer 29 - °C
Filament Bridge 33 150 °C
Filament Load 95 - °C
Grid Pass Transistor 41 150 °C
Grid Transformer 27 - °C
Grid Load 30 - °C

Table 13: Temperature Results after 10 minute test

Testing Results
Testing of the Minitron was completed on 9 April 2009 at Bates lab. Zilu Zhou from SLB Inc. came to

assist with the testing. After preparing the Minitron chamber as above, the power supplies were to be
connected. Several portable multimeters were used to keep track of the currents running through each
of the supplies. The Cathode supply was attached first, and run at 1.5A. As the Cathode heated up, the

current dropped to around 1A.

The Grid supply was the next attached. Unfortunately, due to an operator error, the supply was
connected over a 1Q load to ground, which destroyed the device. For the remainder of the Minitron
testing, a commercial 200V supply was used. The Grid supply was set at 200V, and the current
monitored. The Cathode current was then increased, slowly, until approximately 10mA of current was
detected on the Grid supply. Over a period of approximately 5 minutes, the cathode current was
increased from 1.5A to 2.52A. This transition needs to happen slowly because of the extreme
temperatures reached by the Cathode. As the current is increased, the Cathode reaches temperatures

exceeding 1000°C. In order to reduce any thermal shock, the current is increased slowly.
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The current being observed on the Grid indicates that an electron beam has been established inside the
Minitron. The next step is to apply current to the Filament. This will release low pressure deuterium
gas, which will be ionized by the electron beam. Similarly to the Cathode, the Filament reaches
extremely high temperatures, and needs to be slowly heated. The current is again set at 1.5A, and

slowly raised to 2.0A. This value will be changed once the high voltage supply is turned on.

With the presence of ionized deuterium molecules in the device, the final step is to attach the high
voltage supply. This provides the bias to accelerate the deuterium molecules into a deuterium target.
When they collide, they release neutrons. The high voltage supply was turned on, and measured at
29.78kV. The Filament current was increased to 2.17A until a current of 120uA was read on the high

voltage supply.

The detector, shown in below, began to detect neutrons.

Figure 39: Neutron Detector registering Neutron Flux

Gerry Fallon, the radiation officer at MIT Bates, recorded 0.5mRem / hour at 6 inches away from the
Minitron, recorded at the center of the cylinder, and at the center of the tube. These radiation doses

are not harmful to humans for short term exposure. This concluded a successful test of the Minitron.
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Having recorded neutron generation, the Minitron was turned off. In order to do this, the high voltage
supply was first turned off to stop the production of neutrons. Then, the Filament supply was reduced
to 1A of current. Following this, the Cathode current was reduced to 1A of current. Finally, all of the

supplies were disconnected, and the Minitron was thereby turned off.
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Chapter 4: Conclusions and Recommendations

Having completed the design, prototyping, and testing of the supplies and controllers, as well as
successful neutron generation, one can make several comments about the success of this project, as
well as ideas for future improvements.

Conclusions

The over-arching goal of this project was to develop the entire front end electronics needed to operate a
compact neutron source. There were three supplies made, the Grid, Cathode, and Filament. In addition
controller board was designed to control a high voltage supply for the Minitron. The Grid supply
supplied 200V at currents of up to 16mA, pulse width modulated at up to 1kHz. The Cathode and
Filament supplies were identical, supplying up to 3A at 3V. The controller board specified an output of
30kV on a commercially available power supply. A custom housing was also designed for the Minitron
to facilitate testing. Once all of these things were done, with the help of Zilu Zhou from Schlumberger,

the Minitron was turned on, and neutron flux was observed. In all, this project was a success.

Although the Grid supply was destroyed before it could be connected to the Minitron, it had been
tested in similar conditions, and we are confident that it would have functioned properly. Testing
indicates that at 200V with a change from 2 to 20mA load, the maximum voltage change will be
0.035%. In addition, at an ambient temperature of 20°c, the junction temperature of the series pass
transistor did not exceed 47.1°C. This is far below the requirement of 125°C. The electronic switch for

the microcontroller functioned properly, quickly switching the 200V output on and off.

The Cathode and Filament supplies proved to be very stable during testing. Over the course of 10
minutes, the voltage over a 1Q load changed by 0.33%. This greatly exceeds the specification. The main
drawback, however, is the power dissipation in the regulator. The regulator circuits designed have good
efficiency 62.5% but still generate heat which need to be dissipated. Tests indicate that at 20°C

ambient, the regulator junction temperature does not exceed 96.9°C at full power load. This is much
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less than the 125°C maximum but still represents a considerable amount of heat, 5.4W, being

generated. This is the tradeoff, however, of a linear design versus a switching design.

The high voltage controller worked perfectly, as would be expected from a precision high voltage supply.
The output voltage was within 1% of the desired output voltage, and did not vary during testing. The
current feedback pin reported a current with less than 1% error of the predicted current value. This
current feedback pin was also extremely useful while testing the Minitron, as current being drawn from
the HV supply indicated that D-D reactions were taking place.

Recommendations

The Grid supply performs very well. Even at large currents, the output remains stable. Since this supply
is dissipating such low power, thermal concerns are not nearly as important as with the Cathode or
Filament designs. Even if a more efficient switching design existed which would not produce EMI, the
simplicity and elegance of this design still makes it a viable choice. One possible design enhancement to
improve switching speed if higher PWM frequencies are needed is to use an emitter switch as in Figure
27 on page 50. Another consideration would be to change the requirements of the supply to source
current up to 100mA. Higher Grid current will allow for higher neutron flux, giving more flexibility to the

operator.

Completing the testing under the guidance and supervision of Zilu Zhou gave us more insight into future
design considerations for this project. During the design phase of the project, all of the supplies were
designed to output a precise voltage. However, having run through the turn on procedure with Zilu
Zhou and thereby learning more about how the Minitron functions, we recommend that future designs
make use of a constant current regulator setup for the Cathode and Filament supplies. A current
regulator setup as in Figure 16 on page 36 would allow the user to more easily select the operating

currents on the Filament and Cathode. Because the resistance changes as the Filament and Cathode
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heat up, when the user wishes to adjust the current he/she must constantly adjust the voltage to keep
the same current while the resistance settles. Using a current regulator topology would eliminate this

nuisance.

In addition, because we were more concerned about measuring voltages than currents, the Minitron
test set up needed to be changed on the day of testing, using 4 multimeters to measure various
currents. Since during operation it is impractical to have several multimeters to measure the outputs, a
better solution would be to include digital panel meters to read the output current. There are many
inexpensive digital panel meters which can be programmed to display the output current on each of the
supplies. These would be very useful for the Grid, Cathode, and Filament supplies. In addition, this
would reduce the number of stray wires in the test area considerably. With panel meters the power
supply will be able to be completely enclosed while running without any additional test equipment

attached.

It is also suggested to make the Grid supply variable from 100V to 200V. The current design allows for
slight variation due to the trim potentiometer used to fine tune adjust the supply. However, the ability
to vary the Grid supply will allow the operator to control the electron beam, and thus the ionization of
the deuterium. A simple change like this will make the supply more robust, and offer greater options to

the end user.

During the test setup an on-off switch was made by using a power strip with an on-off switch to
interrupt the AC power. Individual on-off switches for each of the 3 supplies would be useful when
turning the Minitron on. A master on-off switch for all of the power supplies would increase the safety
of the device. In addition, adding interlocks or remote kill switches to conform to SNOLAB safety

procedures or recommendations will make the supply safer. With these experiments, safety is the top
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priority; adding extra safety features will improve how people interact with the device and prevent

possible injury or death.

For future designs, MIT should investigate the feasibility using a different high voltage supply. SLB Inc.
operates the Minitron at voltages in excess of 100kV. This increases the neutron flux and allows for
more flexibility while operating the Minitron. In addition, the controller should be designed to
accommodate a varying HV output. Itis our opinion that attempting to design a new high voltage
supply would not be justified. The inexpensive price of high quality power supplies available does not
justify the engineering time to develop a high voltage supply, especially since the current feedback is

necessary.

While the supplies designed function well now, the improvements recommended will increase the

usability of the device in the future should future revisions be made.
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Appendix A: High Voltage Power Supply Datasheet

TOF3 MASS SPECTROMETRY SPELLMAN HIGH VOLTAGE ELECTRONICS CORPORATION

POWER SUPPLY

* REMOTE OUTPUT POLARITY REVERSIBILITY
VA TTL SIGNAL CONTROL

"« ULTRA LOW RIPPLE AND NOISE

°  « SMALL FOOTPRINT OEM MODULAR PACKAGING

* ENCAPSILATED FOR RELIABLE, LONG TERM
CORONA FREE OPERATION

* CE COMPLIANT

Tha TOF2000 offers critical specifications like ultra Ripple:
lows rippla and noise, excellant temperature cosfficient; =70mV peak bo peak
a stable, repeatable and accurate cutput, along with ity
remote cutput polarity reversing capability. These superior Stability:

- : 0.01% per howr, 002% per & hours after
spacifications result in |rnprwad mass spemrnrnmer 10 hour up pericd

rasolution. Unigue high voltage pa and surfaca
miount fabrication technigues, coupla 'm Spalman’s Temperature Coefficient:
proprietary encapsulation technology provide this unit in 100ppm per degres C (improved cepsbiliiss upon raguast)

an attractive sized OEM package. .
Featuring a 0-20kV @ 400pA output with remote polari-  Environmental:

reversing capabilty and dimensions of 37H x 5°W x 12 5871, Temparature Range: .
ga TOF3000 is a?‘mall cost-sffective high volage power %@?ﬁggggg
supply with technology that sets the standard for the Humidity:
future of Mass Spectrometry applications. ?ID% 1o 90% AH, non-condensing
Control Interface

TYPICAL APPLICATIONS Vol P m Input: .

