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Abstract
The purpose of this project is to design, construct, operate, and observe a Farnsworth–Hirsch Fusor
(referred to as “fusor” throughout) that demonstrates inertial electrostatic confinement of plasma. Materials
were chosen carefully for the project to create proper behavior in the system, ensure no damage to the
equipment or surroundings, and to prevent as many uncertainties in measurements as possible. Using designs
from MAKE magazine as reference, a larger borosilicate vacuum chamber was designed to house the reaction.
Additionally, a high voltage power supply was used to form a powerful electric field that created and contained
a ball of plasma. The goal of generating ‘star mode’ was successful with pressure, secondary voltage, and
current measured. This fusor is referred to as the low powered fusor, as it is incapable of performing nuclear
fusion. With the low power fusor, the design goal was accomplished. The secondary goal of creating nuclear
fusion is still underway. That auxiliary aim will require another fusor, referred to as the high powered fusor. The
scope of this report will be mostly limited to the low powered fusor, with brief mentions and descriptions of the
high powered fusor.
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Introduction
The purpose of the fusor is to create and contain a concentrated ball of plasma. There are three main
variables that affect the formation of plasma: pressure inside the chamber, voltage applied, and current flow
[1]. While density is the actual variable in consideration, it is immensely easier to measure the pressure of the
gas. The relationship between pressure and density of a gas allows pressure to be a suitable substitute for
density measurements for the scope of this report. This project examines the relationship between those three
variables and plasma production.
The method pursued was to create a rarified atmosphere and apply a powerful, focusing electric field to
it. On each end of the fusor are aluminum discs. At the center of the fusor is shaped metal wire, called the
inner grid. With the voltage applied between the discs and the inner grid, a powerful electric field is produced.
The geometry of the inner grid focuses the field into its center. This concentration of the electric field lines is
what creates and contains the plasma [2].
Referencing the designs from MAKE Magazine, the design for the low-power fusor was created. The
chamber designed was slightly larger than the MAKE fusor at a diameter of 4.25 inches, compared to 3 inches
[3]. This larger design allows more room for other objects inside the chamber, such as sensors or magnetic
and electrical field generators. Inside the fusor, there are extreme pressures and temperatures. To manage
these conditions, unique materials must be used, such as 304 stainless steel, borosilicate glass, sapphire, and
tungsten. Care was taken to ensure the new design would still withstand the pressure differences, be able to
draw a deep and clean enough vacuum, meet electrical requirements, and withstand high heat and corrosion
from plasma.
The low-power fusor design utilized a vacuum pump, a neon sign transformer, custom built rectifier,
and a suitable reaction chamber to house an inner grid. These devices operated together in order to form
plasma. Every component on the chamber was oriented using a concentric cylindrical design, meaning that the
end plates, borosilicate chamber, and inner grid all shared the same center on the vertical axis. Once
assembled, all the components were organized and mounted to a mobile cart workstation with a clear
polycarbonate impact shield. This shield protects against the unlikely implosion of the fusor chamber and any
shrapnel formed in the process.
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Design Specifications
The original specifications pertaining to the design of the fusor came from the Make fusor model [3]. In
addition, those specifications were cross-checked with suggestions from fusor.net in order to find the most
generally accepted values for the constructed fusor. Every general specification was able to be met.


Negative power supply between 5-15 kV @ 5+ mA



Electrical safety considerations



Vacuum chamber that can maintain <= 5 mTorr (~.7 Pa)



Withstand atmospheric pressure (101 kPa)



Withstand slight heat shocks from ion beams (Pyrex)



Allow visual observations



Inner grid that produces an electric field that focuses particles

In order to meet the above specifications, the fusor’s components had a series of specific requirements.
See the Components and Rationale section for those.
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Design Overview
The final design incorporated several key components to form focused plasma. The vacuum system
held a minimal pressure within the chamber, allowing all air particles to have the freedom to collide. In addition,
the variac and neon sign transformer operated together to applied a voltage to the inner grid within the
chamber. This voltage difference between the inner grid and the grounded aluminum plates created an electric
field necessary for focusing the particles in the center of the chamber. All the aforementioned components can
be seen in the full assembly pictured in Figure 1.

Figure 1 Virtual Design of the Farnsworth-Hirsch fusor
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Mechanical Subsystem
Initial Requirements
The idea behind the mechanical subsystem was twofold: to design a vacuum chamber that maintains
visibility to observe the reaction as well as maintain a vacuum up to 15 mTorr, and to design an inner grid
capable of producing an adequate electric field within the chamber. In addition, the chamber needed to
withstand 1 atmosphere of pressure acting on it from the outside.

Initial Designs
To manufacture the chamber, a cylindrical design was significantly simpler than any other design, as
the machining process was easy and not as time consuming. Pyrex was chosen for the material due to its
transparent property and because it was able to withstand the required amounts of stress and thermal shock.
The installation of ports on the end plates of the cylindrical design was simple; it only required holes to be
drilled in each end plate. This allows easy manufacturability and future modifications if required. The design
uses clamping pressure from nuts and threaded rods on each end plate to create the proper gasket pressure
to prevents leaks. Initially, a plastic hose was used to plumb the vacuum pump and pressure gauge to the
fusor chamber. The hose was eventually replaced with hard copper and brass pipes and fittings. Ceramic
standoffs were used to support the inner grid inside the fusor chamber. The ceramic material prevents the
inner grid and outer discs from shorting together. Lastly, wood plates were used as the base of the fusor
design so that the entire apparatus could be placed on any surface with no fear of conductivity.

