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Abstract
One problem encountered in the design for the Hmgkollege electrostatic electron
accelerator is the electron source, which mustgezated while floating at a potential of
200 kV. The simple two-grid electron gun used poasly did not have electrodes to
provide focusing and positioning of the beam. A red@ctron gun was constructed using
an RCA 3RP1 cathode ray tube. This electron gun beayemotely controlled via an
Ethernet-GPIB-RS232-Fiber optic link to a BASIC @2 microcontroller inside the
high voltage terminal. This microcontroller congahe intensity, focus, and acceleration
grids of the cathode ray tube using a 12-bit fomammel DAC7624 digital-to-analog
converter, which, after current amplification, drsvfour EMCO G20 DC to HV DC

converters.
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Chapter 1

INTRODUCTION AND HISTORY OF ELECTROSTATIC ACCELERATORS

1.1 Introduction

For almost a hundred years the primary tool of @aichnd particle physics has been the
particle accelerator. Particle accelerators predheams of particles with energies,

intensities and types of particles that cannot theravise obtained. With these patrticle

beams, experiments can be performed to investigatdear structure and nuclear

interactions. Consequently, a 200 keV electrastaekectron accelerator, which can be
used for electron scattering experiments, has besestructed at Houghton College. This
accelerator will produce an electron beam, bremlktng x-rays from electron impact

and finally, if the electron source is replacedamyion source, beams of ions. It may

even be possible to utilize the D-D fusion reactimereate fast neutrons.

1.2 Overview of Scattering Experiments

Two of the obstacles to studying the nucleus aesmall size and that it is effectively

shielded by electrons. Most of the physical propserof the atom, such as chemical
bonding and atomic energy levels, depend almostegnton the electrons, and are

therefore insensitive to the nucleus. For thisoeaone of the most successful ways to
learn about the nucleus of an atom has been sogtextperiments, as shown in Figure 1.
This kind of experiment has a target struck by aerrgetic beam of particles. The

incident particles have a probability of interagtiwith the nuclei and being deflected.



After interacting, the outgoing and residual pdesccan be detected. From the resulting
trajectories and energies of the particles diffeadieross sections can be calculated. By
comparing theoretical predictions to those expenialeresults further theories of the

nucleus are developed.

. ¥ Neutron

e —~ ()

Neutron =

BN
Target
Nucleus

Target
Nucleus

Figure 1. Example of neutron scattering. |Initialy the target
nucleus is at rest. Neutrons with a known energycatter from the
target causing it to recaoil.

1.3 Early Scattering Experiments

The most famous early experiments in nuclear pByare Ernest Rutherford’s gold foil

experiments [1,2] of 1909 and 1911 in which thieetls of gold were struck by alpha
particles (helium nuclei) generated by the decasadfum. The outgoing particles were
detected by a scintillating zinc sulfide screenalihemitted flashes of light when struck
by energetic particles. Given that the mass aadrtbmentum of the alpha particle was
relatively large it was expected, especially witie textremely thin gold foil, that the

particles would be deflected only very marginaliyem the then current “plum pudding”

model of the atom which held that matter was aerattomogenous soup of positive

matter and negative electrons as shown in Figurél@wever, Rutherford discovered a



small percentage of the alpha particles were ejectarly backwards. It was described
by Rutherford “as if you fired a 15-inch shell apiace of tissue paper and it came back

and hit you” [3].

>
>

Y

Y

Figure 2. Comparison of plum pudding model (above)to
Rutherford model (below). Rutherford expected thatwith the then
current plum pudding model most of the incident paticles would
not be deflected by a sizable angle. However, somere deflected
backwards leading to the development of the theorgf the nucleus.

From this discovery Rutherford deduced that thdeuscof atoms contain a very small
massive positive charge, surrounded by point llketeons while the rest of the atom was

empty space.



1.4 Splitting the Atom

In 1919 Rutherford performed another very importaxperiment [4] in which he was
first to split an atom apart. In this experimestutilized a setup similar to his gold leaf
experiment, with a radium alpha source and a zil@ide scintillating screen. The
radium ¢#°Ra) ejects alpha particles with energies up to & Mé&Jpon the introduction

of nitrogen gas the number of scintillations wasns® increase rather than decrease as
expected due to the nitrogen gas acting to blopkaabarticles. Therefore, Rutherford
theorized that the alpha particles broke the néroguclei apart. This was surprising,
since it meant the energy required to penetratiheéonucleus was less than originally

thought [4]. This effect was later recognized &due to quantum mechanical tunneling

[5].

Radioactive sources only allowed for certain digcenergies and types of particles to be
used. Rutherford in 1927 declared [6] that he dapat energies beyond those available
by natural sources would be someday available. Tielsd for artificially generated
sources of nuclear particles led to the developnwnseveral varieties of particle

accelerators.

1.5 Quest for High Energies

The simplest particle accelerators use hundretidasand kilovolt (kV) static potentials

to accelerate charged particles shown in Figur®/&h this design the particle energy is

10



directly proportional to the voltage across theetm@tor. Therefore, to generate high

energy particles a high voltage is required.

Particle beam

Evacuated

) ) accelerator tube
High Voltage Terminal separating

containing ion source or potentials
electron gun

Grounded
Terminal

Figure 3. Drawing of basic electrostatic accelerat. Charged
particles are emitted at the left and travel to theright. For
example, if electrons are being accelerated the g voltage
terminal will be negatively charged compared to grand.

Several methods of generating high voltages weeengted, some of which will now be

described.

1.5.1 The Surge Generator

Surge generators consist of capacitors chargedaiallpl from a DC source and then
discharged through cross connected spark gaps;mshowigure 4. These high voltage

surges of current have duration of a few millisetsgrand were initially developed for

testing electrical equipment. GE’s Pittsfield plavas able to produce surges of over 6
million volts (MV) in 1932 [7]. In 1930 A. Braschnd F Lange applied a 2.4 MV surge
of 1000A through a vacuum chamber of alternatingsiof metal and fiber compressed
between end plates [8,9]. The resulting electreant was allowed to enter the air
through a metal foil window at one end where itduoed an intense blue glow extending

one meter. It can be presumed that there wereeaudisintegrations in this region but

11



they were not identified. However, due to the msigy of the surge the discharge tube

had to be cleaned and reassembled after nearly sugge.

High voltage

Resmtnrs\

Capacitors—
Spark gap
Spark gaps —
% = ——y Metal rings

| I ‘ Fiber rings
|

: : < Discharge
‘ ‘ ‘ ‘ tube

L

Vacuum

Window

Figure 4. Diagram of Brasch and Lange's surge geregor and
discharge tube. The high voltage supply circuit isat right and
discharge chamber is at left. Taken from Ref. [8].

1.5.2 The Cascade Generator
In the early 1920’s an engineering test instaltafi0] was developed by R.W. Sorenson
for Southern California Edison Company. He utilizaree 250 kV transformers in series

powered by 220 kV 50 Hz long distance power lisg®wn in Figure 5, to generate peak

12



voltages over 1MV. In 1928 this system was use€lfy. Lauritsen to generate X-rays
up to 750 kV [11] and then in 1934 to generatetpasions of 1 MV [12]. Note that this

accelerator’s potential oscillated at 50 Hz.

3.cascade
transformers

_-—Source
A
E]

Al
1

~|

|
Il
%)

AL
H
a b
Vi

= 11

50 A .-

| j "ufacut;m

Rt

 Target

Figure 5. Diagram of the 0.75 MV Cascade transforer and
discharge tube at the California Institute of Techmlogy. High
voltage supply lines are at left. This voltage imultiplied by three
transformers before being put across the dischargéube. Taken
from Ref. [10].

1.5.3 The Tesla Coil
As shown in Figure 6, the Tesla coil is a resonamaesformer with a high voltage

capacitor and spark gap tuned such that both tértaive the same resonance frequency

13



(typically 25 kHz-2 MHz). Tuve, Breit, Dahl and fdtad attempted to use a Tesla coil to
accelerate a proton beam starting in 1930 [13,14615 They reported peak potentials of
up to 5 MV. However, they found that at 300 kV e built up on the glass

accelerating tube, pierced through it and a sizabtesnt traveled down the tube. They
utilized Coolidge tubes which consisted of alteim@atings of metal and glass rings to fix
this problem. This allowed charge to be more eveidtributed since charge can travel
freely through conductors. Due to the rectifyirgure of x-ray tubes, these were ideal
for use with the AC HV from the Tesla coil. In 8.H. Sloan achieved 1.25 MV x-

rays with this method [17].

Prormary
o . ‘2
T )
Secondary
Spark gap
R
dc potential

Figure 6. A drawing of a double ended Tesla coil.The primary
and secondary coils have the same resonant frequgnc Taken
from Ref. [18].