Mazs Spactromatry 0 to +10Wdc comesponds to O to +20kY, Zin = 1 megohm

Program Accuracy:
+0.16% &t 15KV, with overall sccuracy

SPECIFICATIONS of +0.25% of maximum output
Input Voltage: TTL Polarity Reversal:

+24 Vdc, +5%, 2% High = pesitive polarity
Input C N Low = negsative polarity

2 amps maxdmum Voltage Monitor:
Output Voltage: 0 to 10Wdc corresponds 1o O to 30KY, Zout = 4. TKohm

Ot 30KY Current Monitor:

Current 0 1o 10vdc corresponds 1o O to 400uwd, Zout = 4.7Kahm

0t 400 microampares Gr?maclim codled
Pdm . . . Dimensions:

T@L‘ggﬁ:?{ﬁgﬂ‘ respect to ground, 3 H X 5-W X 12,625 D (70.62mm x 127mm x 321 Tmm)

Weg:' t:

W 5 pounds (4.31kg)
Lire: 0.004% fc-r input chan

Lnad QU0 % for 1%3;&5‘. 1] ?5 Icad n::hanga

Current Regulation:
Line: 0.06% for +5% to-2% input changs
Logad: 0.1% for 0t maxdmum cutput voltage

Connector:
15 pin mals O connector

Output Connactor:
Alden B102, which sccepts Alden B200 cable plug

+1-831-830-3000 FAX: +1-831-435-1620 a-mail: zales@epallmanhy.com

usA
gsm +44 (B1788 BTTO00 FAX: +44 (011788 BT2478 ——
1BPAN

+B1 [ 04 6-447-8500 FAX: +81 [D}M4B-447-850
CHIHA +B8 (0)512-6TE300D FAX: +B8 |0)512-67630030 Spalran High Vatiage is an 150 000H 2000 and 150 190012014 ngistered serpany
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Appendix B: SPICE model for LT1084 regulator

Retrieved from:
http://www.linear.com/pc/downloadDocument.do?navid=H0,C1,C1003,C1040,C1055,P1282,D11656

On 13 April 2009

* Version 2.0 Copyright € Linear Technology Corp. 10/19/04. All rights

reserved.
*

*CCM Fri May 15 11:42:15 1998

*

* ADJ OUT IN

.SUBCKT LT1084 1 2 3

*

* power section

* power transistor

QPWR 41 42 43 Q1

RBASE 42 43 1.0E3

RDROP 43 2 0.055 TC=-6.0E-3

VCURR 3 41 DC O

QDRV 42 44 41 Q2

RDRV 50 44 5.0E4

* current limit with SOA protection
* 6.5A limiter

HCL1 15 0 VCURR 0.128

DCL1 15 16 DX

VCL1l 16 21 DC O

FCL1 0 50 VCL1 5.0E2

* SOA protection

* PO of GCLldefines thresholdl / knee voltagel
* RCL2 defines decay factor

GCL1 0 17 POLY (1) 3 2 -6.0E-3 1.0E-3
RCL1 0 17 1.0E3

DCL2 17 18 DX

RCL2 18 0 50E3

* square characteristic

* VCL2 defines lower limit resp. second knee voltage
GCL2 0 19 POLY (1) 18 0 0 0 1.0E-4
RCL3 19 0 1.0E3

DCL3 19 20 DX

VCL2 20 0 DC 17.8

ECL1 21 0 19 0 -0.0406

* error amplifier

* amplifier with 80 dB gain

GEA2 0 50 2 7 32.0

REA2 50 0 1.0E3

DEAP 50 51 DX

EEAP 51 0 POLY (1) 3 0 -0.9 1.0
DEAN 52 50 DX

VEAN 52 0 DC 0.9

* feedback for transient response
RF 50 55 10

CF 55 7 24.4E-11

* adjust pin current

GADJL 0 8 2 1 4.4e-5
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RADJ 8 0 1.0E6 TC=0.003

GADJ2 3 1 8 0 -1.0E-6

* voltage reference (1.250V)

* 1.250V reference

* no temperature drift required as curve swings around 1.25V
IREF1 1 7 DC 0.00125

RREF1 7 1 1.0E3

* load regulation (Iload: 10mA -> 5.0A / -60 mV at 10V output)
FLOAD 7 1 VCURR 1.45E-6

* models used

.MODEL DX D IS=8e-16 RS=0 XTI=0

.MODEL Q1 NPN IS=le-14 BF=450 RC=0 RE=0 XTI=0

.MODEL Q2 PNP IS=le-16 BF=625 RC=0 RE=0 XTI=0

.ENDS LT1084
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Appendix C: TIP50 Transistor Data Sheet

EIETETEET TR ¥
FAIRCHILD
SEMICONDUCTOR" Movember 2003
NPN Silicon Transistor
= High Vioitage and Swiiching Applications
» High Sustalning VoRage - Vogo[SUS) = 250 - 400V
= 1A Rated Collector Cusrent
TO-220
1.Base 2.Colechor 3J.Emitier
Absolute Maximum Ratings™ 1, - ¢ uwies stieriss nosd
Symbol Parameter Ratinga Uniltz
Veno Colactor-Base Voltage - TIP4T 350 v
- TIP4E 400 v
CTIR2E 450 v
- TIFSD So0 v
Veen Colector-Emizer Voltage S TIP4T 250 v
I TiP43 300 v
(TiP43 350 W
1 TIPSD ADD v
Vena Emitter-Base Vollage 5 v
Ic Colactor Curent (DC) 1 A
Icp Colactor Cumrent (Pulse) 2 A
Iy Basa Cument D& A
Pe Colactor Dissipation [To=25"C) 40 W
Colecior Disslpatlon [Ty=25"C) 2 W
T_ Junction Temperaiune 150 "C
Tata Slorage Temperature -E5~ 150 C
= Thass rtings ars Briing values sbees which B siviossbiity of ey seskoehdudsn dindes iy Ba neaited
2 2007 Fairchid Semiconductor Corporabion www_falrchildsemi.com

TIPATITIP4ETIPLSTIFSD Rev. 1.0.0 1

Retrieved from http://www.fairchildsemi.com/ds/TI/TIP50.pdf on 13 April 2009.
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Electrical Characteristics™ T,-25"c uniess othensiss noted

Symbol Farametar Test Conditlon Min. Typ. Max. Uinits
Viepgisus) | Collector-Emitier Sustaining Voltage
CTIP4T lg = 30mA, lg = O 250 W
: TIP4E 300 W
CTIP4G 350 W
TIPSO 400 W
legn Collector Cut-off Cument  : TIP&T Ve = 150V, Ig=0 1 mA
:TIP4E Wi = 200V, lg=0 1 mA
CTIP4G Wi = 250V, Ig=0 1 mA
TIPSO Wig = 300V, Ig=0 1 mA
I Collecior Cut-off Cument  : TIP&T Wi = 350V, Vge =0 1 mA
CTIP4E Vg = 400V, Vg = D 1 ma
TIP4g Vg = 450V, Vg = O 1 mA
TIPSO Vg = SO0V, Ve =0 1 mA
lepa Emitiar Cut-off Current Veg=5V, =0 1 mA
Reg " DG Cument Gan Ve = 10V, Iz = 034 30 150
Wip = 10V, 2= 14 10
Vegisal) | * Colector-Emitter Saturation Vokage I = 14, Ig = 024 1 W
Wpe(53E) " Bass-Emiter Saturation Voitage Wip = 10V, 1z = 14 1.5 W
T Cument Gain Bandwidin Proguct V=10V, 1 =028 = 10 MHz
1MHz

“Tin Tt File AT s, Ly Cromcon

& 2007 Fairchid Semiconduchor Conpambion
TIPETTIP4STIP4ATIPED Rew. 1.0.0

www_iainchilidsemi.oom

J03EISUELL UOAINS NdN — 0SdILi6vdIL/grdI LiivrdlL
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Typical Characteristics
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Appendix D: Proposal for Neutron Source

A Compact Pulsed Neutron Source for Dark Matter and

Neutrinoless Double Beta Decay Experiments

J. A, Formaggio
Laboratory for Nuclear Science
Massachusetis Institute of Technology
Cambridge, MA 02139

(Dated: April 22, 2008)

I. MOTIVATION

The arch-type of experiments typically labeled as "rare event experiments” —such dark
matter experiment and neutrinoless double beta decay experiments— vary greatly in the
detection techniques employed, materials used as targets, and ultimate sensitivity to their
respective signatures. Yet, despite these wide differences between these experiments, they
all possess certain common features; mainly, (a) they require unprecedented levels of clean-
liness, particularly in uranium and thorium levels, in the materials surrounding their active
volume and (b) require extreme depths in order to substantially reduce the backgrounds
from high energy cosmic rays that might be mis-reconstructed as a genuine signal event.
The latter is especially true for experiments that are sensitive to neutron recoils, since high
energy neutrons are often produced from cosmic ray interactions taking place in the rock
surrounding a given experiment. Dark matter experiments and neuntrinoless double beta
decay (033} experiments fall in this category [1]. The flux of these high energy neutrons
is difficult to predict a priori and often difficult to shield. It is imperative, therefore, that a
given dark matter or neutrinoless double beta decay experiment understand its response to
recoils from neutrons, both to help characterize the detector response to a potential signal,
as well as to test the experiment’s effectiveness in reducing this undesired background. Some
experiments make use of radioactive sources, such as Am-Be, as their neutron calibration
source. However, these sources provide a continuous source of neutrons with a wide energy
spectrum. Characterizing a detector's response to this spectrum, therefore, becomes difficult.

Radioactive sources also introduce a certain element of risk, since they can contaminate an
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ultra-clean detector if proper precautions are not taken. Other experiments make use of
commercial deuterium-tritium (D-T) sources, but such sources are often very large and are

not easily deployable into the fiducial volume of a given experiment.

o | 'F'.-f
- ithean newvires vete —i'lu‘“ &
".21[!" Mejorann == With neuIrom veto () g
'%10‘* — -;10‘“:{:
F Gg7
Target sinsiiviey |
10 E

%

10°
10"

WIFF

1o’

Events
"
IIII‘ T IIII‘ T IIII‘ IIIII‘ T III‘ IIIIII‘ T IIIII1 T IIIII1

[
Depth (kmiw.e.)

FIG. 1: The depth-sensitivity relation derived for a Majorana-like experiment showing, specifically,
the results from this work assuming the detector is operated at a depth equivalent to the Gran
Sassn Laboratory. The upper curve displays the background simulated in the case that no active
neutron veto is present and the lower curve indicates the reduction that would ensue if an active

neutron veto were present that is 09% efficient. Figure taken from Ref. [1].

We propose designing and constructing a compact, non-radiologic, low cost neutron
source, capable of delivering up to 2z 10° neutrons per second. The source works as a minia-
ture D-D) accelerator, whereby deuterinm ions are accelerated against a titanium source,

also plated with deuterium. The reaction:

D+ D — *He+n+ 3.26 MeV (1)

delivers a 1-ms long pulse of isotropic neutrons at the energy range that is of most interest for
recoil-sensitive experiments. The source’s compactness allows for deployment in the fiducial
volume of the detector, and the absence of any inherent radiological material reduced the
risk of potential contamination of the experiment. Since the source is electrostatic in nature,

it allows for user control of the calibration source. Such a pulsed neutron source would not
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limited to dark matter or Or33 experiments. Other rare search experiments designed as
part of the Deep Underground Science Laboratory, such as solar neutrino experiments, can

also benefit from such a compact calibration source.