Components and Rationale
The creation of the fusor required consideration on how sizes, shapes, and especially materials would
affect the parts in the assembly, as well as fitting into the budget provided by the Honors College. In order to
achieve a properly functioning fusor, certain criteria for each part needed to be met. These criteria were largely
governed by three main factors: budget, scope, and time. Each part of the fusor was selected to work in
conjunction with other parts, with the necessity for each part to meet mechanical and electrical specifications to
ensure proper function of the system. For example, the threaded rods used to clamp the two aluminum plates
to the borosilicate cylinder needed to have a diameter which would allow for proper clamping, but would be
smaller than the distance from the borosilicate cylinder to the edge of the aluminum plates. This is only one
example of the requirements further detailed in the list of components below:

Vacuum Pumps: The vacuum pumps which will be used for this experiment are a DuoSeal 1405 and a
Robinar (15150) VacuMaster Economy Vacuum Pump.
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Duoseal Pump: This pump was chosen due to it being able to reach a vacuum of 1 milliTorr, as well as for its
convenience; Dr. Shall of Oakland University lent this vacuum pump to the group for the duration of the
experiment. While this pump is capable of achieving a very low pressure, it requires a significant amount of
time for its full vacuum capability to be reached. For this reason, a high-speed pump is used in conjunction.
Unfortunately, this pump malfunctioned, and it never achieved its lowest rating.

Robinair Pump: This pump was chosen for its small size and light weight, as well as its ability to pump 1.5
CFM out of the vacuum chamber and hold a vacuum of 50 milliTorr. This pump is used to quickly evacuate the
chamber to a point where the DuoSeal pump is able to further evacuate the pump to a lower pressure in a
more time-efficient manner. Due to the malfunctioning Duoseal Pump the Robinair Pump was used exclusively,
however it still met our requirements. It was discovered that 50 mTorr was actually lower than the optimum
pressure for fusor operation.
Aluminum End Plates: The aluminum plates were chosen for their machinability and availability. Additionally,
they met the requirements for withstanding pressure and the thermal load. While aluminum is more porous
than steel, for the low powered fusor gas permeability through the metal is negligible. The diameter used
allowed the space required for the vacuum chamber, as well as the space required to clamp the plates to the
cylinder with the threaded rods. It also allowed for the addition of other sensors if deemed necessary and
valuable to the experiments. The thickness of the plates was determined due to the availability of parts from
the manufacturer based on the required diameter, as well as the price which fit within the team’s budget. The
thickness of the plates also allowed for a sufficient number of threads when fastening anything to the plates,
including the brass fittings.
Buna-N Rubber Seals: The Buna-N seals were chosen for their low porosity and low permeability. This allows
the system to be sealed as well as possible to ensure minimal vacuum leaks. According to Custom Gasket
Manufacturers, a manufacturer of numerous Buna-N products, “Its properties provide excellent resistance to
oils, solvents, gasoline, and petroleum based fluids. Due to its resilience, nitrile is used in applications requiring
resistance to extreme hot and cold temperatures, abrasion, water, and gas permeability” [4].

Vacuum Grease: Corning Vacuum grease provided an additional aid for the seal, and was applied to both
sides of both Buna-N gaskets to provide a better seal between the aluminum plates and the borosilicate
cylinder.
Borosilicate Cylinder: A borosilicate cylinder (Pyrex) was used for the chamber of the fusor. The leading
value of borosilicate was the transparency allowing the reaction to be properly observed for the experiment and
later demonstrated. Borosilicate also has a lower coefficient of thermal expansion, which makes it less
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susceptible to thermal shock. This makes it a better alternative than ordinary glass. Steel is a superior material
in regards to strength and temperature, however it is opaque preventing observations. After simulation, testing
and research into the borosilicate material, it was found that the strength was acceptable and the design
continued with the borosilicate cylinder. [5]
Brass and Copper Fittings: Brass was chosen for fitting material due to its soft and still sturdy characteristics
which helped create an adequate seal. Because the Robinair pump features a brass flange fitting, it is also
best practice to use similar materials for plumbing. In addition, brass fittings were easily obtainable and low in
cost.

Threaded Rods: The threaded rods were chosen for being a common thread, and for being a diameter which
was capable of supporting the clamping force made against the aluminum plates. The rods also had a small
enough diameter that they would not be obtrusive to the design of the system, and that they would be able to fit
between the rubber seal and the edge of the aluminum plates in order to be able to anchor the plates to the
borosilicate cylinder.
Nuts: The nuts were chosen due to their material and thread matching those of the threaded rods with
clamped the aluminum plates onto the borosilicate cylinder. The nuts were capable of withstanding the proper
torque to ensure a tight seal on the vacuum chamber.