1.6 The Cockcroft Walton Generator

Cockcroft and Walton developed a voltage multipbecuit and used it to break apart
lithium nuclei in a target [19,20,21]. This wasetfirst intentional use of a particle
accelerator for nuclear disintegration. Origindlhey planned for 700 kV, but in 1929

Gamow [22] and Condon and Gurney [23], utilizingveamechanics, showed that

14



protons of 500 keV had a significant probabilitypenetrating the potential barriers of
light nuclei. Therefore, Cockroft and Walton maelf their goal to 500 kV. Their

design was an AC circuit utilizing rectifiers tornggate a DC potential by charging
capacitors in parallel and then discharge theneires through a load resistor, as shown

in Figure 7.

IV+Vsinw

V+Vsinwt

F R

2

tal

Figure 7. Schematic of a Cockroft Walton generatar The AC
voltage is multiplied and rectified by circuit (a) where it is applied
to the accelerator at (b) at various electrodes shcthat a uniform
electric field is produced. To generate higher pentials more
stages can be added. Taken from Ref. [19].

This is important, as all earlier attempts weréaegitpulsed or AC. A DC high voltage
allowed a constant stream of monoenergetic pastitdebe produced. The accelerator
tube was stacked vertically within a glass vacuurantber embedded with electrodes.
An ion source placed at the upper terminal usedgha koltage discharge to ionize
hydrogen gas. This design reached a maximum pakteitl.25 MV at the Cavendish
Laboratory [24], but few designs generated highantl MV. This design is still in use

today as a pre-accelerator of particles for inggtinto higher-energy machines, such as
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the Los Alamos Neutron Science Center's 800 MeVntch P Anderson linear

accelerator.

1.7  The Van de Graaff Accelerator

Robert Van de Graaff described [25] in 1931 a des$ty a high voltage generator that
used silk belts to transfer charge to two 24 in@meter high voltage terminals, one
positive and the other negative. Charge was tearesf via corona discharge from needle
points located at the base and inside the higragelterminal onto a rotating insulating
belt. The belt carried the charge with it into thigh voltage terminal. Once inside the
high voltage terminal, another set of needle poatitsved the charge to move onto the

conducting sphere. A Van de Graaff generatohaswvs in Figure 8.

+ + © -0

. __( )

+/ \ \
. 7\
+\\=i ® 3=/+ \\
1O
S
O ® _ :/
i
+ ..

Figure 8. Charge is sprayed onto the belt at neegllpoints (7) via
the potential difference created by the triboelect effect by roller
(6) rubbing on the belt. It is brought up to the bp needle points
(2), where it is forced off by the potential generied by roller (3)
rubbing on the belt. In addition negative charge an be brought
down the belt if it is sprayed onto the belt.

16



This system attained 1.5 MV. The potential reachesaximum when the rate current is
moving up the belt is equal to the rate at whiclargk is leaving the high voltage
terminal through sparking, corona discharges, a&tan de Graaff, van Atta, Northrup,
and others continued by constructing the Round El#ictrostatic Generator, shown in

Figure 9, capable of producing a potential diffeeeof 5.1 MV [26].

Figure 9. Picture of Round Hill generators. Theygenerated a
potential of 5.1 MV. Taken from Ref. [26].

This design consisted of positive and negative tl&idmeter spheres each charged by
two belts, a negative carrying belt and a positiagying belt. The belts were 4 ft wide
and made of insulating paper. Difficulties withnidity led to potential less than the
theoretical 10 MV. The positive terminal was charge 2.4 MV and the negative was
charged to 2.7 MV, giving a potential difference®L MV. In addition, there were
difficulties in mounting the accelerating tube leadto a redesign in 1940, giving a

working accelerator capable of producing 2.75 MY][2
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Tuve et al. [28] adopted Van de Graaff's design lauitt a 600 keV accelerator in 1933,
only one year after Cockroft and Walton completi€irt accelerator. This generator
accelerated protons using a 1 m diameter sphdrighl voltage terminal. In 1935 they
constructed an accelerator with a 1 m diameter hajtage terminal and a 2 m diameter
intermediate voltage dividing shell. This accelerdtad a maximum energy of 1.3 MeV

for protons.

R.G. Herb [29] was first to use a pressurized iusod) gas around the high voltage
terminal along with the concentric voltage dividisigields to generate 750 keV protons
in 1935. Nitrogen and Carbon dioxide were testedra insulating gas in addition to air,
but air was found to be the most advantageous 130 de followed with designs for 2.4

MeV in 1938 [32] and 4.0 MeV in 1940 [33]. J.G.ump continued this pressure
insulation design, shown in Figure 10, at MIT withn de Graaff to produce the highest

potential ever for a single stage accelerator \9[34].

In 1947, Herb began to commercially produce acatdes by forming the High Voltage
Engineering Corporation, where they developed itst fandem accelerators, shown in
figure 11. These accelerate negative hydrogen tom&ard a positive high voltage
terminal, strip them of their electrons via a hygkn gas jet, and then accelerate the

protons back down to ground potential, therebygitie potential difference twice.
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Figure 10. MIT's 9 MV electrostatic accelerator. The accelerator
was built into a pressurized chamber to minimize vibage losses.

Taken from Ref. [13].



High voitage
/ terminal
Analyzing

magnet
/ Analyzing

Lo magnet
\‘—Gas stripping .

canal

Target

Electron adding
canal

lon source

Figure 11. Drawing of a two-stage tandem electrostic

accelerator. Negative ions are fed into the accetgor at left.

Nonnegative ions are removed by the first analyzingnagnet. The
negative ions are then accelerated through the fitpotential. Then
they are stripped of their electrons by passing though a jet of
hydrogen gas. These positive ions are then accelead again. The
last analyzing magnet strips the beam of any non-sdive ions.
Taken from Ref. [35].

1.8 Cyclotrons and Other Modern Accelerators

Lawrence and Livingston’s 1.2 MeV proton cyclot{@6] of 1929 introduced a new way
of accelerating particles which did not need sugkreene voltages to obtain high
energies. The cyclotron uses a magnetic fielcetalla particle’s trajectories into a spiral
path such that it is accelerated multiple timegHgysame electrodes. Similarly, modern
cyclic synchrotrons and linear accelerators utitradtiple smaller “kicks” as opposed to
just one large potential difference like electrtistaccelerators. These accelerators apply
varying electric and magnetic fields to beam pylaekets, which are timed to always be
accelerating the pulse. The pulses are shielaed fhe electric field as it is altered. The
maximum center of mass energy of particle accalesas plotted as a function of this in
Fig. 12 known as a Livingston Plot. Two of the mesergetic accelerators in the world
currently are synchrotrons, the Tevatron at Fetmia TeV) and the LHC at CERN (7

TeV).
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However, electrostatic accelerators are still usedintroduce particles into larger
accelerators, and can be used whenever lower esesagd excellent voltage regulation

are needed, such as medical facilities, due to kbwicost and ease of operation.

I T
1000 TeV |— =
100 TeV — -
Proton Storage Rings
10 TeV |- (equivalent energy) |
1TeV |- N
= F‘;oton
nchrotrons
& 100 GeV |- 4 =
[
i}
AL
(&
£ 10Gev |- Electron il
"?E SYRCHRCGe Electron Linacs
Synchrocyclotrons
1 GeV . =
Proton Linacs
Sector-Focused
100 MeV Cyclotrons N
Electrostatic
e ——  Generators
10 MeV .
Rectifier
1 MeV Generators _
| | |
1930 1850 1970 1930

Year of Commissioning

Figure 12. Livingston Plot of accelerator energy ersus year of
commissioning. More modern designs greatly eclipsethe
maximum energy of the largest electrostatic generats. Taken
from Ref. [37].
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1.9 Amateur Electrostatic Accelerators

While most attention in physics research has beewotdd to the highest energy

accelerators, there is still interesting sciencéeodone with low energy accelerators,
even by amateurs. The original idea for the siaadklerator described in this paper was
generated by an article by F.B. Lee in 1959 [3Bge built an electrostatic accelerator
with a three foot long Pyrex accelerating tube apgper rings to ensure a uniform

electric field, shown in Figure 13. It was powereg a Van de Graaff generator.

Vacuum pumps were built from refrigerator compresso reduce cost.
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Figure 13. Drawing of Lee's electrostatic acceletar. The filament
is mounted at the bottom of the accelerating tube ith the target
inside the high voltage terminal. Taken from Ref39].