II. PULSED NEUTRON SOURCE DESIGN

If one wishes to design a pulsed generator as a source for neutrons, there are three

reactions one can consider:

H + *H — "He+n + 3.26 MeV (2)
H + *H — *He+n+17.6 MeV (3)
H + "H— *He+n+n+13.0 MeV (4)

(5)

The first two reactions provide a narrow-band spectrum of neutrons escaping from the
reactions, while the latter provides a flat "white-noise” energy spectrum. Though all three
reactions are of interest for rare underground experiments, here we consider simply reaction
(2). This removes some of the complications associated with the handling gaseous tritium
SOUTCEs.

Figure 2 shows the crosssection for Did,n}*He and D{t,n)*He reactions as a function
of center-of-mass energy. Although the cross-section is maximal for D(t,n)*He at 100 keV,
there is still some appreciable cross-section for the reaction, even as low as 20 kV. For most
rare event applications, only small fluxes —on the order of 10% — 10* n/s— are needed for
background tagging and signal calibration. Such Huxes are suitable for most dark matter
and neutrinoless double beta decay applications.

We propose to build a compact neutron source based on the D+ nuelear reaction, small
enough to be suitable for calibration of dark matter and neutrinoless double beta decay
experiments. Compactness has a considerable advantage over conventional D41 and D4+T
sources, since they can readily be inserted inside or near the fiducial volume of the detector.
By operating these D+ devices near 20 kV, the resulting neutron spectrum is very narrow,
near 2.5 MeV. This approach has the advantage of being able to mimic common backgrounds

such as (o, n) reactions present in photomultiplier tube glass or, in the case of dark matter
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FIG. 2: Cross-section for the D{d,n)*He (dashed) and D{t,n}*He (solid) reactions as a function of

center-of-mass energy.

experiments, replicating the actual recoil signal (see Fig. 3). We wish to apply to approach

this source with two different schemes:

1. Cold Cathode Ion Method In this method, the deuterium ions responsible for the
D+D reaction are generated via field emission. A small Ti-coated needle held at high
potential should provide sufficient field strengths to ionize any deuterium deposits on
the surface. The resulting deuterium ions would accelerate across a 20 kV gap against
a denterium-doped anode. By pulsing the 20 kV potential, it will be possible to create
a controlled pulse of neutrons. To minimize x-ray production from secondary electrons
and to localize the ion beam against the anode target, a magnetic field can be applied
to the volume. It is possible to use permanent magnets can create strong fields with

very little structure overburden.

2. Hot Cathode Ion Method In this method, the deuterium ions are provided from a
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FIG. 3: The neutron energy spectrum arising from (o.n) reactions due to radioactivity in standard

rock (grev) and Gran Sasso rock (red). Figure taken from Ref. [1].

pulse of electrons created from a heated filament. Schlumberger Inc. already manufac-
tures such miniature sources for oil exploration research [2] and has graciously agreed
to provide a loan of one of their compact neutron sources for use in the DEAP dark
matter experiment. As the technology to make such units is proprietary, no attempt
will be made to replicate their methodology. R&D funds are sought mainly for the

control electronics.

One aspect that is common to both techniques is the high voltage control mechanism
used to control these units. A small 20 kV pulsing circuit would be made in order to pulse
either neutron source. Recent advances in high voltage diodes makes it possible to create
push-pull circuits with voltage potentials up to 50 kV. A circuit similar to that described in
Ref. [3] would be used here.

Monitoring of the stability and performance of the pulsed neutron source would be
achieved by both monitoring the current draw on the high voltage cirenit and via neu-
tron production. The former would be part of the control electronics, while the latter would

make use of existing *He proportional counters that the PI currently has in his possession.
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III. COST ESTIMATE

Table [ articulates the anticipated costs for the neutron pulsed source. This project would
be ideal for an undergraduate student to partake over the course of the 3 month program.

Summer salary for one student is thus included in the final cost estimate.

TABLE I: Estimated cost for pulsed neutron source. Owerhead is included as part of the cost

cstimate,

Item Cost

Miniature high voltage supply|$2.3 k

Control Electronics E1.Tk
Machining costs % 1k
Gas and gas ports %1k
Monitoring electronics $2k

Undergraduate student % 5ok

Total Cost F12 k

[1] D-M. Mei and A. Hime, ArXiviastro-ph/0512125 (2005).

[2] F. Chen and A. Liberman, U.5. Patent No. 5,203,410, Washington, DC: U.S. Patent and
Trademark Office (1991).

[3] J. Hansknecht, "Using Opto-Couplers in a High Voltage Push-Pull Configuration”, J-Lab in-

ternal note.
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151 ABSTRACT

A neutrom generator, comprising:

(i) an ton source comprising an ancde and a thermionic
cathode disposed in an jonizable gas enwvironment
(e.g. hydrogen isotope);

(i) means for heating the cathode so that the latter emits
electrans which, when colliding with the gas atoms,
Eenerate ions;

(i) & wargst;

(iv) an electrical gap to accelerate ions from the ion
source towards the target upon impingement of the
ions; and

(v} contral mesns for applying valtages 1o the anods,
cathode and electrical gap.

The cathode is of the dispenser type or volume type,

and preferably comprises one block of material com-

prised of a substrate impregnated with an electron emit-
ting material.

39 Claims, 3 Drawing Sheets
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equilibrium. Collision efficiency can be increased by
NEUTRON GENERATOR lengthening the distance that the electrons travel within

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to nentron generating systems
and more particularly pertains to a new and improved
neutron generator especially adapied to traverse the
narrow confines of a well or borehels, although weeful
in a variety of other applications. Since & neutron gener-
stor embadymg the mvention is ideally suited to the
needs of well logging services, it will be described in

. that conmection,

1. The Related Art

The uze of a generator of high energy neatrons has
been known for a long time for newtron-gamma 1ay or
meutron-neutron logging. A neutron gensrator has ad-
vantages compared with chemical neutron sources, in
particular it features a negligible amount of radiation
other than the desired neutrons; & high vield of neu-
trons; a controllable vield of newtrons in bursts or con-
tinwously; newtrons a1 higher energies than formerly
possible; mono-energetic neutrons; and conirol of the
Eenerator so &5 (o permit its deactivation prior to with-
drawal from or insertion in & well. The first five of these
_attributes are important in obtaining more informative
logs, while the last is walushle in minimizing health
bazards to operating personnel,

Meuwtron generators wsed in oll well logging tools
wsually require controdled low pressure atmospheres
and high intensity magnetic fields. Accordingly, for
illustrative purposes, the invention is described in more
complete detail in connection with a neutron generator
suitable for nse in a well logging tool.

Meutron generators wsually have thres major fea-
tares:

(i) a gas source to supply the reacting substances,

such as deuterium (H?) and tritivm (HY;

(ii) &n ion source comprising usually at least one cath-
ode and an anode: electrons are emitted from the
cathode surface when an electrical impulse is ap-
plied to the anode; impact of the primary electrons
on the gas molecules result in subsequent second-
ary electrons being stripped from the gas mole-
cules, thus generating positively charged ions; and

(til) an accelerating gap which impels the ions to a
targed with such energy that the bombarding ions
collide with deuterium or tritium target noclei in
neutron () generating reactions:

H 5+ HiHet n 326 MV
Hl+H —He 54176 MeV

Bl + 2o+ 13 MeV

where He® and He? are heliom isotopes, and the
energy is expressed in millions of electron wolts

eV

Ordinarily, negative electrons and positively charged
ions are produced through electron and uncharged gas
molecule eollislons within the jon source. Elecirodes of
different potential contribute to ion production by ac-
celerating electrons to energy higher than the ionization
threshold. Collisions of those energetic electrons with
gas molecules produce additional ions and electrons. At
the same time, some electrons and ions are lost to the
anode and cathode. In this manner, the positive and
negative charges inside the jon source approach an

k1]

Ex
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the ion source before they are neatralized by sirking &
positive electrode. One known path lengthening tech-
nigue establishes a magnetic fizld which is perpendicu-
lar to the aforementioned electric field, The combined
magnetic and electirical fields canse the electrons to
descrine & helical path within the ion source which
substantially increases the distance traveled by the elec-
troas within the bon source and thus enhances the colli-
sion efficiency of the device,

This type of ion source, called ™ iom source™,
is pari of » family of “eold cathode ion sources" and has
been known at early as 1937; sze for example the article
by F. M. Penning and J. H. A. Moubis in Physica 4
{1937) 1190. Examples of neviron generators incloding
such “cold cathode iom source™ used in logging tools
are described eg. in US. Pat. No. 3,546,502 or
3,756,682 both assigned to Schlumberger Technology

However, neutron generators using Penning don
sources used in logging tools suffer from several draw-
backs,

First, the anode being at a high potential, in the range
of 1 1o 3 kV, the cathode suffers erosion due to ener-
getic jon bombardment. Material sputtered from the
cathode may cost the insulsior surfaces provided for
elecirical insulation either of the anode or of the arget.
This may cause instability which is prejudicial w the
operation of the jon source. Also, this instability oceur-
ring in a space where high voltages are involved can be
defrimental 1o safety.

Second, most logging nuclear measurements are car-
ried out by emiiting pulses of neutrons which irradiate
the earth formations, and by detécting the radiation
{mevirons or gamma rays) resulting from the interaction
of earth formation atoms and the emitted newtrons.
Thus, it & critical to have o good koowledge of the
characteristics of the neutron pulse, such as the neutron
outpul (number of neutrons emitted) and the pulse tim-
ing. Such knowledge means having control over these
characteristics. It is highly desirable to generate neutron
pulses having a substantially square shape, in particular
a short rise time (1o reach the platean value) and a short
fall time (once the voltages are turned off). However, in
8 Penning source, such tasks are difficult because the
charge populations in the source, particularly the elec-
tron population, do not reach eguilibrium instanta-
neously; see F. Chen, J. Appl. Phys. 56 (11} 3191, 1984,
The ratz at which the charge populations approach the
equilibrium depends strongly on the gas pressure in the
source, This effect manifests itself in the slow rise time
of the neutron palse, and a delay, tvpically a faw micro-
seconds (although sometimes variable with operation
conditions), between the time the voltage appears at the
anode and the start of the neatron palse. Since the cath-
ade and anode surface conditions are not identical be-
tween different neutron tubes, different pressures are
often required to achieve the same neutron output. This
makes the timing control of the source all the more
difficult that it is essentially a function of the particular
neutron generator, and may vary over the operating
lifetime of the neutron generator.