Nylon Standoffs: The nylon standoffs were chosen for their inner diameter being the correct size to allow the
threaded rods to pass through them. The standoffs are used to allow space between the wood plates and the
bottom of the aluminum plate. This allows for room to thread the voltage source screw into the aluminum passthrough which electrifies the inner grid.
Stainless Steel Grid Wire: The inner grid for the fusor was composed of stainless steel wire. This material
was chosen because of its corrosion resistance, its higher melting point, and its low magnetivity, as well as its
availability and cost effectiveness. Three rings composed of stainless steel wire were utilized to form the grid.
The inner grid required a special jig in order to be manufactured, as shown in Figure 2. The jig enabled a high
degree of symmetry and high quality connections even with a lack of welding.
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Figure 2 Wire bending jig

Silver Solder: Silver solder was used due to its high heat resistance. This was important because the reaction
inside the grid will reach very high temperatures. The silver solder allows the grid to remain intact throughout
the reaction to ensure that data can be recorded without abnormalities from deformation of the inner grid due
to the melting of the solder. Recorded data for the plasma reactions would include pressure and temperature.
Once a system capable of fusion is created, neutron count can also be recorded.
Flux: The flux was used during the soldering process during the construction of the inner grid to make the
solder flow more effectively. Careful consideration was taken not to apply too much flux in order to keep a good
connection between the steel grid wire and the aluminum pass-through.

Brass Flat Washer: The brass flat washer was used to connect the inner grid to the aluminum pass-through.
By soldering the stainless steel wire to the brass flat washer, it was easier to achieve the correct hole size and
a reliable amount of material for the screw to hold the grid onto the pass-through.
Ceramic Insulator: The ceramic insulator was chosen for its inner diameter being the correct size to house
the aluminum pass-through. It also provides enough thickness to allow proper insulation between the
aluminum plates and the aluminum pass-through. This ensures that the system does not create an electrical
short. With the 1.6 mm thickness the tube is able to resist up to 23 kV, which is above the maximum operating
voltage.

Aluminum 6061 Pass-Through: The aluminum pass-through was chosen for its convenient size and common
thread, which allowed for easy connection of both the grid and the power supply. Another important
10

consideration for this specific pass-through was that it was not hollow all the way through. This allowed the
chamber to be sealed off in order to maintain the vacuum pressure, as well as to allow an electrically
conductive material to which the grid and power supply could connect and for electricity to flow [6].
Pass Through Screws: The pass-through screws were chosen for their correct thread to match that of the
aluminum pass-through. The screws were used to connect the voltage source to the outside of the system, and
to connect the inner grid to the inside of the system through the use of a brass flat washer.
JB Weld: JB Weld was chosen for its strength, quick setting time, its low price, and convenience of
purchasing. It is used to bond the Aluminum pass-through to the ceramic insulator. It is also capable of
maintaining a good seal from the other surfaces, so the vacuum pressure can be preserved.
Wood Plates: The wood plates used as the base of the system were chosen to insulate the system from any
outside sources of energy. This ensures the exterior of the system can maintain a proper ground without
interference from surfaces on which the system is placed. The specific type of wood was chosen due to its
availability and convenience of cutting and painting.
Tee Nuts: The tee nuts were chosen to seat the threaded rods into the wood plates to ensure that the wood
could effectively protect the system from outside sources of electricity, such as from surfaces on which the
system is placed. The tee nuts fit the thread of the rods, and they were thin enough to fit tightly between the
two wood plates. They also provided means by which they could attach to the inner wood plate, so no metal
contacted the outside surfaces.

The full system design of the low power fusor with labeled components can be seen in Figure 3.
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Figure 3 Complete low power fusor design with all mechanical components
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Simulation Results
A Finite Element Analysis (FEA) was run on a Solidworks model of the Fusor. The material properties
were selected from the Solidworks library, however the Borosilicate Glass from McMaster-Carr was not
available. Instead a custom material based on “Glass” was used with tensile and compressive strength added
from McMaster data [6].
The only significant load case is the clamping load due to the threaded rods. This force seals the
gaskets and ensures a tight and low-leak interface between the aluminum end plates and the glass cylinder.
Leader Gasket’s online documentation was referenced for how to determine the gasket stress. For Buna-N
rubber the yield stress of the gasket must be at least 1 kpsi (6.9 MPa) [7]. To get an initial value for how much
the threaded rods must be tightened the initial value of 100 kpsi (689 MPa) was used, which is 80% of their
tensile strength [6]. With 100 kpsi applied each rod applies approximately 4.9 kpsi (33.8 MPa) of force for a
total of 19.6 kpsi (135.2 MPa). Using the effective surface area of the gasket (3.14 in^2, 2025 mm^2), the
gasket stress was found to be to be 6.25 kpsi (43.1 MPa) which is much more than necessary. For the FEA the
applied load used was 100/6.25 = 16 kpsi (110.4 MPa) on the nut-top plate interface. This equates to twice the
required gasket stress necessary, or 2 kpsi (13.8 MPa) when accounting for effective surface area.
The other boundary condition was to rigidly fix the bottom of the nylon standoffs. Once materials and
BC’s were applied the model underwent a standard mesh and ran. The full design FEA is depicted within
Figure 4.

Figure 4 FEA analysis results of low-powered chamber

13

Maximum stress is located around the through holes for the threaded rods where the nut clamps down.
While this approaches the yield stress of 6061 aluminum (35000 psi/241 MPa), it is localized and can be
mitigated by using washers [6]. The rest of the plate has <0.1 mm deflection and stresses which is necessary
for a strong seal. Maximum stress in the glass cylinder and aluminum discs were found to be 25 and 5.2 MPa
respectively as shown in Figure 5 and Figure 6.