A similar accelerator was built by Larry Cress @71 [39] to accelerate deuterium. In
1992 Fred Niell, a high school student at the timenstructed a 20 stage Cockroft
Walton voltage multiplier which generated 100 k\edgo power a simple electrostatic

accelerator[40].
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Chapter 2

THEORY OF ELECTROSTATIC ACCELERATOR OPERATION
In this chapter the general theory of operationtloé Van de Graaff generator,
accelerating column, and the electron gun will isewssed.
21 Generation of the High Voltage Accelerating Rential
The electric field that accelerates electrons ddlvenaccelerating tube is formed by the
potential difference between the high voltage teahand ground. In a Van de Graaff
accelerator, shown in Figure 14, the high voltagepioduced by a Van de Graaff
generator. Van de Graaff generators use an imsglaelt that brings charge from the
base to the conductive high voltage terminal, whglseparated from the base by an
insulating column. A motor drives the belt via lpyk (see Fig. 8). In small Van de
Graaff generators, the difference in the electratiery of the belt and the pulleys, as
they rub against each other, produces a poteniitdrehce. In our Van de Graaff
generator the pulley gains a positive charge. angdr Van de Graaff generators high
voltage power supplies are used to spray chardeulithe need to use the triboelectric
effect. Directly next to the pulley/belt interfatsea grounded wire brush. Electrons are

drawn from the brush toward the pulley, but arerncgpted and deposited in the belt.

Once the electrons are on the belt they can notenadong the belt because it is an
insulator. Inside the high voltage terminal a &ampulley/wire brush is installed with

the exception that the electronegativity is reveéraad the drawn to the outside of the
conductor. Once on the high voltage terminal,dha@rge equalizes its distribution since

the high voltage terminal is a sphere. In our kEreéor the high voltage terminal is
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rounded into the shape of a capsule in order tomme sharp points where charge will

build up, and to allow space for electronics tarmunted inside. Any sharp point on the
high voltage terminal will result in charge builg and a much larger electric field near
the point, possibly reaching the ionization potnaf air and sooner causing a corona
discharge. The condition for corona discharge betwtwo wires can be calculated using

Peeks’s law [41]
e=mgd In(?s) Q)

wheree is the corona inception voltagen is the irregularity of the wires (1 for polished
wires), r is the radius of the wire§is the separation of the wires in metegss the

visual critical potential gradient given by

0.301
= 2
g=0,9 1+ Ja j ) (

whereqp is the disruptive critical potential gradient (fair equal to approximately 30

kV/cm), § is the air density factor given by

_ 392P
T

o 3)

where P is the pressure in torfl is the temperature in Kelvin. This formula can be

modified by adding the appropriate geometrical @ction terms to suit different setups.

Figure 14. Diagram of high voltage terminal and Va de Graaff generator. Charge moves from
ground at the blue base, up the orange column viaelts, and is put onto the conducting capsule. The
conducting capsule is electrically insulated from igpund.
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The high voltage terminal can be treated as a g@t@apacitor which has capacitance
C =47, 4)
where r is the effective radius of the high voltageminal, anct is the permittivity of
free space. The capacitance forms from the separat charge being held on the high
voltage terminal that is electrically isolated frground. From this the voltagéon the
sphere can be calculated using
Q=CV (5)

whereQ is the charge on the sphere. Taking the time dévie of Eq. 5 results in

Q_;_ v
dt dt

(6)
wherei is the current entering or leaving the sphericghhvoltage terminal. The
terminal is charged by the Van de Graaff generatbich gives a constant current into
the high voltage terminal for a given belt speed & discharged by any current leaving
the sphere, either current moving down the acdabgrdube, in the form of column
current or beam current, or corona discharge imeoair. From Eq. 6 it can be seen that
the voltage will peak when the current is zeroywen the up-current from the Van de
Graaff generator is equal to the current leavirgy ltlgh voltage terminal. The current
leaving can be approximated with an Ohm’s law lieem describing the corona

discharge and column current, and a constant beamnt term
.V
lg = R +ly (7)

where R is the effective resistance. This approximationomy valid when corona

discharge is small however since the corona digeheurrent is not linear with respect to
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voltage in air. Therefore, the potential on thghhvoltage terminal is the solution to the
differential equation

av _. V .
Cq =l g™ (8)

whereiy is the current supplied by the Van de Graaff geoel@ndiy, is the beam current,

both constants. Eg. 8 has the solution

v =i, —ib)F{l—e;’J ) (9

if V=0 at timet=0. As time progresses the voltage will move toward

v=(,-i,)R (10)
Therefore, to obtain maximum potential a large upent is needed along with good
insulation from ground and small beam current. c8ithe resistance between any two
concentric rings is approximately the same, andcthieent going through all of the rings
is the same, the potential drop between any twacadj rings will be the same. The

electric field is given by

E=-0V (11)
From this we can see that since the potential angimg at a constant rate along the axis
of the accelerating tube, the electric field widl bniform and directed straight down the

tube. This ensures that accelerated electronganllinue focused to the target.

If the high voltage terminal is simplified to a gpl the maximum voltage in air can be

more easily obtained. The electric field outsidendormly charged sphere is

£=—3

47E,r

F (12)
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whereQ is the charge on the sphere, and the distance from the center of the sphere.
This can be reduced by using Egs. 4 and 5 to

rE=V (13)
wherer is the radius of the high voltage terminal & the electric field produced at
The maximumE field possible in air is determined by the onsetiglectric breakdown
which occurs at approximately 3,000,000mn. Using the 12.5 cm radius of the high
voltage terminal for the sphere generates a maxirpossible voltage of 375,000 V.
Therefore, to obtain a higher voltage than thistlwa high voltage terminal either the
radius of the high voltage terminal, or the digaliecstrength of the medium needs to be
increased. For example, pressurized sulfur hesafla is commonly used in the
electrical industry for circuit breakers, switchgaad other high voltage equipment since
it has one of the highest dielectric breakdown &slu With a 375,000 V potential the
maximum energy of an electron is given by

T =gV = 3750006V . j14

Another concern is the possibility of dischargesMeen the rings. Besides producing a
very uniform electric field, this is one reasonmsany rings are needed. Measurements
were made with two 20.32 cm side square sheetsuafimum separated by a sheet of
high density polyethylene of thickness 1.27 cm. e Thaximum high voltage prior to
sparking was approximately 7000 V. If one assumégear relationship to separation,
then the maximum voltage will be 3400 V since theeterator rings are 0.62 cm thick.
With 48 rings this allows a maximum potential o0J®)0 V. However, with this design

the number of rings can be increased if neededesthe accelerating tube can be
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disassembled. In the future more rings could eddissuming that the nylon rods can
withstand the additional tension. In the end, éhare multiple possible factors which
limit the maximum possible potential.

2.2 The Electron Gun

The electron gun provides the electrons that acelaated down the potential gradient
in the acceleration column. The current electron i§ taken from a RCA 3RP1 cathode

ray tube [42], which had been cut in half acrogessyymmetric axis, shown in Figs. 15-17.
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Figure 15. Biasing schematic for RCA 3RP1 cathodey tube. The cathode (pin 3) is heated by the
filament (1, 12). Once heated the cathode will bagto emit electrons. The intensity grid (2) limis
electrons without sufficient energy from passing by The focus grid (4) changes the focal point of éh
beam. The accelerating grid (8) determines the ergy of the electrons upon leaving the gun. Grids
9,10 and 6,7 deflect the beam on the two axis penmdicular to the beam axis.
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Deflection Grids Accelerating Grid  Focusing Filament Connection to

Grids /Cathode electronics

Figure 16-Picture of electron gun of RCA 3RP1 CRTThe glass casing has been removed.

Figure 17-Picture of electron gun inside the high eltage terminal. The Van de Graaff generator and
high voltage terminal shell have been removed.
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The electron gun functions by resistance heating dfament by a current of 0.6 A.

Tungsten filaments operate at temperatures of 3300 K depending on filament shape,
size, and quantity of current. The filament hehts cathode, which has a low work
function such that it will eject electrons throutiermionic emission when heated. The
cathode is coated with a metallic oxide. Early ¢tathodes used barium oxide. Modern
designs use combinations of barium, strontium, aum, calcium or thorium oxides

[43]. The filament heats the cathode to typicadrafing temperatures of 1100-1300 K.

The cathode is kept at the full potential of theederator.

The electrons emitted from the cathode have eredjia few eV. The current emitted is

given by the Richardson-Dushman law:

_
J= 4”:k T2%eW (15)

whereJ is the current density (ampsfyk is Boltzmann’s constant (8.62 x1@V/K), h

is Planck’s constant (4.135 x 10eVs), m is the mass of the electroajs the charge

andW is the work function of the cathode. Typical wdudnctions are a few eV. The
electrons will have a distribution following the Maell-Boltzmann distribution.

Assuming that the electrons are non-relativistichstiat
p? = 2mE (16)
the probability density of emitting an electron hvénergy betweel andE+ dE is given

by:

fEdEzf(dpjdE 2| E _genge 17)
dE T
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which is equivalent to a chi squared distributiseq Figure 18) with three degrees of
freedom

f.dE = y(x3)dx DOx= % (18)

Figure 18-Plot of Chi-squared distribution probability density functions. k denotes the degree of
freedom. For the Maxwell-Boltzmann distributions that electrons off the cathode follow k=3 (green
line)

Electrons leave the cathode in all directions lvatfacused by other components of the

electron gun.