Third, the high voltage required for a Penning ion
source (1-3 kV) is generally produced via a pulss trans-
former. The wansformers are designed for & certain
pulse width. Thus, changing pulse length results in
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altering the performance, most noticesbly, the neutron
pulse shape. There have been some attempis (o improve
the neutron pulse shape generated from a cold cathods
ion source. In particular, the article “Newtron Genera-
tors for Wirshine Application,” from B Ethridge et al..
1990 IEEE Muclear Science S ium Conference
Record, Arlington, Va,, Oct. 22-23, 1990, Vol. 2 of 2,
describes a cold cathode source wherein the pulse trans-
former is provided with a “clamping™ circuit designed
i decrease the fall ime of the pulse. However, such
clamping circuits: (1) do not seem to mprove the rise
time of the neutron pukbse; (&) require additional power;
(i} and increass the overall size of the control circuit

Fourth, the known eold cathode sources can usually
operate in any one of several discharge modes accond-
ing to the relative jon and electron populations and
different plasma sheath structures. The anode voltage,
the magnetic field and the gas pressure determine the
operating point at which the production and foss of
electrons and ions are at balance. In addition, ander
certain conditions, the operating point is unstable near
certain mode boundaries. The transition from one mode
to the other can lead to a substantial change in the ion
beam density and electron extraction efficiency, and,
with control circuits currently wsed that regulate the
beam current by lowering the gas pressure, to a reduc-
tion in ges pressare that can result in oscillations sbout
the mode boundary. The resulting neatron ocutput varia-
tions are detrimental to the overall quality of the mea-
Surements,

Fifth, the means for generating the magnetic field,
intended to lengthen the electrons path, are relatively
cumbersome and increase the overall dimensions and
weight of the neutron generator. This is of concern in a
logging tool where room is limited.

An alternative to the cold cathode ion sources are
“hot cathode™ ion soorces, proposed as early as 1938,
associated to a spectrograph, as depicted e.g. in the
article “Focused Beam Source of Hydrogen and He-
lium Ions™ by G. W, Scott Jr., in Physical Review, May
15, 193%, volume 55, Further developments in the same
technical area provided some modifications to the basic
het cathode jon source; see e.g. the article “An Electro-
statically Focused lon Source and its Use in a Sealed-
Off D.C, Neutron Source” by 1. D. L. H. Wood and A
G. Crocker, Nuclear Instruments and Methods, 21
(1963) pages 47-48; or the anicle “Electron Bombard-
ment lon Source I‘-or Low Energy Beams™ by 5. Dwo-
reisky et al., in The Review of Scientific Instruments,
Movember 1968, volume 33, No. 11. A “hot cathode"
typically comprices & material susceptible, when heated,
o emit edectrons, The cathode is disposed above, or
concentrically to, the anode. An eatracting electrode
(also called focusing electrode) is placed at the front of
the anode to extract ions, generated from collisions
betwesn electrons and gas molecoles, and focos such
ions 50 8% to form an fon beam,

Hot cathode ion sources by themselves bring some
improvements with respect to cold cathode lon sources.
Hot cathode sources for instance: (i) do not always
require a magnetic field, and this allows a substantial
reduction in weight and dimensions; {ii} are able o
generate an optimum electron flux in a relatively short
period of time after the voltage pulse is applied 1o the
anode; (i) as being used in sealed neutron generator, do
not show troublesame mode transitions in the range of
gas pressure where these devices pormally operate; and
{iv) do not require a high anode or cathode woliage
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when used in neutron generators including a discharg-
ing gas made of deuterium and tritium; this reduced
voltage entails a reduction in electrode erosion.

However, hot cathode lon sources present drawbacks
of their own compared to cold cathode ion sources,
such as: (7) additional power; () a relatively reduced
lifetime at least for most of hot cathode filument materi-
als, and (§ii) the need for & specific structurs 1o support
the hot cathode and anode, especially in view of the
severe shock and vibration conditions encountered dur-
ing logging operations.

Moreover, according to applicent’s knowledge, the
knoown ot cathode ion sources were implemented in
Isboratories and designed mainly for experimental pur-
pose, which applications are nat subjected 1o the severe
environmental constraints typical of the logging tech-
niques. In other words, performances of thess known
hot eathode ion source could be considered sofficient
for laboratory measursments but would not be accept-
able for logging applications, even assuming they could
be directly implemented in a logging tool. Among oth-
ers, one could mention, &t constraints specific to log-
ging applications: weight and dimensions, safety, neu-
tron pulse shape, neutron outpat, power requirements,
and operating lifetime.

Accordingly, although the newtron generators used
s far in the logging technigoes have been working
relatively satisfactory, there still is a need for an im-
provement to the neatron output and especially to the
neatron pulse shape.

SUMMARY OF THE INVENTION

It is a gemeral object of the present invention to pro-
vide an improved neutron generator, especially suitable
for logging technigues.

It s a first particolar object of the invention to pro-
POse & neutron generator providing neutron palses hav-
ing a substantially square shape, to wil: (i) a sharp rise;
(i1} & substantially “flat" plateau; and (5ii) a sharp cut-off
{very abrupt termination of the neatron burst).

A second specific object of the invention is 1o pro-

. poss 2 neutron generator of reduced weight and dimen-

0
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sions.

It is a third particular object of the invention to pro-
vide & nevtron generator with relatively low ion ener-
gies at the low source aperture, thuos reducing metal
erosion of the electrodes and improving the voltags
stability.

It i a fourth specific object of the invention to pro-
pose 8 neutron generator whersin the rise edge (of
leading edge) of the neuironm flux appears with a re-
duced delay after the voltage pulse & applied to the
anode, thus simplifying the timing control process of
the pulses,

Tt is a fifth specific object of the invention 1o provide
a mewtrom generator with a hot cathode ion source re-
quiring minimum power 1o operate.

It is a sixth object of the invention to provide & new-
tron generator requiring pulbsss of relatively low volt-
ages to produce the jon beam, making it possible to
eliminate the need for an ion source transformer, (by
using, e.g. solid state switches),

It 5 a seventh object of the invention to provide o
newtron generator wherein pulses of very different du-
ration can be applied to the ion source, allowing for
complex series of pulse lengths during a well logging
measurement without reguiring a reconfiguration of the
ion source pulsing circuit.
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It is an eighth specific ohject of the invention to pro-
vide a nentron generator showing 2 high mechanical or
electrical ruggedness, especially for use in a logging
tool.

Thess objects and other are anzined, according to the
invention, with a logging tool for iavestigating earth
formations surrounding & borehole, comprising:

1) a sonde incorporating at beast one radiation detec-

tor; and

2) a neutron generator comprising: '

(1) an bon source comprising an anode and & thersmi-
onic cathode disposed in an ionizable pas envi-
ronment;

(i) means for heating the cathode so that the latter
emits electrons which, when colliding with the
45 atoms, generate ions;

(iii) & target;

(iv)an electrical gap to accelerate bons from the lon
source towards the target upon impingement of
the ions; and

(v} control means for applying voltages to the an-
ode, cathode and electrical gap.

The cathode i preferably of the dispenser or volume
type. The terms “thermionic™, “dispenser™ and “vol-

ume” will be hereafter enplained.

]n a preferred embodiment, the ges comprises at least
one hydrogen isotope and the gas environment consti-
tutes & sealed chamber,

The cathode advantageously includes a substratum
made of porows tungsten and an emitter material includ-
ing barium oxide and/or strontium oxide.

‘The voltage supply means fior the cathode are distinet
from the cathode heating means,

The neutron generator may further comprise means
for preventing slow ions gl present in the ion source at
the end of the voltage pulse, from leaving the ion
spurce. The preventing means comprises a cut-off elee-
trode disposed at the end of the ion source and which is
submitted to wvoltage pulses synchronized with and
complementary to pulses applied to the anode, and 1o a
positive voltage between the pulses. The cut-ofl elec.
trode includes a convex mesh screen.

The nvention also relates to 2 newtron generator
comprising:

an ion source comprising an anode and & dispenser or

volume type cathode disposed in an ionizable gas

envirenment ncluding at least one hydrogen iso-
tope;

meeans for heating the cathode so that the latter emits

electrons which, when colliding with the gas

aloms, generale ions;

A target;

an electrical gap to accelerate fons from the jon

source towards the target upon impingement of the

ions; and

control means for applying voltages o the anode,

cathode and electrical gap.

The characteristics and advantages of the invention
will appear better from the description to follow, given
by way of & non limiting example, with reference to the

drawing in which:

BRIEF DESCRIFTION OF THE DRAWINGS

FIG. 1 is & cross section view of a neutron generator
according to the invention;

FIGS. 2A and 2B are schematic repressntations of
respective alternate embodiments of the cathode; and

il
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FIG. 3 is an example of plot of nestron output versus
time, showing the corresponding nentron pulse.

DESCRIFTION OF THE PREFERRED
EMBODIMENT

FIG. 1 shows a neutron generator 10 which may be
wsed in & logging tool such as described e.g. in 115, Pat,
Nos. 4,764,792, 4,721,853 or 4,600,838, which are herein
incorporated by reference. The major components of
the meutron genecator 10 are a hollow cylindrical tube
11 made of an insulating material such &s alumina ce-
raimi¢ and having s respective longitudinal extremities
fized 1o a ceramic ring 12 and a conductive ring 13, an
iom sonrce 45, a gas supply means 25, an extracting
electrode 50, and a massive copper target electrode 15.
A transverse header 14 and the target elecirode 15 close
the rings 12 and 13, respectively, to provide a gas-tight
eylindrical envelope. Ring 12 comprises parallel trans-
versely disposed Aanges 6, 7, 8, and 9, providing electri-

20 cally conductive paths and mu'd,y support for the gen-

eralor components &5 described subsequently in more
complete detail. Flanges 69 are substantially equally
spaced along ring 12, between header 14 and the corre-
!.pmdimg extremity of fube 11. The gas supply means 25
is disposed transversely to the longitadinal axis I—1 of
II‘IE generator 10, betwesn first flange 6 and second
flange 7, closest to header 14. The gas supply means 25
comprises & helically wound filament 26 of tungsten,
which may be heated to a predetermined temperature
by an electric current from a gas supply power means
105 to which both ends 260 and 266 of filament 26 are
connected.

A film 44 of zirconium or the like, for absorbing and
emitting denterivm and tritium, is coated on the inter-
mediate turns of the fllament 26 in order 1w provide a
supply of these gases and to control gas pressure during
generator operation. Due to physical isolation, a sub-
seantizlly uniform temperature can be maintained along
the coated intermediate tarns of the filament helix 26.