Figure 5 FEA of Pyrex chamber

Figure 6 FEA of aluminum end plate
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The documentation found from Friedrich and Dimmock, Inc. [5] shows that borosilicate glass has a
maximum permitted stress of 3.5 MPa, 7.0 MPa, and 100 MPa in tension, bending, and compression
respectively. As this is a compression load with little shear stress the 100 MPa is used and provides us with a
factor of safety of 4.
To conclude, all load bearing components meet the specifications required of them with a comfortable
factor of safety.

Design Success
In regards to performance, the design functioned in accordance with the simulation predictions. No
yielding was observed within either the aluminum plates or the borosilicate chamber which were the only sites
of concern. In addition, the clamping force estimated to create a vacuum seal was adequately produced by the
nuts, as a vacuum was maintained. Unfortunately, the desired vacuum level was not achieved. This was
determined to be largely due to the plastic hose connections to the vacuum pump itself. One main
manifestation of the low strength vacuum was that most of the plasma concentrated around the inner grid rings
as seen in Figure 7.

Figure 7 Initial fusor testing results
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Major Revisions
The largest issue with the mechanical design was the low level of vacuum, inadequate for ideal results
(‘star mode’). To achieve a more powerful vacuum, the tubing used to connect the vacuum pump to the fusor
chamber was discarded. In its place, several varying sizes of brass fittings and piping were used to directly
connect the chamber to the pump as depicted in Figure 8. This change was only made after extensive testing
with the tubing to ensure that it was the source of the problem. After changing to this method of connecting, a
vacuum nearly 20 times stronger was observed in the chamber.
Another issue that was addressed was the cleanliness of the chamber and end plates, as well as the
use of vacuum grease. It was found that the grease, residue on the plates, and dirtiness of the chamber were
detrimental to the vacuum quality. To correct these problems, the aluminum oxide on the end plates was
thoroughly scrubbed and removed, vacuum grease was cleaned off completely and not used further, and the
chamber was also cleaned extensively before future trials. Results yielded great success and brought down
the vacuum pressure down to a minimum of 45 mTorr, with readings as low as 15 mTorr observed during
operation.

Figure 8 Hard plumbing of the fusor to the vacuum pump
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Mechanical Bill of Materials
Table 1 Mechanical Subsystem Bill of Materials
Component

Quantity

Cost

Vacuum gauge

1

$73.00

Gauge calibration

1

$145.00

Silver solder

1

$29.69

3/8 x 3/8 flare-NPT fitting

1

$3.99

Swivel flare fitting

1

$8.99

Bass nipples

1

$2.72

Robinair vacuum pump

1

$153.21

Nylon spacers

1

$10.79

Tee nuts

4

$1.80

Threaded rods

4

$1.72

Aluminum end plates

2

$20.88

Borosilicate chamber

1

$58.45

Ceramic pass-through

1

$29.18

Aluminum standoff

1

$1.36

Buna-N gaskets

1

$12.61

Vacuum grease

1

$29.19

Stainless steel wire

1

$6.10

ULINE cart

1

$129.00

1 gal. vacuum oil

1

$29.99

Total

25

$747.67
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Electrical Subsystem
Initial Requirements and Design
The main objective of the electrical areas of the system deal with providing enough power to actually
produce fusion. For the low-powered fusor, the requirements are much lower, since the end product is plasma
instead of fusion. A suitable power supply was required to meet these requirements, which is capable of
providing a maximum of 5-15 kilovolts (kV) [3]. It must also produce direct current (DC) and be fully variable
from 0 volts to its full voltage. Finally, the hot terminal of the power supply must be negative, with the positive
terminal grounded. The reason for this is due to the fact that the potential drop must be from the outer shell to
the inner grid, so that the particles are accelerated towards the center so they can collide. The reason that a
standard positive-hot, negative-grounded power supply with the positive voltage applied to the outer shell and
the inner grid grounded is due to safety. If the outer shell had the voltage applied to it, it would be lethal to
touch. Since the voltages are so high, there would also be a very high chance of voltage arcing to other
components of the system, which could damage them and would also be highly dangerous.
The voltage and current that the supply provides must be in DC. The reason for this is due to the
potential difference that drives the particles towards the center. If alternating current (AC) were used, the
potential difference would be reversed for half of the cycle, and this would be counterproductive to the goal of
the fusor since particles would be repelled from the center when the voltage is positive. However, it is possible
to effectively convert AC to DC with the use of diodes. One of the defining aspects of diodes is the fact that
they only allow current to flow in one direction. With this property, it is possible to utilize a pair of diodes in a
manner so that one diode rejects the reversed voltage and current and allows the positive, while the other does
the same, but with the opposite polarity. This method is known as voltage rectification, and it allows a steady
current and voltage drop in one direction, which is what the fusor requires.
The secondary objective of the electrical system is to measure the voltage and current of the fusor. This
is done using the principles of voltage division. With a series of resistors, it is possible to find the voltage drop
across each as long as the resistor values are known. Using this it is possible to set up a resistor network
across the same nodes as the fusor chamber, and since voltage remains the same across parallel elements,
the voltage drop across the shell can be approximated. However, due to the high voltage, a resistor capable of
restricting current at these voltages must be used. This steps the voltage and current down to safe levels,
allowing a standard resistor to be used. The voltage across this resistor can then be measured, and since the
relationship between the resistor values is known it is possible to calculate the total voltage drop. The current is
measured in a similar manner. A small resistor is placed between the shell of the power supply and ground,
and the voltage across this resistor can be measured. Then, using Ohm’s Law the current can be determined.
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Both voltages can be measured using a digital voltmeter [8]. A circuit containing all of the critical elements is
displayed in Figure 9.