Downstream of the cathode is the control grid. é&irtgipical operation the control grid is

at the same potential as the cathode, allowingladitrons to pass through. However, if

less beam current is desired, then the potentiddeotontrol grid can be changed to a few
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volts below the cathode voltage. This will allowly the electrons that have enough
energy to pass over the potential barrier to passigh the control grid, and will reduce

the electrons according to the Maxwell Boltzmanastiution.

After this the electrons move toward the focusimglggwhich generate an electric field
that focuses the electron beam. Multiple electraalesused to construct an Einzel lens
shown in Figure 19. The field created by the etelts bends the electrons outwards and
then inwards to a focal point. The focal lengtim d# to be adjusted to match the

effective length of the accelerator.

Q volts +V wo

I

J volts +V valts Q volts

s S

L Focus

Figure 19. Diagram of Einzel lens. Incoming unfagsed electrons are bent outwards and then
inwards to a focal point.

After this the electrons move past the acceleragimg) where they receive a larger boost
in energy. The accelerating grid typically opesad 500-2000 V below the potential of

the cathode.

Before entering the accelerating tube the electicars also be bent in either off axis

direction by two sets of deflection plates, one dach axis. A potential difference is

placed between the two plates of a set which veitidbthe electron beam in the direction
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of lower potential. Due to the uniform electrielfl in the accelerating tube, electrons

should continue to be focused toward the target.

At the other end of the accelerator is a phospleergsscreen. When electrons strike a
conductive fluorescent material which the screecomted with a green glow is emitted.
An insulating ceramic tube can be placed betweeurgt and the screen such that a
microammeter can be utilized to measure the beamermu However, using a
phosphorescent screen as opposed to a Faradayouigh lead to the phenomenon of
secondary emission where additional electrons @leased when the electrons from the
particle beam strike the screen. This could c#useneasurement of the beam current to

be too low.
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Chapter 3

HISTORY OF THE HOUGHTON COLLEGE ELECTROSTATIC ACCELERATOR
3.1 History of Houghton College Electrostatic Eleton Accelerator
For the purpose of performing low energy nuclealyspts experiments a small
electrostatic accelerator is being built at Hough@ollege. Several iterations of the
accelerator design have been produced prior toctlieent design. However, these
accelerators have shared some common design featliceproduce high voltages a Van
de Graaff generator is used. Inside the high geltzrminal, an electron gun utilizing a
hot cathode emits electrons to be accelerated doweccelerating tube to ground. The
accelerating tube is fitted with equipotential coctihg rings centered along its axis.
These act as a voltage divider through the actiotihe corona discharge current down
the accelerating tube. By equally spacing the gotidg rings a uniform potential
gradient is created. This ensures a uniform etedigld down the accelerating tube,
accelerating the electrons down the axis of the.tlhe system is kept evacuated by a
diffusion pump backed by a rotary forepump anditiquitrogen cold trap.
3.1.1 Original Design (2002)
In 2002 the first electrostatic accelerator was gleted [44] shown in Figs 20-21. It
featured a glass accelerating tube 110.7 cm irthesugd 3.8 cm in diameter with copper

wire wound into equipotential rings on the outsad¢he tube.

A homemade electron gun, shown in Fig. 22, was tcocted with a filament, cathode

and accelerating grid taken from a cathode ray.tubee cathode, was at a potential of

100V which was powered by batteries.
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Figure 20. Scale drawing of original design. Elémns were accelerated from the electron gun at
right to the Faraday cup at left where the beam cuent was measured. Equipotential rings were
added to ensure a uniform electric field. Taken fom Ref. [44].

Figure 21. Picture of original design. The Van deGraaff generator is at the rear. The vertical
cylinder near the front is a plastic scintillator that was used to measure the energy spectrum of the
Bremstrahlung X-rays. Taken from Ref. [45].
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Figure 22. Schematic of electron gun. Only theliment voltage and the accelerating voltage are
able to be controlled. Taken from Ref. [44].

This design produced beam currents of up fA4nto a faraday cup. Shown in Fig. 23

is the beam spot.

Figure 23. Photograph of beam spot on phosphorestescreen. Note the relatively unfocused beam
spot.

This design had some major flaws however. Chargk bp on the walls of the glass
tube, causing the beam to be deflected after at gsime. In addition, high voltage
discharges occurred near where the tube entergd\thterminal, ionizing residual gas in

the accelerating tube and producing bursts of otrewen when the filament of the

electron gun was cold.
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3.1.2 Epoxied Insulating and Conducting Rings (2@)

In order to correct the issues of the previous giesa new accelerating tube was
constructed and tested in 2004 [45], shown in Edgy. This tube consisted of alternating
of 51 0.3 cm thick 10.16 cm diameter 5052 alumimumgs and 51 0.6 cm thick 9.14 cm
diameter high density polyethylene rings. Theyevaligned with 1/4” delrin rods and
sealed with Hysol Epoxi-Patch EPK 1C vacuum epoXke rings were fabricated using

a Sherline Products model 5400-CNC computer cdattohilling machine.

TR,

T

Figure 24. Photograph of accelerator tube. The ettron gun mounts to the left. The brass flange on
the left is machined to mate with the high voltagéerminal.

The electron gun was modified by attaching a 1.3@ameter 7.4 cm long copper tube to
form a new accelerating grid, shown in Fig. 25-26.0.32 cm hole was drilled in the
front cap. The copper tube was mounted 0.2 crmant fof the control grid, which was
what used to be the accelerating grid in the preidesign. The accelerating grid was
powered by eleven 9V batteries in series. Theniat was powered by 5 1.5V C cell

batteries in series.

Accelerating Grid

Figure 25. Photograph of electron gun with copperube accelerating grid mounted. The rest of the
electron gun was taken from a RCA 3RP1 cathode ratube. The long copper tube was attached to
ensure that the electrons would enter the acceleriay tube where the field was uniform. Taken from
Ref. [45].
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Figure 26. Circuit diagram of electron gun. The ddition of a control grid allowed the intensity of
the beam current to be controlled by removing elecbns below an energy threshold according to the
Maxwell-Boltzmann energy distribution. Taken from Ref. [45].

Van 'de Graaff
Generabar

Figure 27. Photograph of accelerator. Electronsra accelerated from left to right down the
accelerating tube. The Van de Graaff generator isised to generate the high voltage. The faraday
cup measures the beam current. Taken from Ref. [45

This design, shown in Figure 27, corrected the lerob of the previous design and
produced up to 0.4A of current, which went away when the filament wamed off,

unlike previous designs. However, as shown in g8, the beam spot was not
uniform. The endpoint to the bremsstrahlung raoimatcurve was about 180 keV

measured by a plastic scintillator shown in Figk@e
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Glowing region

Figure 28. Drawing of approximate shape of beam gp. Note that the beam is very unfocused and
irregular. Taken from Ref. [45].

:""’3.T|
|

Figure 29. Plot of counts versus energy of Bremsahlung x-ray radiation. The end point is at
approximately 180 keV. Ba-133 and Na-22 were used calibrate the energy scale. Taken from Ref.
[45].

However, soon after these initial measurementsatioelerating tube began to leak. An
attempt was made to locate the leaks by sprayiaegitiys one at a time with isopropyl

alcohol and waiting to observe if a pressure flattan occurred. The accelerating tube

was then patched with additional vacuum epoxy. el@w, despite multiple attempts, the
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tube continued to leak and could not achieve tleessary 10 torr vacuum. Also, there
were concerns that multiple layers of vacuum epawyld lead to inconsistency in the

resistance between the rings, hence a non-unifteatrie field.

In addition, the electron gun could not be focusedrder to correct the large beam spot
and there was no way to control the state of teetedn gun once the high voltage
terminal was assembled. In order to change thtaged of the electron gun the high
voltage terminal had to be taken apart. Tuninthefelectron gun voltages could only be
done by changing the number of batteries used.

3.1.3 Compressed Viton O-Rings (2006)

In 2006 several new accelerator tubes were designddested relying on compressed
Viton o-rings. The first design used 50 5.08 cnteodiameter, 1.36 cm inner diameter,
0.152 cm thick stainless steel washers interspaa#d3.81 cm outer diameter, 1.905 cm
inner diameter, 0.236 cm thick Teflon washers with Viton o-rings exterior to the
Teflon washers, since Teflon is permeable to amshin Fig. 30. Teflon was chosen as

it acts as a good electrical insulator, so thawtiieage divider principle can still be used.

Figure 30. Drawing of ring stacking. Teflon rings(black) were sealed by Viton O-rings (red) and
compressed between stainless steel washers (orangéaken from Ref. [46].

40



This lead to an uncompressed 19.4 cm long accelgraibe. The design was tested
with steel threaded rods to compress the arrayingfsronto vacuum flanges but the
system pressure could not be reduced to less tHHI #orr vacuum. The difficulty
centering the washers and o-rings lead to unevempression of the o-rings, causing
leaks. Another attempt with larger S.A.E. Standstadnless steel washers also suffered

sealing problems due to the rough mating surface.