40 As the gases relessed from the film #4 are withdrawn

45

from the atmosphere within the envelope for ion gener-
ation, more gases are emitted to restore the envelope
gas pressure to a level commensurate with the tempera-
ture of the intermediate portion of the filament helix 26,
The gases emitted by the film 44 diffuse through holes
provided in flanges 7-9, iz, a hole 31 in second flange 7,
& hole 33 in third flange 8 and holes 34, 35 in fourth
flange 9, The gases emitted finally enter an fon source
45 interposed berween the gas supply means 25 and the
extremity of tube 11 facing ring 12. An annular shaped
electrical insulater 9 is interposed between tube 11 and
ring 12. More details on the structure of the neutron
generator can be found e.g. in U5, Pat. Nos. 3,756,682,
or 3,775,216; or 3,546,512, which are herein incorpo-
rated by reference.

The ion source 45 comprises & cylindrical hollow
anade 57 aligned with the longitudinal axis I—I of the
gnnﬂmrlﬂamtmdcmltufnﬂnflmuhurlmd
Typically, a positive ionizing potential (gither direct or
pulsed current) comprised in the range of 100-300 volts
relative to the cathode, s applied to the anode 57, In
cae exemplary embodiment of the invention, the anode
57 is about 0.75 inch (1.9 cm) long and has a diameter of
approximately 0.45 inch (1.14 cm). The anode 57 &

&5 secured rigadly to flange 9, e.g- by conductive pads &0.

The ion source 45 also includes a cathode 80 disposed
close to the outside wall of the anode 57, in & substan-
tially median position with respect to the anode. The
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cathode 80 comprises an electron emitter 81 consisting
of a block of material susceptible, when heated, 1o emit
electrons. Emitter 81 is fixed (e.g. by brazing) to the
U-shaped end 82 of an arm 84 being itself secured to
flange 8. The arm 84 provides also an electrical connec.
tion between the emitter 81 and a hot cathode heater
current means 100 able to generate e.g. a few watts for
heating the eminer. Heater current 100 is known per se
(see ULS. Pat. Mos, 35,756,682, 3,775,216 or 3,546,512)
and thuos does not need 1o be further described. Accord-
ing 1o an alternate embodiment shown on FIG, 2A, the
cathode B0 could also comprise two amms (similar to
arm 84), each provided at one of its ends with a block af
dispenser material, both arms being disposed outside the
holiow anode 57. This embodiment (cathode disposed
outside the amode) prevents the material evaporated
from the cathode from coating the surface of suppressor
T8 caunsing enhanced field emission.

In a further alternate embodiment shown on FIG, 2B,
the cathode 80 may also comprise a single arm provided
at one end with an emitter, the arm being disposed
inside the hollow anode 57, substantially in the center
therenf. According to this embodiment, the cathode
emitting surfaces are so arranged that electron emission
is perpendicular to the axis of the ion source. This em-
bodiment reduces the amount of cathode material being
deposited on the suppressor sarface.

Now described in more detadl is the structure of the
cathode B0, The thermionic cathode B0 comprises an
emitter block including a material forming a substratum
and a material susceptible to emit electrons. Thermionic
eathodes here maan heated cathodss, s opposad to cold
cathodes which emit electrons when not heated. The
thermiznic cathodes can be broken down into: (i) those
with inherent electron emission capability if they can be
heated high enough in temperature without melting
(e.g. pure tungsten or tantalum or lanthanum hexa bo-
ride), and (i) those to which use a low work function
material is applied, either to the surface of 8 heated
substratum (such as thoria coated tungsten, oxide
coated) [called “oxide cathode™], or impregnated by
bulk inte & poroos substrate [called “dispenser™ cath-
ode]. General information on thermionic cathodes can
be found in the book “Materials and Techniques for
Electron Tubes™ by W. Kohl, Reinhold Publishing,
1060, pages 510-566, which is herein mcorparated by
reference. In other words, “oxide™ cathode involve
what eould be called » “surface' reaction, whereas ina
“'dispenser” cathode there occwrs what conld be called
a “wolume"” reaction. General information om “dis-
perser” of “volume™ type cathodes can be found e.g. in
the article “Sarface Studies of Bariom and Barium
Ouide on Tungsten and its Application o Understand-
ing the Mechanism of Operation of an Impregrated
Tungsten Cathode” by K. Forman, in Journal of Ap-
plied Physics, vol. 47, No 12, December 1976, pages
5272-527%; or in the article “A Cavity Reservoir Dis-
penser Cathode for CRT's and Low-cost Traveling-
wave Tube Applications" by L. R. Falce, in IEEE
transactions on electron devices, vol 36, No 1, January
198%. Cathodes of the “oxide” or “surface” type are
described i the article *“Compact Pulsed Generator of
Fast Neutrons™ by P. O, Haowkins and R. W. Sutton,
The Review of Scientific Instruments, March 1960,

25
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WYol, 31, Number 3, Pagss 241-24%; in “Focused Beam 65

Source of Hydrogen and Helinm lons™ by G. W, Scott,
Ir., in Physical Review, May 15, 1939, vol 55, pages
Q54059 in U5, Pat. Mo, 3,490,944 or U5 Pat. Mo.

8
3,276,974; or in the article “Operation of Coated Tung-
sten Based Dispenser Cathodes in Nonideal Vacuum™
by C. R. K. Murrian and A, Shih, in [EEE Transactions
on Electron Devices, vol. 36, No 1, January 1989 All of
the above mentioned docoments are incorporated
herein by reference.

The thermionic cathode 80 of the ion source of the
present invention is preferably of the “dispenser™ or
“wolume' type. A dispenser cathode uwsed in a hydrogen
environmen! maximizes electron emissions per heater
power unit compared to other thermiomic type cathodes
(such a5 LaBg or W), while operating at a moderate
termperature. The emitter block 81 comprises a subsirate
made of porows tungsten, impregnated with a material
suscepiible to emit electrons, such as compounds made
with combinations of e.g. barium oxide and stromtium
oxide, Each cathode has different susceptibility to their
operating environment (gas pressure and gas species),
Dispenter cathodes are known to be the most demand-
ing in terms of the vacuum requirements and care that is
needed to avoid contamination. One, among others, of
the (novel and non-obvious) features of the invention
includes using, in a neutron generator, a dispenser cath-
ode which works a5 long as severa] hundred hours in a
hydrogen gas environment of pressure on the order of
several mTorr, providing an average slectron emission
current of from 50 to 80 mA vet requiring only a few
watts of heater power.

The cathode B0 according to the invention is pro-
vided with hot cathode heater current 100 which i
distinct from the ion source voltage supply 102, Such
implementation permits a better control of both heater
current means 100 and volage supply 102

The extracting electrode 50 is disposed at the end of
the ion source 45 facing target elecirode 15, at the level
of the junction between tube 11 and ring 12. The ex-
tracting electrode 50 is supported in fixed relation to the
ring 12 by a fifth Nange 32. The extracting electrode 50
comprises 3 massive amnolar body 46, e.g made of
nickel or an alloved metal such 2z KOVAR (trade-
mark), and which is in alignment with the longitudinal
anis I—T of the wbe 11. A central apertore 47 in the
body 46 diverges outwardly in a direction away from
the ion source 45 1o produce at the éad of body 46
facing target electrode 15 a toros-shaped contour 51,
The smooth shape contour 51 reduces a tendency 1o
voltage breakdown that is cawsed by high electrical
field gradients.

Moreover, the extracting electrode 50 provides one
of the electrodes for an sccelerating gap 72 that impels
ionized dewterium and tritum particles from the source
45 toward a dewterium- and tritam-filled target 73. The
target 73 comprises & thin film of tanivm or scandivm
deposited oa the surface of the transverse side, facing
ion source 45, of the target electrode 15,

The potential that acealerates the jons to the target 73
is established, to a large extent, between the extracting
electrode 50 and a suppresior electrode 75 hereafter
described. The soppressor electrode 75 is B concave
member that is onented toward the target electrode 15
and has & centraliy disposed aperture T8 which enables
the accelerated ions to from the gap 72 to the target 73.
The aperture T8 is disposed betweesn the target 73 and
the extracting electrade 80. The suppressor electrode 75
is connected to a high voltage supply means 103 which
is also connected, through a resistor “R™ to the ground.
In order to preveat electrons from being extracted from
the target 73 upon ion bombardment (these extracied
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electrons being called “secondary electrons™), the sup-
pressar electrode 75 is at & negative voltage with re-
spect to the voltage of the target electrode 15.

The velocity of the ions leaving the ion source 45 is,
on an average, relatively bower than son velocity in a
kncwn Penning source. Conseguently, these slow maovs
ing ions tend 1o generate a tail in the newtron palse, at
the moment the voliage pulse is tumed off. The pres-
ence of an end tail is detrimental to the pulse shape
which, as already stated, is of importance. The present
invention remedies this diuation by adding to the ex-
tractor & cut-ff electrode, in the form of & mesh screen
95, which is fixed, e.g. by welding, to the aperiure 47 of
the extracting electrode 50, facing the ion source 45,
The mesh screen 95 (cut-ofl electrode) s eg. made of
high transparency molybdenum. The cot-off electrode
95 is submitted 1o voltage pulses synchronized with and
complementary to the voltage pulses applied to the
anode 57, The pubses applied 1o cut-off electrode 98 arc
positive and e.g. of 100 to 300 volis. In an alternate
embodiment, the cut-off clectrode 95, instead of being
submitted 10 voltage pulses, is maintained at a positive
voltage, of e.g. a few volts. This low positive vollage
prevents the show ions produced at the end of the pulse
in the ion beam from leaving the fon source, and thus
allows one to truncate the terminal part of the ion beam,
which in turn provides a sharp cut-off at the end of the
neutron pulse (i.e. a short fall tme). The cut-off elec-
trode 95 is preferably made of a metallic grid in the
form of a truncated sphere, and its concavity turmed
towards the target 73, Part of the mesh screen 95 might
prodrude inside cylindrical hollow cathode 57. FIG. 3
shows two examples of nevtron pulses obtained respec-
tively with cut-off electrode (solid line) and without
cut-off woltage (dotted line), everything else being
equal, The benefit to the nevtron pulss shape (especially
the fall time) derived from the cut-off electrode is easily
appreciated from FIG. 3.

In an alternate embodiment, (wherein the extractor
50 i not provided with the cut-off screen 95), the end
tail of the jon beam i trancated by applying a positive
wvoltage pulse to the extracting electrode 50

In arder to generate a controlled output of neutrons,
continuously or in recurrent bursts, &n lon source volt-
age supply means 102 provides power for the bombard-
ing don beam. For pulse operation, an bon source pulser
101 is provided at the output of fon source voltape
supply 102 to regulate the operation of woltage supply
to the ion source. The ion source pulser 101 has a direct
output connected to the anods 57 (via flange %) and a
eotnplementary outpat connected to extracting elec-
trode 50, The high voltage supply 103, the jon soarce
valiage sapply 102, and the jon source pulser 101 may
be of any suitable type such as e.g, described in U.5. Fat.
Mot 1,756,682 or 3,546,512, already referred to. A gas
supply means regulator 104 (connected to the high
wvoltage supply means 103) regulates, through a gas
supply power means 105, the intensity of the ion beam
by eentrolling the gas pressure in the envelope, The
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of the gas supply 25 in an amount regulated by the gas
supply regulator means 104 to achieve a devterium-
tritium pressure within the generator envelope that &
adeguate 1o obtain o desired ion beam current and ad
hoc conditions for the generator o operate.