Figure 9 Circuit diagram for electrical subsystem

Components and Rationale
The chosen power supply was a neon sign transformer rectified by two high voltage diodes. The diodes
are directed in a way that current flows from the fusor’s inner grid toward the transformer’s ground due to the
negative voltage that is output by the rectifier. The neon sign transformer used was an older style transformer
with a magnetically shunted iron core. This type of transformer is useful due the nature of its operation. When
the voltage is high enough and plasma is created, the resistance will drop to near zero. If the same voltage
was maintained, an extremely large amount of current would be demanded, which could cause the chamber to
explode due to the high energy dissipation and would be very dangerous. When the plasma is created, the
neon sign transformer will shunt the magnetic flux away from the windings, which reduces the output voltage to
safe levels, thereby reducing the current [9]. This transformer was rectified using high voltage diodes,
effectively converting it from AC to DC. The voltage was controlled by a variac, which allowed a variable input
from 0 to 130 volts. As the variac dial is rotated, the winding ratio of the internal transformer is changed
resulting in a controllable voltage multiplier from input to output. This allowed the voltage to be slowly and
safely turned up to its maximum value. The variac was not a necessary component for successful operation of
the fusor; its role was more for safety. The variac allowed voltage to be increased slowly and allowed
observations to be made for any undesired effects during this. It also allowed the voltage to be intentionally
kept at a lower value for the purpose of testing. The voltage was applied to the inner grid of the fusor and the
outer shell was grounded, creating the required potential difference.
In order to measure the voltage of the fusor, a voltage divider was made in order to step the voltage
down to safe levels, allowing a measureable output. These resistors are in parallel with the fusor chamber, and
since voltage is the same across parallel elements, this allows the determination of the fusor voltage. The
equation for the output voltage of a voltage divider is shown by Eq 1:
Eq 1
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For this project, R1 was chosen to be a high voltage ceramic resistor with a resistance of 500 MΩ. It is
capable of dissipating 10 W, which is more than enough for the current that flows. This type of resistor was
chosen to be able to handle the high voltage drop across it. It is also physically very long in order to prevent
the high voltage from arcing over the resistor. This resistor was in series with R2, which has a resistance of 470
kΩ. This value was chosen due to the fact that it is approximately 1/1000 the value of R1. When the equation
above is computed with these values, the output voltage is also about 1/1000 the value of the rectifier output
voltage Vin, which allows for an easy conversion to find the actual voltage across the fusor. Since the voltage
across R2 is stepped down to a voltage of around 10 V it is able to be measured using standard
instrumentation.

Transformer Voltage Simulation
In order to determine the behavior of the output voltage using the voltage divider, a simple transformer
circuit was constructed in PSpice. An ideal transformer was considered. This is due to not knowing the exact
inner mechanisms of the transformer. However, the basic behavior will be similar and since exact values are
not necessary the simulation will be adequate. PSpice also requires some sort of resistance to be in series with
any inductors, otherwise an error will occur. A small armature resistance was added to fulfill this condition.
However, these values do not reflect the actual armature resistance; small values were chosen to lessen the
possible effects of the resistance. In order to achieve the desired turns ratio of the transformer, a relationship
between the two inductances can be set. This relationship is shown in Eq 2:
Eq 2

If the primary winding inductance L1 is set to a simple value of 1 mH, then from the equation the
secondary winding inductance L2 would have a value of 15.625 H. This would achieve the desired turns ratio of
1:125 of the neon sign transformer.
To simulate the negative voltage that the neon sign transformer produces, the input voltage was made
negative. Diodes were also added in order to achieve full wave rectification of the voltage. The models used
were basic diodes, with the known values being modified and the other parameters being left at their default
values. Finally, the resistor values were added in. Unfortunately, there is no way to model the chamber of the
fusor itself in PSpice, so that part of the circuit was left as an open circuit, and the voltage being measured is
that of the resistor network. The schematic simulated is shown in Figure 10 and the waveform of the voltage is
shown in Figure 11.
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Figure 10 NST Circuit Schematic

Figure 11 Graph depicting the waveform of the applied voltage over time

The simulated voltage behaves as expected. It is a full wave rectified output and it is in the negative
direction. The magnitude of the voltage is not fully accurate as to what was expected, but this is a result of the
small resistances added to each winding. If it was possible to remove these resistances, the voltage would
likely have peaked around -10.5 V. However, even with all of these assumptions, the behavior can be used to
compare with experimental results since the behavior should be similar.
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Matlab Electrical Field Simulation
There are many variations of inner grid geometries. A relatively simple grid was chosen to be used. In
the future other geometries may be experimented with. The inner grid proposed to be used is a popular one
among fusor hobbyists. It consists of 3 concentric rings that are perpendicular to each other as shown in Figure
12. While the two end plates do contribute to the electric field, they essentially serve as planes of infinite
charge and only “squeeze” the electric field between them. Our interest lies in the basic geometry of the inner
grid and the grid’s effect on the electric field.