3.1.4 Current Design

The current design utilizes 48 high density poly&the 0.62 cm thick rings with viton o-
rings compressed into interior glands with 5.08 omter diameter, 1.27 cm inner
diameter 0.15 cm thick stainless steel washers Fgpare 31-33). All but two of the
plastic rings have a 5.08 cm outer diameter andl &r® inner diameter. The other two
plastic rings are larger with 6 holes for the ¥himgylon threaded rod to pass through
which compresses the rings. The o-rings are 3r83oater diameter, 3.31 cm inner
diameter, 0.16 cm thick. They fit into glands e tpolyethylene rings that are 2 mm

thick with inner diameter of 1.37 cm, outer diame&ie1.93 cm.

=
i N L e gl
| 4 | | |
% '.\‘-‘-_—,._ .-':" b, “""'—I"" ]

Figure 31. 3D rendering of rings. The standard plyethylene ring is at the left, the polyethylene ng
with threaded rod guides is at center, and the staless steel washer is at left. Taken from Ref. [16
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Figure 32. Photograph of assembled acceleratinglie. The high voltage terminal mates to the large
brass disc at left.

Figure 33. Photograph of the current experimentaketup. Electrons will be accelerated from the
high voltage terminal at the rear to the phosphoresent screen at the front. The vacuum system is
mounted below. The accelerating tube is mounted cam acrylic support base.

The initial tube was tested with ¥4 inch nylon tifed rod and could achieve A®orr
vacuum. However, over a period of days it wasalisced that the nylon rods would
stretch and the system could no longer achieveuicsium. To remedy this, acrylic
threaded rods were constructed for their high terstrength and resistance to stretching.
However, these rods were extremely brittle, pramérieaking, and difficult to thread.

When under the required stress they would eventsdtter. Finally, the original %
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inch nylon rods were pre-stretched by 2-3 cm pt@installation on the accelerating
tube. This design was able to provide adequatiderihat allowing a pressure iforr

to be maintained.

In addition, a new electron gun was constructedetased with new control electronics.
The previous designs had poorly focused beam sjpet$o an overly simple electron gun
design that lacked a focusing grid. Also, the tetet gun could not be controlled
remotely; the high voltage terminal had to be opleteeturn the gun on or off. A new
electron gun was constructed by cutting an RCA 3BRfode ray tube in half, removing
the phosphorescent screen, and utilizing the fitdmzathode, focusing and accelerating
grids. The Faraday cup of the previous design rgataced with the phosphorescent
screen of the 3RP1 which was grounded by attachiwge from the conducting film on
the screen to the flange on which the screen wagyeg. An insulating ceramic tube
was mounted between the phosphorescent screehagdounded chamber (see Fig. 34)

allowing a microammeter to measure beam current.

Figure 34. Picture of phosphorescent screen. Thehite ceramic tube electrically isolates the screen
from the grounded vacuum system at left.
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This design was tested at low accelerating voltagleout attaching the Van de Graaff
generator or accelerating tube and produced a dedlhed beam spot of less than one
millimeter diameter at a current of OuA. However, the beam could not be centered
electronically and the gun became damaged when anexdi alignment was attempted.
Another 3RP1 was cut in half, this time the deftattplates were not removed. This
produced a slightly less well defined beam spapgdroximately 2 mm with a current of

about 0.15 nA shown in Figure 35.

Figure 35. Photograph of beam spot from second eligon gun with
deflection plates intact. The beam spot is largeand less well defined
than the beam spot produced by the first electronuyn.
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Chapter 4

ELECTRON GUN CONTROL CIRCUIT DESCRIPTION

4.1 Overview

In order to manipulate the voltages on the elecgon electrodes from within the high

voltage terminal a microcontroller circuit was ctvasted. Due to the large difference in

potential between the microcontroller located ie thigh voltage terminal and ground,

standard communication cable such as CAT5 EthefpleiB, or RS 232 could not be

used. To solve this problem a nonconductive fibgtic link was used between the

microcontroller in the high voltage terminal andP@ compatible control computer. To

do this, the light pulses from the fiber optic limast be converted to RS 232 needed by

the microcontroller (see Fig. 36).
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Figure 36.

Block drawing of terminal interface. A remote
computer running LABVIEW communicates via the LAN to a
GPIB converter which then goes to a RS232 converter A fiber
optic line takes the signal into the high voltageerminal. The signal
is finally converted back to RS232 before being fednto the
microcontroller.

After the CTC FIB-232 fiber optic modem is a BASBTamp 2 microcontroller that reads

the signal from the modem and outputs binary otsesponding to the different voltages
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of the electron gun. These twelve binary bits teaasmitted to a DAC7624 Digital to
Analog converter which outputs four low voltage/l@wrrent analog signals shown in
Figure 24. These signals are amplified by foundistor amplifier circuits driving
EMCO G20 DC to High Voltage DC converters whiclseathe voltages to around 1000
volts. At this point the voltages were placed loa ¢lectron gun. The computer will run
LabVIEW and will communicate with the circuit viaodghton’'s Local Area Network
Ethernet network to a GPIB controller. This cohl@owill then communicate with the
RS 232 converter that leads to the fiber optic @ablfhe GPIB bus can be used to

communicate with other devices such as pressurgegaand microammeters.
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Figure 37. Schematic of control circuit. The micocontroller
communicates with a DAC. This DAC controls four sparate
transistor circuits (one shown): one for intensity, focus,
accelerating, and horizontal grids in addition to ontrolling the
filament.  After the transistor circuit the signal is fed into
DC/HVDC converters before being sent to the electrogun.

4.2 Fiber Optic Modem
Windows HyperTerminal was used to test the corgrolia the COML1 port Serial/RS-
232 9 pin interface. Eventually an Ethernet tdidfal Instruments eNet controller

GPIB bus will be inserted and controlled with LaBEW software. A 9-25 pin converter
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is used to connect the CTC FIB-232 fiber optic modsee Figure 38). The computer
side modem is powered via the RS-232 line and hdnes not require external power.
The modem converts the electrical signal from ti&e2R2 line to two L-Com E12-85T
FT4 62.5/125 fiber optic lines, TX and RX (transmitd receive). These lines transmit
light pulses through a glass fiber surrounded byerda of cladding and shielding
insulation. The two fiber optic lines pass inte thigh voltage terminal through a hole at
the bottom. The modem inside the high voltage ieaimis powered by 9V from the
microcontroller board’s battery because the micnbadler's RS-232 signals are non-
standard. The RS-232 data then passes througlhrmaadem which switches the TX and
RX lines. Before attaching to the microcontroltee signal passes through a 25-9 pin

RS-232 converter.

Figure 38. Photograph of fiber optic modems and dde. The
modems use two separate TX and RX lines. Appropriat
converters are mounted on the ends of the modems.
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4.3 Microcontroller

A microcontroller is a computer on a chip. Thenmry component of a microcontroller
is its processor. However, unlike a traditionakmprocessor, a microcontroller chip
also contains RAM and ROM in addition to other comgnts such that it can operate
self sufficiently without requiring other supporhips. While not as powerful as a
standard microprocessor, a microcontroller canigewdimentary computing power for
a wide array of tasks where a standard computetdamitoo powerful, large, expensive,

or power consuming.

The microcontroller used in this circuit is a PEalBASIC Stamp 2 [47] mounted on a
Parallax Super Carrier Board (see Fig. 39). TheeSCarrier Board provides RS-232
serial communication, voltage regulation, inputpuitports, and a small prototyping

area.

/

Figure 39. Picture of BASIC Stamp Super Carrier bard. The
BASIC stamp is mounted in the center. A 9V batter can be
attached at the top left but a voltage regulator isalso mounted.
The serial port is on the left edge. The green bod on the right
section of the board is used for mounting the DACA ribbon cable
header at top left connects to the transistor amgiier board.
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The BASIC Stamp 2 circuit board itself is a 24 pi® with dedicated 20 MHz processor
capable of performing 4000 instructions per sec82dyytes RAM memory, 2K memory
EEPROM, and an interface with 16 1/O ports [47].heTcircuit board is sized at
1.2"x0.6"x0.4" and draws 3 mA when active. Therdos powered by a 9V battery

although the regulator will run on 6-30 VDC.

The microcontroller can be programmed with a laggulenown as PBASIC, which is a
slimmed down version of BASIC with only 42 commandshe programs written for the

microcontroller are stored in the chip’s EEPROMheTmicrocontroller is attached to a
computer running Parallax’s Windows Editor 2.4 W&-232 allowing programs to be
burned into the EEPROM. The high voltage contrgtieogram (Appendix B) asks the
user which electrode of the electron gun to mothi/voltage, and then which value they
wish to assign to that part of the electron gutisTnformation is put on the output bus
to the DAC 7624 Digital to Analog Converter whiclash12 bit resolution with 2

multiplexing bits. This allows for 4096 values tbe voltage to range.