The high voltage established between the extracting
electrode 50 and the suppressor electrode 75 produces 2
steep voltage gradient that accelerates deuwterinm and
tritium ons from the electrode aperture 47 in extracting
electrode 50 toward the target 73. The energy imparied
to the ions is sufficient to initiate meutron generating
reactions between the bombarding ions and the target
nuclei and to replenish the target 73 with fresh target
material. Initial bombardment of & fresh target 73 by,
for cxampie, & half-and-half mixtore of dewterium and
tritinm ions, produces relatively few pevtrons. As in-
creasing quantities of impinging ions penetrate and are
held in the lattice of the target, however, the probability
for nuchear reactions increases. Thus, after a short per-
iod of ion bombardment, & continuous or pulsed cutpat
ranging from 107 1o 109 nentrons per second is reached.

As previously described, the regulator 104 regulates
the power supplied to the filament 26 and thereby ma-
nipulates the tobe gas pressure and the ion beam inten-
sity to produce the desired neutron outpat. 17 the nea-
tron output should increase as a result of an increase in
the current, a corresponding increase in current
through the resistor causes the regulator 104 to decrease
the filament power supply and thereby reduce the gas
pressure within the generator. The lower gas pressure
m effect decreases the number of ions available for
acceleration, and thus restores the neutron outpat to a
stable, predetermined value. Similarly, a decrease in the
current through the resistance causes the regulator 104
10 increase the generator gas pressure.

If desired, the neutron output can be monitored di-
rectly, and sither the jon source voltage supply or the
high voltage power supply can be controlied automati-
cally ar manuslly (o achieve stable generator aperation.
In the event the generator is supplied only with deute-
riam gas, neutrons are produced as a result of deoteri-
um-deuteriom interactions, rather than the deaterium-
tritium reactions considered in the foregoing ilhestrative
description.

The present invention provides the following advan-
tages, a5 compared to the prior art neutron generators,

Since no magnet s necessary, the neulron generatar
is lighter and of smaller dimensions than the prior art
generatoss, This is & substantial improvement for log-
ging applications due to the limited space available in
the logging tools,

The use of & dispenser cathode virually cancels, or &t
least substantially reduces, the delay between the time
the gemerator is turned on and the production of new-
trons, and thus provides a sharp rise of neutron burst.
This also results in an improved burst timing control.

Alsn, the thermionic cathode operates without trou-
blesome plasma mode transitions responsible for dis-
turbing jumps in the neutron cutput, and for difficulties

current flowing through resistor r provides & measure 60 in using the beam control feedback loop with the reser-

of jon beam eurrent which enables the gas supply reguo-
Iator 104 to adjust the generator gas pressare accord-
ingly. The volisge developed by the high voltage sup-
ply 103, moreover, ks applied directly 1o the suppressor
electrode 75 and through a resistor B to the target elec-
trode 15. The valtages thus developed provide the sc-

&5

celerating and suppressor voliages, respectively, Dur-
ing operation, carrent 5 passed through the filament 26 allows the il of the jon beam o be cut-ofl, made

wair hester.

The eroslon of the extractor and conssguent coating
of insulator surfaces, by sputtered metal due to 1on bom-
bardment, is substantialiy reduced because of the rela-
tively low anode voltage. The reduced anode voltage
allows one to use simplified pulsing circuitry.

The veltage applied to the cut-off screen-electrode 95
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mainly of slow ions, and thus allows the generation of a
neutron pulse showing a sharp end edpe.
Finally, the Hfetime of the cathode is in the range of
several hundred hours in & bydrogen gas environment

of pressure on the arder of several mTorr providing an 3

average eleciron emission current of from 50 10 80 maA,

el requiring only a few watts of heater power.
Above all, the invention s beneficial in term of palse

shape. In particular, the neutron pulse shows the fol-

lowing characteristics, as can be ssen from FIG. 3: 19

the time required for the instantanecus neutron out-
put to reach its maximom, called platean, measured
from the instant when the voltage is applied 1o said
cathode, is less than 1.5 microsecond;

the fall time, i.e. the period of time between the in-
stant when the voltage applied to said cathode is
turned off and the instant when the instanianeous
neutron owtput falls to 109 of the platean, is less
than 0.5 microsecond;

20
the meutron output reaches a platean which remains

constant within a 109 range thereof, over a pulss
time width comprised betwesn 5 and 500 microses-
aqdi;

the time lag betwesn the imstant when the voltags s 35

applied to sald cathode and the nstant when the
instantanecus newiton outpul reaches 109 of the
plateauw, is less than 0.5 microsecond; another bene-
fit is that the time lag is independent of operational

parameters of the ion source, such 8s gas pressure; 30

and

the rise time for the neatron cutput to reach 90% of
the plateau, measured from the time when the nen-
tron output is 109 of said plateay, s less than 1
microsscond. 3

What = claimed is:

1. A peulfon generator comprising:

(i) an jon source comprising an anode and a dispenser
cathode disposed in &n lonizable gas environment;

{ii} means for heating ssid cathode wo that the latter 40

emits electrons which, when colliding with said gas
atoms, generaic ions;

(i) & target;

(iv) mn electrical gap to accelerate ions from said ion

source towards said target upon impingement of +*

said tons; and
(v) control means for applving voliages to said anods,
cathode and electrical gap, wherein a voltage ap-
plied to sald anode by sxdd eontrol means 18 be-
tween 100 and 300 Volts 1o substantially reduce
mietal sputtering within the nsutron generator.
2, The ncutron generator according o claim 1,
wherein said gas comprises at least one hydrogen iso-

55
3, The peutron generator according to claim 2,

wherein said gas environment constitutes a sealed
chamber,
4, The peutron generator according to claim 1,

12

7. The neutron generator asccording to claim 1
wherein said voltage applying means for said cathode is
distinct from gaid cathode heating means,

8. The neairon generator accosding to clhim 1,
wherzin said anode i made of a hollow elongated body
permeable to electrans.

%. The neatron generator according to claim 8,
wherein said anode 5 made of a eylindrical metallic
coil.

10. The meutron gemerstor according to claim 8§,
whersin said anode is made of a cylinder-shaped mesh.

11. The neutron generator according to claim 4,
wherein said block is disposed at one end of an arm
connected to said heating means and to sid control
MEEns,

12, The newtron gemerator according to clam 8,
wherein sxid cathode is disposed inside sxid anode.

13. The neutron gemerator according to claim 8,
wherein said cathode s disposed outside said anode,

14. The neutron generator according to claim 11
wherein said cathode comprises two arms disposed
diamatrically on the outtide of said anode.

15. The newtron generator according to claim 1, fur-
ther comprising an extracting slectrode disposed at the
end of said lon source facing said target and submitted
to & voltage complementary to the anode voltage.

16, The peutron generator according to claim 15,
wherein the end of said extracting electrode facing said
target is torus shaped.

17. The neatron generator according to claim &, fur-
ther comprising means for preventing slows ions, still
present in said jon source at the end of said voltage
pulse, from leaving said ion source.

18, The neutron generator according to claim 17
wherein said preventing means comprises a cut-off elec-
trode disposed at the end of the ion source and which is
submitted to voltage pulses synchronized with and
complementary 1o pubies applied 10 said anode, and toa
positive voltage between said pulses.

19, The neutron geperator according to claim 18
wherein said cut-off electrode includes a mesh screen.

20, The mevtron generator according to claim 19
wherein said mesh screen is in the form of & truncated
sphere having its concavity facing said target.

21. The meutron generator according to claim 17
wherein said preventing means comprices means for
applying to said extracting electrode negative voltage
pulses synchronized with polses applied 10 said anode,
and a positive voltage between said palses.

11, The neatron generator according to claim 3 com-
prising a cylindrical insulator disposed between said lon
source and said targel

13, The neutron generator sccording to claim 22
wherein said insulator is made of ceramic.

24, The neutron generstor according to claim 1
wherein said gas environment comprises a gas supply
means incorporating & helical filament coated with ma-
terial gble, when hested, to emit stoms of a1 l=ast one
hydrogen isotope and disposed transversely to the loa-

wherein said cathode comprises at least one block of 6o gitudinal axis of the accelerating gap.

material comprisad of a substrate impregnated with an
electron emitting material,

5. The neutron generator according to claim 4
wherein sald substrate is tungsten and said emitter mate-

rial includes barium oxide, 65

4. The newiron generator according to claim 1,
wherein said voltages are in the form of square voltage
pulses.

25. The meuwiron generatos according to claim 23
wherein the gas pressure in said gas environment is
comprised between 0.5 milliTorr and 20 milliTorr,

6. A neutron generator comprising:

an fom source comprising an anode and & dispenser or

volume type cathode disposed in an jondzable gas
environment including at least one hydrogen iso-
tope;
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means for heating said cathode so that the latier emits
electrons which, when colliding with said gac
Bioms, generate ions;

a target;

an electrical gap to accelerate jons from said jon 5
source owards said target upon impingement of
eaid jons; and

comtral means for applying voltages 1o said anode,
cathode and electrical gap, wherein a voltage ap-
plied to gaid anode by sid control means is be- 10
tween 100 and 300 Velis to substantially reduce
metal sputtering within the neatron generstor,

27. A logging tool for investigating earth formations
surrounding a borehole, comprising & sonde incorporat-
ing at least one radistion detector and & peatron genera- 15
tof, sadd naution generalor comprising:

(i} &n ion source comprising an anade and a dispenser

cathode disposed in an ionizsble gas environmeni;

(i) means for heating said cathode so that the latter
emits electrons which, when colliding with said gas 20
aioms, geneTate ions;

(iH) & warget;

{iv) an electrical gap to accelerate jons from said jon
source towards said farget upon impingement of
said jond; and

{v) control means for applying voltages (o said anode,
cathode and electrical gap, wherein a voltage ap-
plied 1o said anode by said control means is be-
tween 100 and 300 Volts to sobstamtially reduce
metal spuniering within the newtron generator. o

28, A meutron generator for logging applications,
comprising:

a source of onizable gas;

an ion source for jonizing said gas and including an

14

an jon source for jonizing said gas and including an
ancde and a dispenter type cathode designed 1o
emit electrons able 1o impinge on gas 2loMms 50 as 1o
generate jons;

& target spaced apart from said ion source by an accel-
erating gap, and being able 1o emit newtrans upod
impingement of jons Bsued from sald lon source;

control means for applying pulsing voltages to said
annde, cathode and electrical gap; and

means for operating said control means sach that the
neutron owtpul reaches a masimum value (or pla-
teau) which remains constant within a 109% range
thereof, over a pulse time width comprised be-
tween 18 and 25 microsecond.