Figure 12 Matlab simulation inner grid configuration

The purpose of this arrangement is to focus particles into the center in order to create a plasma ball.
Three rings are used because with a single ring unless the particle is perfectly aligned with the axis it will veer
off into the ring itself. To verify the preliminary simulation of a single ring a Wolfram Alpha program was used
as seen in Figure 13 [10].
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Figure 13 Wolfram Alpha simulation of single ring electric field

The equation that were used to model the electric field come from a document by Indrek Mandre [11].
The axial and radial components of the field are found separately with equations Eq 3 and Eq 4. Eq 5 and Eq 6
serve to simplify equations Eq 3 and Eq 4. The variables r and a determine from the radius and along the ring’s
axis, respectively. The variables ε0, q, R only serve to change the magnitude of the field, however the scope of
this simulation focuses on the shape. They are the permittivity of free space, total charge on the ring, and
radius of the ring respectively. K and E are the elliptic integral functions of the first and second kind
respectively.

Eq 3

Eq 4

Eq 5

Eq 6

Figure 14 Matlab simulation process flowchartFigure 14 breaks down the logic flow of the Matlab
simulation. A meshgrid was initialized with the r and a being calculated at each point. The axial and radial field
components were then calculated, and then converted into x, y, and z components for the meshgrid creating a
3D vector field. Since each ring is just a rotated copy, once the first field was found the remaining two were
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rotated 90 degrees. The three fields were then added together giving the resulting field caused by three rings
together.
The method used to obtain the electric field simulations is presented in Figure 14 below.

Figure 14 Matlab simulation process flowchart

A cross section of the electric field is shown in Figure 15. The closer the lines are to each other the
stronger the field in that region. As expected field lines that fall too close to the ring itself will fall into the ring
causing any particles to collide with the ring instead of the central plasma ball. This transfers the particle’s
energy into the grid, instead of keeping it in the plasma resulting in a large source of inefficiency. However,
lines

that

fall

between

the

rings

will

converge

on

the

center

of

the

inner

grid.

It is interesting to note than many videos of this grid show glowing not only in the center of the grid, but
also around the grid especially where two rings intersect. This model illustrates the cause of those glowing
spots; they are caused by concentrations of the electric field around the wire rings. In the model an observer
may note that there is a region with no field lines. This is a limitation in Matlab caused by the converging of the
field lines. It can be mitigated by increasing the size of the mesh, however this mesh coarseness was at the
limits of the available computer’s computational ability. The general trend of the field may still be observed.
The simplicity and ease of manufacturing make this grid geometry the design that was pursued.
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Figure 15 Matlab simulation results of the inner grid electric field
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Electrical Bill of Materials
Table 2 Electrical Subsystem Bill of Materials
Component

Quantity

Cost

Neon Sign Transformer

1

$50

High Voltage Wires

10 feet

$23.80

Variac

1

$199

Emergency stop switch

1

Borrowed

High voltage diodes

4

$25.99

CPVC Pipe

1

$2.73

Mineral oil

8 oz.

$6.00

500 MΩ high voltage resistor

1

$9.10

10Ω wire-wound resistor

10

$6.62

Ring/Spade terminals

20

$4.20

Total

40

$327.44
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Discussion
Technical Discussion
Initial Run
The initial run of the fusor was successful in producing plasma. The pressure of the chamber was found
to be ~1800 mTorr. Voltage was transformed into 15000 VAC RMS, which was rectified to 7500 VDC at 30
mA. The electrical values are theoretical maximums; actual values were not obtained due to the sensor
equipment not functioning at that time.
As expected, with the vacuum chamber evacuated and the voltage steadily increased from zero, a glow
from plasma was observed around the inner grid. This glow is shown in Figure 17 and Figure 16. No glow was
formed at zero voltage, and the brightest glow was seen at the maximum voltage. While plasma was produced,
‘star mode’ was not achieved. This means that the plasma was wrapped around the inner grid wires, not
focused in the center of the inner grid. The plasma concentration around the wires had a thickness of
approximately 1 millimeter. The reason ‘star mode’ was not observed was that the pressure was not low
enough. This indicates that there was an issue with the vacuum pump or gasket seals. ‘Star mode’ would have
been achieved had the vacuum produced been lower. As expected, the color of the plasma was a hue of
purple. This due to the fact that the primary element air is composed of is nitrogen, which gives off a bluepurple glow when ionized [12]. The presence of other elements like oxygen would push the color more into the
purple range, which is what was observed.

27

Figure 17 Initial Runs: Inlet glow

Figure 16 Initial Runs: Plasma wrapping
around inner grid

The initial experimental run raised a few additional questions. At the brass nozzle inlet connected to the
vacuum gauge there was a yellow-orange corona glow. This can be seen in Figure 18. It is hypothesized that
this was due to a leak somewhere, which also would explain the higher than normal pressures. This matter
was resolved in the subsequent runs, detailed in the next section.

Figure 18 Initial Runs: Glowing at vacuum pump connection
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At the base of the ceramic feed through on the aluminum plate, a Lichtenberg figure pattern appeared.
A Lichtenberg figure is a branching, tree-like pattern that is the result of high voltage electrical discharge
through an electrically insulating material [13]. It turned on and off with seemingly no pattern. This is
undesirable, since it means that there is less power being delivered to the inner grid. There was no arcing
between the inner and outer grid, just some sparking contained on the lower disc, which can be seen near the
ceramic feedthrough in Figure 19. It is hypothesized that this is due to aluminum oxide on the surface of the
aluminum disk breaking down. Aluminum oxide is an electrical insulator, which would allow the Lichtenberg
figure to appear [14]. The oxidation of the aluminum plate is due to prior experiments with boiling water at room
temperature that were run in order to test both the validity of the vacuum seal of the chamber itself and the
performance of the vacuum pump.