4.4 Digital to Analog Converter

A Digital to Analog converter is a component whadtanges a digital value to an analog
voltage. The digital signal is composed of binbitg. A binary number is a base two

number, which can be represented as a series o ae1d ones, or bits, such that each
successive bit is a higher power of two. Eachsbdtither an on or off state of the circuit.

By interpreting all of the powers of two any numloan be represented. This digital
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signal can be converted back to its analog equital@he resolution is determined by
the number of analog states and therefore the ldessumber of digital states. Each
successive analog state will be separated by tine saltage since the digital states are
separated by the value of the least significan{lt$B). Many DACs convert the digital
signals to analog signals via a resistor laddegnmgde shown in Fig. 40. A resistor
ladder uses chains of resistors that the digitadadis powers are inputted at decreasingly
large resistance. Each next less significant loitigout goes through a higher resistance

and hence contributes less to the final voltage.

Out Gnd

Bitd Bit3 Bit2 Bit1 Bit0
MSB LSB

Figure 40. Diagram of 5 bit R2R ladder. The MSB'’svoltage is
applied at the left and goes through the least restnce. The LSB
goes through the most resistance meaning that itsase contributes
the least to the final voltage.

From Ohm'’s law and Kirchoff’'s rules the output \amje is given by

/e D, D, D D
V,, =——| D, +—=2+—2+ 24+ 4+ 19
2 ( ° 2 22 2 2“) (19)

WhereVgg is the voltage supplied by the digital source (BWTTL), nis the resolution

of the digital source, anD, is the state of theth digital bit (O for off, 1 for on). The

DAC used in this application is a Burr-Brown DAC#A622 bit quad voltage output
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digital to analog converter [48], outputting 4 sepa analog signals. However, to
conserve data ports multiplexing functionality isilbinto the chip. Along with the 12
data bits transferred to the DAC are two multiptgxbits allowing for 4 channels (see
Figure 43). Each channel is only modified when #tate of the multiplexing bits

correlates with the logic truth table shown in Fegd1l.

STATE OF
SELECTED SELECTED STATE OF
INPUT INPUT ALL DAC
A1 A0 RW cs RESET LDAC REGISTER REGISTER REGISTERS
Lt L L L Hi2) L A Transparent Transparent
L H L L H L B Transparent Transparent
H L L L H L C Transparent Transparent
H H L L H L D Transparent Transparent
L L L L H H A Transparent Latched
L H L L H H B Transparent Latched
H L L L H H C Transparent Latched
H H L L H H D Transparent Latched
L L H L H H A Readback Latched
L H H L H H B Readback Latched
H L H L H H C Readback Latched
H H H L H H D Readback Latched
X3 X X H H L NONE (Al Latched) Transparent
X x X H H H NONE (All Latched) Latched
X X X X L X ALL Reset®) Reseti)

Figure 41. DAC logic truth table. A0 and Al are he multiplexing
bits. R/W, CS, and LDAC, are set to ground. Resét set to 5V.
Taken from Ref. [48]

To maintain the state of channels not currentlgcied registers are used to store the
data. Due to the small number of bits neededrehesters are constructed of flip flop
logic memory. Each channel has its own R-2R ladtewn in Fig 42. However, the
maximum current output of the R-2R ladder is srealbperational amplifiers are used on

each channel to boost the current.
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Figure 42. Block diagram of DAC. Note that all dé&a comes from
the same /O buffer, but each channel has its own edicated
registers, R-2R ladder, and Op Amp. Taken from Ref[48]

DACTE24
DACTE2S
+2.500V ¢
:I_:E-“F Waesy Vags, E'__L
n*x:m:l&uo—E Veurs Ve | 27 — DV fo 425V
OV to +2.5W D—E Werma Vouro |28 O IV to +2.5¢ 5
EE Ves Vo, |28 1 - E_
OL1pF 1pF to 10pF
5 | GND NIC El X €L
Reset DACs!! >T—E RESET ts El—(cm: Sefect
Load DAC 49;isters>—E LDAC AD E'j_{ Address Bus
~ E DED A EI or Decoder
E DB1 RN EI—( Read/Write
E DB2 DB11 El )
Data Bus < E DE3 DEi0 (13
IE DB4 DB E‘ > Data Bus
E DiBS DEs E
E DER DET El

Figure 43. Pinout of DAC7624 with typical usage A0 and Al are
used for multiplexing, DB0O-DB11 are the digital inuts, VoutA-D
are the analog outputs. Taken from Ref. [48].
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For consistent output levels well regulated refeeemoltages are required. The DAC
requires a 5V supply voltage as well as a 2.5Vregfee. The 5V voltage supply is taken
from the microcontroller’s voltage regulator. lalty the 2.5V reference was taken from
a voltage divider circuit. However, as the valii¢ghe DAC’s output changed the current
drawn by the DAC changed. This would cause theagel supplied by the voltage
divider circuit to change, and thus made the DAGave in a non-linear way. To rectify
this situation an additional voltage regulator wastalled. A LM317 voltage regulator
was chosen because the output voltage can be getwpotentiometer. The R/W, CS,
and LDAC pins are grounded and the reset pin igcs&V according to the logic truth
table. Each channel outputs 0-2.5V with up to 1?5 of current. Since the DAC is 12
bit there are #=4096 different output values. This gives a resotuof 0.610 mV. The
four outputs are sent to separate amplifiers fer ititensity, focus, accelerating, and
vertical grids. The DAC chip is mounted into a DdBcket that is soldered on the
prototype area of the BASIC Stamp Super Carrierr@od he outputs are sent via a 10
wire ribbon cable header to another circuit boatiene the transistor amplifiers are
mounted.

4.5 Transistor Amplifier Circuit

Due to the fact that the DAC can only output 1.2B of current a transistor based
amplifier is used to increase current capacity.e figh voltage converter chips require
up to 275 mA at full load. A transistor amplifieircuit shown in Fig. 44-45 was

designed from a similar one designed by Guido Sof#@] for use in a DC power

supply.
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2N2002
B

IK
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Figure 44-Schematic of Transistor amplifier circuit Input comes
from DAC, and the output goes to EMCO G20 HVDC conerter.

The transistor circuit multiplies the voltage bfaator of 5.7 since

RI+R2 _ 47+1

Amplification = 1

5.7 (20)

A transistor circuit was used rather than an opamat amplifier (op amp) circuit because
op amp circuits need to be buffered from highlyazmaive loads such as the high voltage
converters. An op amp was initially tried but leda high frequency oscillation in the
output of the high voltage converters. This wasnglated by the addition of a joH
inductor and a 22 resistor in parallel with the output of the op arbpt this came at the
cost of increased resistive losses which increpseger demands. In addition, the use of
this transistor amplifier eliminates the need foregative supply voltage that the op amp

needed, which complicated the power supply neeal@dwer the circuit.
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The transistor circuit can be divided into two smt$. The side with the BC547 and
BC557 acts as a voltage amplifier. The side with TIP33C and the BD139 power
transistor acts as a current amplifier in the apnftion known as a “Darlington

transistor” [49]. The output of the circuit is lit@d by the TIP33C power amplifier

which can supply approximately 70 W of power at maxn. This equates to 5.8 A at
12 V, well beyond the needs of the high voltageveoter circuit. Of note is that each
transistor is initially in the “off” state. Themfe, no oscillations should occur upon
applying power since none of the circuit's amptiBeoutputs are being activated. The

outputs are stabilized from small fluctuations tia use of diodes and capacitors.

Figure 45. Photograph of transistor amplifier boad. Four
separate transistor amplifiers are mounted on thishoard. Signal
comes from the microcontroller/DAC board and output to the
HVDC converter via ribbon cables.

Each of the four DAC outputs has its own dedicatadsistor amplifier. The outputs are

led to a plexiglas board with the HV converters aiaibbon cable. The circuit is
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powered by 8 D cell batteries connected in senesupply the required 12V. This 12V

could also be supplied to the microcontroller, las super carrier board has its own
voltage regulator on board. The power transissoesmounted with heatsinks.

4.6 High Voltage Converter

In order to boost the voltage from 12 volts to #i©00 volts required by the electron gun
four EMCO G20 HVDC Converters are used. Each HV@&@verter is mounted in a

black epoxy shell and measures 1.5x1.5x0.63 inabeshown in Figure 46.

G01—G40

0= Broziroziodrdgl:
(35 (B 80) ; e 25 (6.35)

20(5.08) TYP

115(2021) —fh2mmn
BOTTOM VIEW 2

o =
-

1.25 {31 75)

38N
1.35 Ol o
3429)

031 {.76) DIA PC PIMN
4 PLACES.