31. A neutron generator for logging spplications,

comprising:
& source of ionizable gas;

an jon soarce for fonkzing sald gas and including an
anode and a dispenser type cathode designed to
emit electrons able to impinge on gas aloms 50 a8 1o
[generate ions;

@ target spaced apart from said ion source by an accel-
erating gap, and being able 1o émit neutrons upon
impingement of jons isswed from said jon source;

control mesns for applying voltages to said anode,
cathode and electrical gap; and

means for operating said control means such that the
fall time between the instant when the voltage
applied 1o sabd cathode is turned off and the instant
time when the instanianecus neutron owtpuot falls 1o
10%% of the maximum output (plateau), is less than
0.5 microsecond.

32 A neotron generator for spectral logging lppllea

anode and o dispenser type cathode designed to 35 HOMS, comprising:

emii elecirons able 1o impinge an gas atoms 50 as o
Benerate ions;

& target spaced apart from said ion source by an accel-
erating gap, and being able to emit neutrons upon
impingement of ions issued from said ion source; 40

control means for applying voltages to said anode,
cathode and electrical gap; and

means for operating said control means such that the
rise time for the neatron cutpat to reach 304% of the
maximom outpol plateau), measured from the time 45
when the neutron ootput is 10% of said plateay, is
less than 1 microsecond.

29. A newtron generator for logging applications,

comprising:

a source of ionizable gas; 50

an ion source for tonizing said gas and including an
anode and a dispenser type cathode designed to
emit electrons able to mpings on gas atoms 5o as to
generate ions;

& target spaced apart from said jon source by an accel- 55
erating gap, and being able 1o emit neutrons wpon
impingement of ions issped from said ion source;

control means for applying voltages to said anode,
cathode and electrical gap; and

means for operating said control means such that the &0
time lag betwesn the instant when the voltage &
applied to said cathode and the instant time when
the instantaneous newtrom output reaches 105 of
the maximum cotput (plateau), is less than 0.5 mi-
crosecond. 3

30, A neutron generator for spectral logging applica-

tons, comprising:

& source of honkzable gas;

a source of ionizable gag;

an jion source fior ionizing said gas and incleding an
snode and a dispenser type cathode designed to
emil electrons able 1o impings on gas atoms 0 a8 to
generate ions;

a target spaced apart from said fon source by an accel-
r.rﬂm,g gap, and being able to emit neotrons opon

impingement of #ons issued from said won source;

contral means for applying voltages to said anode,
cathode and elecirical gap; and

means for operating said conirol means such that the
time required for the instantaneous neutron output
to reach lis mazimum (platesu) valoe, measured
fromm the instant time when the voltage is applied to
said cathode, is less than 1.5 microsecond.

33, A method for i investigating earth formation sur-

reunding a borehole, comprising the steps of:

irradisting, at a first given location in the borehole,
the borechols materials and the earth formation
with bursts of neatrons from a neutron generator
including an jon source comprising an ancde and a
dispenser cathode disposed in an ionizable gas envi-
ronment, by applying voltage pulses to the cathode
and heating the dispenser cathode;

detecting, &t a second given location in the borehole,
radiation resulting from interaction of the neoatrons.
with the formation;

" generating signals repressntative of the radiation;

controlling the nevtron outpul during the start of the
nmeutromn burst such that the rise time for the newtron
output to reach 0% of its plateau, measured from
the time when the newtron oatput is 10% of the
plateay, s less than 1 microsecond; and
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determining from the signals a characteristic of the
earth formation surrounding the barehale,
H. A method for investigating earth formation sar-
rounding a borehole, comprising the steps af:
generating bursts of neatrons from a neutron genera-
o including an jan source comprising an anode
and a dispenser cathode disposed in an ionizable
gas environment, by pplying voltage pulses to the
cathode and heating the cathodes;
irradiating, at a first given location in the borehole,
the borehole materials and the earth formation
with barsts of neutrons;
detecting, at a second given location in the borehole,
radiation resulting from interaction of the neutrons
with the formation;
Eenerating signals representative of the radiation;
controlling the neatron burst during the start of the
neutron burst swch that the Hme lag between the
instant when the voltage i applisd to the cathods
and the instant time when the instantaneous neo-
tron cutput reaches 10% of its plateau, is less than
0.5 microsscond; and
determining from the signals a characteristic of the
earth formation surrounding the borehole,
35 A method for investigating earth formation sar-
rounding a borehole, comprising the steps of:
irradiating, at a first given location in the borehole,
the borehole materials and the earth formation
with bursts of neutrons from a neutron generator
including an ion source comprising an anode and a
dispenser cathode disposed in an lonizable gas envi-
ronment, by applying voltage pulses to the cathode
and heating the dispenser cathode;
detecting, &t a second given location in the borehole,
radiaton resulting from imteraction of the neutrons
with the formation;
generating signals representative of the radiation;
centrolling the neutron cutput such that the neutron
output reaches a platean which remains constamt
within a 10% range thereof, over a burst time
widih comprised between 18 and 25 microsecond;
and
detzrmining from the signals a charscteristie of the
earth formation surrounding the borehole,
36 A method for :inves'l.'ipﬁrm aarth formation sur-
rounding a borehols, comprising the steps of:
generating bursts of neotrons from a neutron genera-
tor incloding an bon source comprising an anode
and a4 dispenser cathode disposed in an ionizble
g environment, by applying voltage pulses to the
cathode and heating the cathode;
irradiating, at & frst given location in the borehole,
the borehole materials and the earth formation
with barsts of neutrons;
detecting, at a second given location in the borehole,
radiation resulting from interaction of the newtrans
with the formation;
Eenerating signals representative of the radistion;
controlling the newtron output such that the fall dme
between the instant when the voltage applied 1o the
cathode is turned off and the instant time when the
instantanecus newtron output falls to 109 of its
plat=au, i less than 0.5 microsecond: and
determining from the signals a characterstic of the
earth formation surrounding the borehole.
37, A method for investigating earth formation sur-
rounding & borehols, comprising the steps of:
generating bursts of neatrons from a neutron genera-
tor including an ion source comprising an anode
and a dispenser cathode disposed in an jonizable

35
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Eas environment, by applying voltage pulses to the
cathode and heating cathode;

irradiating, at a first given location in the borehole,
the borehale materials and the earth formation
with bursts of neutrons;

detecting, at & second given location in the borehale,
radiation resulting from interaction of the nevtrons
with the formation;

Eenerating signals representative of the radiation;

controlling the newtron outpat doring the newtron
burst such that the time required for the instants-
neous neutron outpat to reach a platean, measured
from the instant time when the va]lageuappl}edtn
the cathode, is less than 1.5 microsecond; and

determining from the signals a characteristic of the
earth formation surrounding the borehole.

3. A method for investigating earth formation sor-

rounding a borehole, compnsing the steps of:

generating bursts of neutrons from a neutron genera-
tor including an ion sowrce comprising an anode
and & dispenser cathode disposed in an ionizable
gas environment, by applying voltage pulses to the
cathode and heating the cathode;

irradiating, at a first given location in the borehaole,
the borechole materials and the earth formation
with barsts of neatrons;

detecting, at a second given location in the borehols,
radiation resulting from interaction of the newtrons
with the formation;

generating signals representative of the radiation;

controlling the meatron output such that: (i) the rise
time for the mewtron ocutput to reach $04% of its
platesn, messured from the tme when the neutron
outpat is 10% of the plateay, is less than 1 micro-
second; (ii) the fall time between the instant when
the voliage applied to the cathode is turned ofT and
the instant time when the instantaneous neutron
outpat falls to 109% of the plateau, is less than 0.5
microsecond,

; and

determining from the signals a characteristic of the
carth formation surrcunding the borehole.

39. A method for investipating earth formation sur-

founding & borehole, comprising the sleps of:

generating bursts of neutrons from & neutron genera-
tor including an ion source comprising an anode
and & dispenser cathode disposed in an jonizable
gas enviranment, by applying voliage pulsss to the
cathode ond heating the cathode;

irradiating, at a first given location in the borehole,
the borehole materials and the earth formation
with bursts of neutrons;

detecting, at a second given location in the borehole,
radiation resulting from interaction of the neutrons
with the formation;

generaling signals representative of the radiation;

controlling the neutron output such that: (i) the rise
time for the meuwtron output to reach 90% of is
platesy, measured from the time when the neotron
outpyt is 10% of the plateay, is less than 1 micro-
second; (§i) the fall time between the instant when
the voltage applied to the cathode is turned off and
the instant time when the instantanecus neatron
ouwtpat falls to 10%% of its plateay, is less than 0.5
microsecond; and (idi) the neutron output reaches &
platesu which remains constant within a 109%
range thereof, over a pulss time width comprised
betoeeen 18 and 25 microsecond; and

determining from the signals a characleristic of the
earth formation surrounding the barehole.

- L
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Appendix F: Supertex LR8 Datasheet

Supertex inc. LR8

High Input Voltage,
Adjustable 3-Terminal Linear Regulator

Features General Description
» 132 - 450V input voltage range The Supertex LRE is a high voltage, low output current,
»  Adjustable 1.20 - 440V output regulation adjustable linear regulator. It has a wide operating input voltage
» 5% output voltage tolerance range of 13.2 - 450V. The output voltage can be adjusted from
» Ouiput current limiting 1.20 - 440V provided that the input voliage is at least 12V
. greater than the output voltage. The output voltage can be
> 1{J|,.|.&.typu:.al ,_n,[},] current _— adjusted by means of two external resistors R1 and R2 as
» Intermnal junction temperature limiting

shown in the typical application circuits. The LRE regulates the
. . voltage difference between VOUT and ADJ pins to a nominal
Applications value of 1.20V. The 1.20V is amplified by the extemnal resistor
ratio R1 and R2. An internal constant hias current of typically

» Off-line SMPS startup circuits 10pA is connected to the ADJ pin. This increases V__ by a
> Adjustable high voltage constant curmrent source constant voltage of 10uA fimes R2.