Figure 19 Initial Runs: Lichtenberg figure and sparking

Subsequent Runs
After the initial results of the fusor were collected and observed, adjustments and improvements were
made to the design. Additionally, subsequent test runs of the fusor were conducted which incorporated the
changes outlined in the major revisions sections. The new results reflected very well upon the increased
success of the fusor. The plasma was concentrated within the center of the grid in a clear spherical ball as
opposed to concentrating on the inner grid rings. Pressure was held below 100 mTorr and reached an all-time
low of 45 mTorr without the applied voltage, and 15 mTorr with the applied voltage. Lastly, an inner grid was
manufactured using no silver solder which resulted in no concern for melting joints of the grid. The wire has a
much higher melting point than the solder, so its removal resulted in the ability to operate longer.
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All these results point to a successful modification of the device, allowing it to function as intended.
Only after a second glance and identification of problems could progress have been made. Improvements were
limited by vacuum potential and time, and unfortunately no vacuum less than 15 mTorr was achieved. With
subsequent runs, the fusor had clearly demonstrated its full capability to produce ‘star mode’ and other goals
were then explored. ‘Star mode’ can clearly be seen in Figure 20.

Figure 20 ‘Star mode’ achieved

When runs of longer duration at higher voltages were undertaken, a darkening of the glass cylinder was
noticed as seen in Figure 21. It darkens faster at higher voltages, especially if the inner grid heats up and
becomes red. This darkening is a deposition caused by some organic material. The only sources possible for it
are the gaskets or vacuum grease. The deposition is focused in a band that is centered around the inner grid.
This makes sense, as the outer aluminum discs have a repelling effect on particles and the inner grid has an
attractive effect. Hydrochloric acid was found to be the most effective in cleaning off the substance.
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Figure 21 Band of deposition on glass cylinder

The peak voltage after accounting for the voltage divider is approximately 11 kV, which translates to a
DC RMS voltage of 7.9 kV. The voltage doesn’t reach zero due to a shunt inductor that is built into the neon
sign transformer which resists changes in current, which prevents the voltage from dropping to zero.
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Figure 22 Oscilloscope reading of output from rectifier (magnitude)

The difference between the voltage magnitude of Figure 22 and the peak to peak voltage of Figure 23
is approximately 2.3 kV, which is the closest the rectifier output gets to zero. The difference between the
amplitudes of the peaks can be explained by a difference in the number of windings on each side of the center
tap.

Figure 23 Oscilloscope reading of output from rectifier (peak to peak)
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Figure 24 Oscilloscope reading of applied voltage

The oscillatory section of the waveform shown in Figure 24 is explained by variations in the resistivity of
the plasma as it varies from a partial ionization to a more complete ionization until it reaches a stable state as
the magnitude of the oscillations settles to a final value.
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Figure 25 Oscilloscope reading of voltage across current measuring resistor

Figure 25 shows the voltage across the current measurement resistor, which was connected between
the ground of the transformer and the actual ground connection. The resistor was 10Ω, which based on the
peak to peak voltage means approximately 23 mA flows through the system. Since the voltage supplied by the
transformer is rectified to a negative value, current flows out of ground toward the inner grid and therefore the
output terminal of the rectifier.
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Figure 26 DC RMS Output

Figure 26 shows the rectifier output DC RMS values for a trial run where the variac input was increased
in 5 V increments every 30 seconds. Since the resistance of the 500 MΩ resistor is only known to a 2%
tolerance, the bounds of the voltage measurements are shown by the dotted lines. The small peak at 5 V is
due to the neon sign transformer allowing a higher voltage to be supplied as plasma begins to be established.
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Figure 27 Primary Voltage vs. Pressure

Figure 27 shows the pressure reading within the chamber as the input voltage from the variac is
increased. The decrease in measured pressure is the result of the remaining particles within the chamber
being pulled toward the center of the inner grid. As the voltage is increased more particles are pulled toward
the center, reducing the number that hit the pressure sensor and thus decreasing the measured pressure while
creating a higher density of particles in the central region of the inner grid.

Limiting Factors
There were several hindrances to achieving the efforts of the project within the time scope initially
anticipated. While the low-powered fusor did not require any overly excessive permits from the university, the
high-powered fusor took longer than anticipated to get approved. Indeed, as of this report some aspects of the
fusor have yet to be approved. For the high-powered fusor power supply our team was required to
communicate with both the university and DTE’s legal departments. Both of these departments are very busy,
which resulted in the paperwork not being processed within the semester. Additionally, the Radiation Safety
Committee meets during set specific times and our group was unable to have some of the documentation
completed in time for their meeting this semester. However, both of these efforts will continue to be worked on.
Even with the conclusion of Senior Design we anticipate on continuing the project, as all team members
remain enthusiastic and interested in the project.
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Complete Bill of Materials
See Mechanical and Electrical sections for each subsystem’s breakdown.
Table 3 Complete System Bill of Materials
Subsystem

Cost

Mechanical

$747.67

Electrical

$327.44

Total

$1075.11

Further Aims
The aims of the project now extend beyond the demonstration low-powered fusor toward a highpowered fusor capable of achieving nuclear fusion on a small scale. To accomplish this objective, a new power
source, new chamber, and new inner grid are necessary. Pursuing these aims was only possible after
achieving desired results from the low-powered demonstration fusor. Once ‘star mode’ was attained and
several experiments run, focus shifted toward this high-powered fusor as a new goal.