Figure 46. Physical dimensions of HVDC converterPin 1 is the positive input, pin 2 is the negative
input, pin 3 is the positive output, and pin 4 ishe negative output. Taken from Ref. [50]

The converters have two input pins and two outjng.pThe input pins take the supplied
voltage from the transistor amplifier of 0-12V ugiless than 100 mA with no load, and
less than 275 mA at full load supplying the maximof®.75 mA output current. Upon
reaching the turn on voltage of ~0.7V the HVDC center linearly multiplies the input
voltage to obtain an output voltage range of 0-20Q€ee Figure 47) with maximum

current of 0.75 mA.
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TYPICAL INPUT vs. OUTPUT VOLTAGES

100%

90% =

80% -]
70% P
60% ,//
50% /

40% r

30% -
20% Wl
10% /

% OF FULL QUTPUT

0 1 2 3 4 ] <] T B a 10 12 13 14 15

IMPUT VOLTAGE

Figure 47. Input voltage versus percent output oHVDC ENCO G20 converter according to the
manufacturer. Note the linear progression after 0V turn on. Taken from Ref. [50]

The HVDC converters function by converting the D@ut to an AC signal, feeding this
to a transformer which multiplies the voltage, dhen converting back to a DC output

signal with P-P ripple of less than 0.5% [50].

The output signals are supplied to the electron\gara socket fitted with banana plug
inputs. A Plexiglas board shown in Fig. 48 wasduag opposed to epoxy circuit board,
as it was feared that with the 2000V supplied ktidad, discharges could occur between

the terminals.
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Figure 48. Photograph of HYDC converter Plexiglasnount board. Each HVDC converter powers a
different section of the electron gun. Signal fronthe transistor amplifer is supplied via a ribbon
cable. The HVDC connects to the electron gun viaamana cables.

4.7  Microcontroller Code

The microcontroller is programmed in a form of B&Stnown as PBASIC version 2.5.
This is a dialect of BASIC that is designed to wowkth the BASIC stamp

microcontroller. In order to make the languagesasll as possible, the number of

commands available has been trimmed as much ablgoss

The HV control code itself is included in Appendx The first two lines of code are a
declaration of the type of language and the typBASIC stamp. Next, the variables are
declared, which store inputted values in memoryweal as the 1/0 pins to be used are
activated. Pins 0-11 are used for the DAC digitsth bus input, pins 12 and 13 are used
for the multiplexing bits of the DAC, and pin 15used to turn the filament on and off.
The next section sets the I/O pins to output mosleogposed to input mode. The

subroutine OutputSet asks the user which elemerth@felectron gun they wish to
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modify: filament, horizontal deflection, focus, batle, or intensity voltage. The ‘@
character acts as a reminder of the need for gagarreturn. Any non-number acts as a
carriage return. Pauses are used to ensure thebraponents of the system have a
chance to settle before any additional changesnaige. Subroutines Sets 1-3 and 5 set
the multiplexing bits on the DAC to the appropriatdues for each register. Set 4 turns
pin 15 on or off, which can be used to activatettdeate the filament via a simple

transistor circuit shown in Fig. 49.

O Flament PN TIPIIC
_|_|1 =3
N
Dal7e24 Dsa \1_!:--'.:1_!1..-!\':

Figure 49. Schematic for filament circuit. Pin 15from the
microcontroller is fed into the base of the transisor.

Subroutine VoltageSet accepts a value from 0-408&;h covers the range of resolution
of the DAC, and converts it from decimal form todniy. This section checks to see if it
can subtract a power of two. If it can then ithaitivate the output pin that corresponds
to that power of two, subtract that power of twonfrthe user input, and will then move
on to the next power. This is a simple algorittonconvert a decimal number to its
binary equivalent. This binary equivalent is thmrtput on the appropriate pins. The

code will continue to loop back to asking whichubgvishes to be changed.

The code is burned onto the stamp’s EEPROM viallaais BASIC Stamp Windows

Editor 2.4. In order to do this, a direct seri@mnpection is required. In order to

communicate with the microcontroller once the fiblame is installed Windows
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Hyperterminal is used with 9600 baud mode 8-N-Yeriually, communicating with the
microcontroller could be done with LabVIEW over &8 bus, which would also allow
data to be collected from other devices on the GIBUB, such as vacuum gauges, or

microammeters.
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Chapter 5

CONCLUSONS

5.1  Summary

The design history and current status of the Hougl€ollege 200 keV electrostatic
accelerator was described in this thesis. Theeatirdesign uses an accelerating tube
consisting of 48 high density polyethylene ring®mating with stainless steel washers
compressed by nylon threaded rod. The electronigy@onstructed from a RCA 3RP1
cathode ray tube, is powered by a high voltage gy circuit, and is controlled by a
microcontroller which is mounted inside the hightage terminal.

5.2  Current Results

The accelerator tube and electron gun have beestraocted. The system was pumped
down to a pressure of approximately 4 X10rr. With the accelerator tube removed and
a test circuit attached a beam spot was obsertgmvever, the electron gun appears to
have not been mounted squarely, such that theretebkeam line and the alignment of
the mounting flange with respect to the accelerakig are not parallel. Therefore, some
voltage on the horizontal control grid is requitedcenter the beam spot. The beam
current appears to take a period of approximataliydf an hour after filament activation
to maximize, which may be due to water contamimgatime cathode metal oxide layer
converting it to a hydroxide, greatly increasing tralue of the work function. However,
upon baking a hydroxide at high temperature in auuen the hydroxide will be

converted back to an oxide. This is may explaity Wte beam current seems to increase
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after a period of minutes. However, the beam cunestill small and the beam spot is

strangely shaped, which may point to additionalesswith the current electron gun.

The control circuit has been built and is abledatwl the voltage outputs of the HVDC
converters. The Ethernet/GPIB section of the teahinterface has not been tested with
the current setup but has been shown to functiomdependent tests. Testing of the
linearity and stability of the circuit has not beemmpleted. A beam spot has not been
produced using the microcontroller circuit due he difficulty in tuning all of the grids

of the electron gun to the proper voltages simeitasly.

5.3  Future Plans

The accelerator is moving toward the ability toduce an electron beam of which the
energy spectrum will be measured. However, issuts the electron gun and control
circuit must first be rectified. Once a reliablealn spot is produced, the accelerator may
be attached to the Van de Graaff generator, allgwtiio generate at 200 keV beam of
electrons. A scintillator can be mounted near phesphorescent screen to measure
bremsstrahlung X-ray radiation, so that the endhipcan be measured to determine the
energy of the accelerator. Additionally, the beamrent may be measured via a

microammeter.

In addition there are several plans for the aca&deronce the energy spectrum has been

measured. First, the Ethernet/GPIB interface shbel completed, perhaps even before

measuring the energy spectrum. The GPIB intenfema@ld allow LabVIEW to interface
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with the electron gun’s microcontroller, in additito other equipment such as pressure
gauges, microammeter outputs, or even relays favepgng on/off equipment. In
addition, a motor-generator set could be used ptace the batteries currently used to
power the control circuit. It could consist of alectric motor mounted underneath the
high voltage terminal, sufficiently far away asdwaoid corona discharge, and have an
insulating shaft penetrate into the high voltagenteal where it would be attached to a
generator. Finally, it is possible to upgrade YWa de Graaff generator to be able to
provide increased current so that the potentidl val higher. Ways to do this include:
upgrading the motor to allow the belt to move fgsteidening the belt, or spraying
charge on to the belt to move charge from the hgtage terminal to base of the Van de

Graaff generator.
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Appendix A

Vacuum System
A.1  Introduction
In order to maximize the beam current by minimizthg number of interactions of
accelerated particles with gas in the acceleratibe, a vacuum system is used shown in
Figure 50. This particle accelerator typically iasles pressures on the order of°16rr
via the use of a Alcatel M2008A rotary forepump, Kart J. Lesker Company
TLR6XS150QF liquid nitrogen filled cold trap, andvarian 0159 diffusion pump. One
Duniway Stockroom Corp. 1-100-K iridium filamentriaggauge is used at the top of the
vacuum system for measuring pressures belo tr along with two Duniway
Stockroom Corp. CVT-275-101 thermocouple convecganges to measure the higher
pressures; one for the foreline and one for thentdea. The lowest pressures recorded so
far are 2.0x10 torr with the accelerator tube not attached ancI8 torr with the
accelerator tube attached. The system is conn&atbdl.5 inch stainless steel tubing

with 2.75 inch Kwik-Flange or Conflat connectioreaked with Viton gaskets.

A.2  Forepump
The forepump is the first pump in the series antesponsible for generating the initial
vacuum. This accelerator uses an Alcatel M2008Aryoforepump which is powered by

a Franklin Electric 0.5 hp motor running at 175rp

64



This rotary pump is able to generate a vacuum & H3°torr. With each revolution of
the pump the same volume of gas is removed. Thesdgarced out by the turning of the

vanes which are held to the pump housing by a g@&shown in Fig. 51.