» Industrial controls

» Motor confrols The LRE has current limiting and temperature limiting. The
» Battery chargers output current limit is typically 20mA and the minimum
> Power supplies temperature limit is 125°C. An output short circuit current will

therefore be limited to 20mA. When the junction temperature
reaches its temperature limit, the output current and/or output
voltage will decrease to keep the junction temperature from
exceeding its temperature limit. For SMPS start-up circuit
applications, the LRE tums off when an extemnal voltage
greater than the output voltage of the LRE is applied to VOUT
of the LR3. To maintain stability, a bypass capacitor of 1.0pF
or larger and a minimum DC output current of HS00pA are
required.

The device iz available in TO-243AA (S0OT-89), TO-252 (D-
PAK), and TO-92 packages.

Typical Application Circuit

Vin O VIN VOUT

LR8 R1

—=C1

A
/1
3
AT
1

*Required for conditions whera Wy, is less than Vg .

Supertex inc. - 1235 Bordeaux Drive, Sunnyvalo, CA 84088 « Tel: (408) 222-B886 - FAX: (408) 222-4895 « www.suparlex.com
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LR8

Package Options
T0-252 (D-PAK) TD-92 TO-243AA (SOT-89)
LRE LRBK4-G LRBN3-G LRBNS-G
-5 indicates packsge iz RoHS compliant ("Green’)
o Inig; Pin Configurations
5’5’ &,//_
o @ WO
o ‘ \‘“ v
0, ., &
@O",IP,"\I _<;\ " ) ) \\\.‘\
Vi \ vour
. . TO-252 (K4 TO-92 (N3
Absolute Maximum Ratings (k) (N3)
Parameter ‘ Value VouT
W, Input voltage (voltages ref to ADJ) 0.5V to +480V AD 3
Output voltage range 0.5V to +470V Vi e
Operating ambient temperature range -40°C to +85°C TO-243AA (SOT-89) (N8)
Operating junction temperature range -40°C to +125°C Product Marki
Storage temperature range -65°C to +150°C roduc arking
Siresses beyand thase Nsied under JALssiule Maximum Rafngs” may cause permanent ﬁ YWW .:.:..: u-fj&:ef;"&
damage fo the device. These are siress rafings only, and funclional operatian of the LRE L = Lot Musrber
device af these or mer condifions beyond those ndicated in the aperafional sections LLLLLLL “Green” Packaging
of the specifications is nol implied. Exposwe o absolute maximum rading conditions for ———
sxtended Deriods may aect device redabimy. TO-252 (K4)
‘j LR | ¥ =Last Digit of ¥ear Sealed
8 W = Code for Week Sealed
L = Lot Mumber
WEE ="Grean” Packaging
TO-92 (N3)

W = Code for Week Sealed

LREW - -
— = “Green” Packaging

TO-243AA (SOT-89) (N8)

Electrical Characteristics
(Test conditions unless otherwise specified: -40°C < T, < 85°C.)

| Typ | Max | Units ‘Condiﬁuﬂs

Vi~ Vo | Inputto output voltage difference 12 - 450 1Y -
) , 132V =W _= 400V,
Vour Overall output voltage regulation 1.14 120 | 1.26 L R1=24K0 R2=0
N Owverall output voltage regulation 3 400 425 v R1=24K0, R2 = TH2ZK(Q
' : : ;1T =V =400V, V=5V,
AV oy Line reguiation - 0.003 | 0.01 [ %MV I, = 0.5mA
: V. =17V V 5V,
Py Load regulation = 1.4 3.0 % | 0%mA {iow{w:{u %
. V= 1TV V=5V, | = 10mA,
AV Temperature regulation -1 - +1 o 40°C <T, < 85°C

Supertex irnc. - 1235 Bordeaux Drive, Sunnyvala, CA 94088 . Tal: (408) 222-A8R8 * FAX: (408) 2224885 « www.supertex.com
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LR8

| Typ | Max | Units ‘Cond'rﬁuns

l5= Output current limit 10 - 30 mA |T,<85C,V_, -V, =12V
lour Output current limit - - 0.5 mA | T,=125°C, V-V, =450V
J= Minimum output current - 0.3 05 mA | Includes R1 and load cument
g Adjust output current 5.0 10 15 A | —
c2 Minimum output load capacitance 10 - - uF | —
oV, /DV,, | Ripple rejection ratio 50 60 - dB [120Hz, V_, =5V
e Junction temperature limit 125 = = =

Thermal Characteristics
Power Dissipation

@T.=25C
TO-92 0.74W 125 170
TO-2434A 1.6W 15 Tar
TO-252 2.5W 6.25 s0¢
Note:

1 Mourted on FR4 baard, 25mm x 25mm x 1.57mm.

Functional Block Diagram

VIN

|

Pass
Element

Overtemp &
Crvercument

ADJ

vour

Supertex irnc. - 1235 Bordeaux Drive, Sunnyvala, CA 94088 . Tal: (408) 222-A8R8 * FAX: (408) 2224885 « www.supertex.com
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LR8

Typical Application Circuits

Figure 1: High Input Voltage, 5.0V Output Linear Regulator

Vigg= 17 10 450V ——y VIN voutl o -

Al Rl
LRB &.04KD
1%
o1z T @

* Required for conditions where Vi, Is less than Ve r Vour= 120v 1+ B2 :] gy R2
VR

Fy e £98.5K0

Figure 2: SMPS Start-Up Circuit

Vi = (Vour + 12V) 1o 450V

[WIN  WOUT

AD) ] - Vo2
LR3 Ve 4| .

= I PWMIC

L 3 T3:7T %

4|
I

i
I

Figure 3: High Voltage Adjustable Constant Current Source

1,208
lowr =
R 4'{}
+ O—fvin  VouT A
AL
Vg = (Voo + 12V) 1o 450V LR8 I LOAD

—— 1.04F
o 1

Supertex irnc. - 1235 Bordeaux Drive, Sunnyvala, CA 94088 . Tal: (408) 222-A8R8 * FAX: (408) 2224885 « www.supertex.com
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LR8

Typical Performance Curves

Temperature Variation

130
- 125
Vi, Vgyr =12V
LRS SRE
— —
I Y, 3 i
12V _— 2.4K0 1opp = B
1.10
— — — — 105
1.00
51 25 0 25 5 75 100 125
Tijunction) (“C)
Adjustment Cumrent
12
1
" Vo= 12V come
LR8 ES ———
= V= 4007_ L]
]
12V, ADJ = 4 /’_ Vin = 12V
200V, = 24K0 1.00F
400V ll . IJ'/
AU
X\-v..-zmv
7
8
50 38 0 25 50 75 W00 125
Ti{junction) ("C)
Load Regulation
52
Vi Vour =50V gy —
LR8 .
6.0 KD ==
ADS +1% =
E
— - g
a8y _— g = s —

—_ R.._-'" -""--..n..___‘_‘_-
18.2K0 I
+1%

49
a8
o 2 4 & a 10

lgyr (MA)

Supertex irnc. - 1235 Bordeaux Drive, Sunnyvala, CA 94088 . Tal: (408) 222-A8R8 * FAX: (408) 2224885 « www.supertex.com
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Typical Performance Curves (cont)

Vourvs. Vi
8
W Vour =50V 5
LR8 t
AD E.04KO = -
+1% o
oV 1o 50V 1 T L0WF 2 gun > 3
18.2K0 /
1% 2 l
- - = - y
0
1] 10 20 30 -l 50
Vi (V)
Ripple Rejection
-85
o
Vi Vo = 5.0V bwr ——» o -84
LR8 2
ADJ & 04K c -83
20Vag 1% 2
@tk OpF 2
i —= 1.0y )
N gﬁp-_-:\q: *r .52 _...-"""‘
B __— 162K B
1% =
d
-81
-80
0 2 4 8 a 10
lour (mA)
30
25
:E ‘-."'I-
E 20 S
= \"""""-...
15 ‘“-:___'
10

40  -20 0 20 40 60
Temperature (*C)

BO 100

LR8

Supertex irnc. - 1235 Bordeaux Drive, Sunnyvala, CA 94088 . Tal: (408) 222-A8R8 * FAX: (408) 2224885 « www.supertex.com
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LR8

Typical Performance Curves (cont)

Load Transient Response

Vi Vour

LRS

ADJ B.04K0 1..
a1 .....-..--
25V = g g 10KD ...... N
18.2K0 e
S . | -----H..
= LI
REEEREEE

5.0V

Line Transient Response

400V

Vin Vaur
Vin — LRS8 1
ov

ADJ 604K
%

A

— 1.0uF % 10K

18.2K0
1%

Line Power Up Transient Line Power Down Transient

Supertex irnc. - 1235 Bordeaux Drive, Sunnyvala, CA 94088 . Tal: (408) 222-A8R8 * FAX: (408) 2224885 « www.supertex.com
7



B. Buck, N. Franco 26 April 2009 111

LR8

3-Lead TO-252 D-PAK Package Outline (K4)

| | ke
E l ‘ ;E: | h—ﬂ»:z
= [ =T I ]
f 61 %
D1 H
D
-~ =™ [
. s
1 [ A O O A
1 2 LJ 3 LJ L4 L& / |
e | |
Mote 1 Ugl—r \ \% /
7
b2—-| _E . __‘ b |__ \-’le‘.:.'/:\‘---. — .»-71_
Front View Rear View Side View

Seating
Planse

View B

Maote:
1. Although 4 terminal locations are shown, only 3 are funcfionall Lead number 2 was removed.

MIN | 0BE | - |[.025|.030|.195(.0M8 | .235 | .205 | 250 | 170 370 | 055 35| - |45 ( 0P >
Dimension L] 108 | 020
{inches) oM 240 BSC DE0 REF | BSC

MAX | 004 | 005 | 035 | 045 215 | 035 | 245| - | 25| - A10 | 070 050 | 040 | OGO | 100 | 150
JEDES Registration TO-252, Variafion AA, lzsue E, June 2004,
Drawings not to scale.

Supertex Doc. # DIFD-3TO252K4, Varzion DOST108.

Supertex irnc. - 1235 Bordeaux Drive, Sunnyvala, CA 94088 . Tal: (408) 222-A8R8 * FAX: (408) 2224885 « www.supertex.com
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LR8

3-Lead TO-92 Package Outline (N3)

[—o—

Seating Plane 1 2 3

v _

——

—| |=—C
_..|e1|-._| ||

Front View Side View

Bottom View

MIN A70 0147 0147 A75 A25 080 095 045 500
Dimensions
(inches) NOM - - - - . N - - .
MAX 210 0227 0227 205 65 105 105 055 610"
JEDEC Registration TO-92.

* Thiz dimenszion iz not specified in the onginal JEDEC drawing. The value lisfed iz for referance onfy.
1 Thiz dimension is & non-JEDEC dimension.

Drawings not to scale.

Superfex Doc.# DSPD-3TOS2NI, Version DOGOL08.
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