D
RN 1

1 B

Key

2

l. Ton Ganuge

2. Thermocouple
Vacium Gange

3. Electron Gun

4. Accelerator Tube .

5. Ceramic

Insulating Tube

6. Target

7. Butterfly Valve

8. Cold Trap 8~

9. Diffusion Pump

10. Air Inlet Valve

1. Forepump
Isolation Valve

12. Forepump

Figure 50. Drawing of the Vacuum System. All stailess steel tubes
are shown in gray with Conflat flanges in black, gick flanges in
blue, rubber tubing in red and copper pipes in orage. Taken from
Ref. [46].

65



Figure 51-Diagram of Rotary Pump. Air from the sysem enters at
the top left and leaves at the top right. 1 is theump housing, 2 is
the rotor, 3 are the vanes, and 4 is the spring thdolds the vanes
to the pump housing.

A.3  Diffusion Pump

The next stage in the vacuum system is a Variar® @iffusion pump. The diffusion
pump sprays a jet of oil vapor downward towardexfiaust, which is connected to the
inlet of the fore pump. As the oil vapor flows domard, remaining gas is brought with
it and is eventually removed by the forepump. Vhpor eventually condenses on the
walls of the diffusion pump which are air cooledpon condensing, it is again boiled by
a 350W heater and directed to the downward jetis pamp operates with 50cc of Dow

Corning 704 silicone based diffusion pump oil. Thiusion pump is able to lower the
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total pressure of the accelerator to 4.9%16rr. The diffusion pump has no moving
parts, as it operates by the pressure of the Igodih However, the diffusion pump
cannot be turned on until a vacuum of 216rr is obtained by the forepump or else the
oil can scorch, contaminating the entire systenporJstartup, the diffusion pump will
initially cause the pressure to rise before theioiheated to operating temperature as
contaminates are driven out of the oil.

A.4  Cold Trap

The final component in the vacuum system is a ¢@g@, which is a chamber that is
cooled by liquid nitrogen at 77K. The cold trapusa@s many contaminants to condense
and fall into the forepump. The cold trap is pararly effective at removing water
vapor in addition to oil contamination from the etlpumps. Also, the cold trap lowers
the kinetic energy of all residual gas moleculeshim system, again making it easier for
the forepump to remove them. This vacuum systees @sKurt J. Lesker Company
TLR6XS150QF cold trap.

A5 Gauges

The system is monitored by three vacuum gauges.o Gauges are convection type
ConvecTech Gauge Tubes from Duniway Stockroom CQ@T-275-101. One is
mounted at the top of the system, the other mouimetie foreline. They are able to
measure pressure down to>lfrr. The third gauge is a Duniway Stockroom Cd#p
100-K iridium filament ion gauge. This gauge ideatp measure pressures froni 10
10 torr. The ion gauge operates by heating a filan®ionize any residual gas. The
resulting current of ionized gas is proportionaltb® amount of residual gas in the

system. However, if pressures are too high, thenent can be damaged. All gauges are
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attached to a Stanford Research Systems IGC100aoge controller which has digital
readouts, as well as a safety to keep the ion ghogeburning out due to too high of a
pressure. For the most accurate readings, thegamge should be allowed to reach

operating temperature for a few minutes.

Appendix B

The microcontroller code is written to convert usntered voltage multiplier value to
binary bits. The first section of the code dedarariables and sets the microcontrollers
I/O bus to output mode. The next section of cadects which of the 5 controllable
voltages is to be modified. Next is the code tuatverts the decimal voltage multiplier
to binary bits. The final subroutines select whitfannel of the DAC is to be selected.
Pauses are entered to allow voltages to settle.

Microcontroller Code

' {$STAMP BS2}
' {$PBASIC 2.5}

'Declare Variables

Pin2V VAR Bit
PinlV VAR Bit
Fil VAR Bit

Out VAR Byte
Voltage VAR Word
Pin0 PIN
Pinl1 PIN
Pin2 PIN
Pin3 PIN
Pind PIN
Pin5 PIN
Pin6 PIN
Pin7 PIN
Pin8 PIN

o~NOoO Ul WNEO
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Pin9 PIN 9

Pin10 PIN 10
Pin11 PIN 11
Pin12 PIN 12
Pin13 PIN 13
Pin15 PIN 15

main:

'Set 1/0O Pins to Output
OUTPUT Pin0
OUTPUT Pinl
OUTPUT Pin2
OUTPUT Pin3
OUTPUT Pin4
OUTPUT Pin5
OUTPUT Pin6
OUTPUT Pin7
OUTPUT Pin8
OUTPUT Pin9
OUTPUT Pinl10
OUTPUT Pinl11
OUTPUT Pin12
OUTPUT Pin13
OUTPUT Pinl15
GOSUB OutputSet

OutputSet:

SEROUT 16, 84, ["Enter control (1=Hor, 2=Foc, 3=Chtfil, 5=Cont) and press 'a’ "]
PAUSE 500

SERIN 16, 84, [DEC Out]

PAUSE 500

SEROUT 16, 84, ["You entered ", DEC Out, " "]
IF (Out = 1)THEN GOSUB Setl

IF (Out = 2)THEN GOSUB Set2

IF (OUT = 3)THEN GOSUB Set3

IF (OUT = 4)THEN GOSUB Set4

IF (OUT = 5)THEN GOSUB Set5

GOSUB OutputSet

VoltageSet:
SEROUT 16, 84, ["Enter voltage multiplier (0-4096)d press a "
PAUSE 100
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SERIN 16, 84, [DEC Voltage]

PAUSE 500

SEROUT 16, 84, ["You entered ", DEC Voltage, | "
PAUSE 500

Pin13 = PinlV

Pinl12 = Pin2V

IF (Voltage >= 2048) THEN Pinl11 =1 ELSE Pin11 =0
IF (Voltage >= 2048) THEN Voltage = Voltage - 2048
'Pinl11 = Voltage.BIT11 'MSB

IF (Voltage >= 1024) THEN Pin10 =1 ELSE Pin10 =0
IF (Voltage >=1024) THEN Voltage = Voltage - 1024
'Pin10 = Voltage.BIT10

IF (Voltage >=512) THEN PIN9 = 1 ELSE PIN9 =0
IF (Voltage >=512) THEN Voltage = Voltage - 512
'Pin9 = Voltage.BIT9

IF (Voltage >= 256) THEN PINO = 1 ELSE PINO=0
IF (Voltage >= 256) THEN Voltage = Voltage - 256
'Pin0 = Voltage.BIT8

IF (Voltage >= 128) THEN Pinl1 = 1 ELSE Pin1=0

IF (Voltage >= 128) THEN Voltage = Voltage - 128
'Pinl = Voltage.BIT7

IF (Voltage >= 64) THEN PIN2 = 1 ELSE PIN2=0

IF (Voltage >= 64) THEN Voltage = Voltage - 64
'Pin2 = Voltage.BIT6

IF (Voltage >= 32) THEN PIN3 = 1 ELSE PIN3=0

IF (Voltage >= 32) THEN Voltage = Voltage - 32
'Pin3 = Voltage.BIT5

IF (Voltage >= 16) THEN PIN4 = 1 ELSE PIN4=0

IF (Voltage >= 16) THEN Voltage = Voltage - 16
'Pin4 = Voltage.BIT4

IF (Voltage >= 8) THEN PIN5 = 1 ELSE PIN5=0

IF (Voltage >= 8) THEN Voltage = Voltage - 8

'Pin5 = Voltage.BIT3

IF (Voltage >= 4) THEN PIN6 = 1 ELSE PIN6=0

IF (Voltage >=4) THEN Voltage = Voltage - 4

'Pin6 = Voltage.BIT2

IF (Voltage >= 2) THEN PIN7 = 1 ELSE PIN7=0

IF (Voltage >= 2) THEN Voltage = Voltage - 2

'Pin7 = Voltage.BIT1

IF (Voltage >= 1) THEN PIN8 = 1 ELSE PIN8=0

'IF (Voltage >= 1) THEN Voltage = Voltage - 1

'Pin8 = Voltage.BITO

PAUSE 500

GOSUB OutputSet
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Setl:

PinlV =0

Pin2V =0

PAUSE 500

SEROUT 16, 84, ["Hor selected "]
GOSUB VoltageSet

Set2:

PinlV =0

Pin2v =1

PAUSE 500

SEROUT 16, 84, ['"Focus selected "]
GOSUB VoltageSet

Set3:

Pinlv =1

Pin2V =0

PAUSE 500

SEROUT 16, 84, ['"Cathode selected "]
GOSUB VoltageSet

Set5:

Pinlv=1

Pin2v =1

PAUSE 500

SEROUT 16, 84, ["Intensity selected "]
GOSUB VoltageSet

Set4:

PAUSE 500

SEROUT 16, 84, ["Fil selected "]

SEROUT 16, 84, ["Enter Filament Setting (0=0ff, I)@nd press 'a’ "]
PAUSE 100

SERIN 16, 84, [DEC Fil]

PAUSE 500

SEROUT 16, 84, ["You selected ", DEC Fil]

Pinl5 = Fil

GOSUB OutputSet
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