DTE Power Supply
The power supply that DTE has offered to loan is capable of outputting 100 kV AC RMS, which can be
rectified to 50 kV DC. In return for the loan, the power supply be reverse engineered and a schematic made.
The existing rectifier and voltage/current measurement circuits can be reused, but the wire that is currently in
use is not rated for the higher voltage.

CAD Model/Designs
Initially a spherical vacuum chamber shown in Figure 28 was pursued. Upon receiving several quotes
for a metal spun outer chamber, it was determined that along with the welding necessary for that design a
spherical chamber was outside of the operating budget.
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Figure 28 Initial spherical design for high-powered fusor

Instead using the two hemispheres, a scaled up version of the low-powered fusor was designed as
shown in Figure 29. This simpler design allows the use of cheaper plate and cylindrical metal instead of
custom made components. Another benefit is the cylindrical version requires no welding, only proper copper
gaskets to be used as the components are clamped together. Another consideration for the high-powered fusor
was that the pressure within the chamber needs to reach below 20 mTorr to maintain a stronger vacuum.
By the time the initial design was finished, sent out for quote, and returned a significant portion of the
semester was spent. The decision to change designs and then create the new design also took some time. As
a result, the full cylindrical design of the chamber is not complete.

Figure 29 Preliminary cylindrical CAD model of the high-powered fusor chamber
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Professional and Societal Context
Engineering Standards
Standards were upheld in various ways throughout the entire design process. The most prominent of
which was consulting numerous online and in-text resources to ensure values and equations had valid basis.
Numerous simulations were conducted prior to the construction or acquisition of materials, to ensure that the
designs were able to be implemented. During the initial test, seven faculty members were on standby to ensure
safe practice. Once standards had been established, safe extensive testing through repeated experimentation
was carried out to observe changes in the reaction based on modifications to the design. Furthermore, experts
in the field of engineering were brought into the scope of the project throughout its development as well in
order to provide professional opinion and oversee the construction as well as continued operation of the fusor.

Safety
Coordinated with Oakland University Department of Safety to ensure guidelines were followed, and the
utmost safety was maintained. An official Standard Operating Procedure was drawn up for the operation of the
fusor. Many components of the design directly increased the amount of safety within the experiment: namely
the variac, allowing for different levels of voltage rather than simply on or off; the emergency stop, to quickly
eliminate an unsafe experimental condition; and the polycarbonate blast shield attached to the front of the
mobile cart workstation to allow for safe demonstrations. These components can be seen in Figure 30.

Figure 30 Full mobile workstation apparatus
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On a larger scale, and with fusionable material, radiation becomes a large safety concern. Proper
shielding would be critical to include.
Safety with the electrical components was important to avoid electrocution or damage of nearby
components. To achieve this, everything was properly grounded and the components were spaced out enough
to prevent high voltage arcing. An emergency stop was also utilized to have the ability to immediately cut
power in case anything went wrong. Finally, an extra measure to starting the circuit was found in the variac.
The variac had its own separate power switch that needed to be activated before power was supplied to the
transformer. The variac knob also was set to 0 after each run, so it would be required to manually raise the
voltage. This would help prevent power being applied when it was not desired.
In order to maximize safety, one option would be to encase all of the high voltage components in a
cabinet to isolate these components both from the rest of the system and from any potential operators or
observers. The cabinet could also be grounded to avoid accidental application of voltage.
As far as environmental factors, the current demonstration level fusor produces no radiation or
chemicals harmful to the environment. Only when considering a larger, higher power fusor will environmental
radiation become an issue.

Ethical Considerations
As long as proper shielding was implemented, environmental concerns would not be an issue with this
device. Shielding for radiation would only be required for a high powered version of the device. As long as the
safety concerns above are followed and care was taken, safety would not be an issue for anyone involved. The
initial design implemented was inspired by an article from MAKE Magazine. A vast majority of resources and
information was received from successful fusor builders at fusor.net and credit is given to those resources for
the contributions achieved.

Economic Factors
To delve into the economic factors of the fusor and related technology, the discussion becomes
centered on nuclear fusion technology and its economic applications. The largest draw of a nuclear fusion
power source is that it operates as an extremely efficient power system, outputting more energy than it
requires to initiate the reaction under ideal conditions. This would lead to immense savings from nuclear fusion
power plants as city-wide generators. In addition, waste collection and removal of nuclear byproducts would
not be an issue, considering fusion does not create any hazardous waste. In an economy desperate for a clean
source of energy, to remove oil oligopolies, and to protect the environment, the idea of clean fusion energy is
the greatest hope for an answer.
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Reliability
Acceptable failure rates would be low, nuclear accidents are usually very severe.
Safety issues would include radiation exposure during operation of the devices, however fusion processes
produce less radioactive waste than fission processes. This results in a cleaner process that causes less
problems down the line. Even if failure of the device were to occur, the reaction would stop instantaneously,
providing a reliable emergency shutdown in the worst case scenario.
Another source of reliability comes from the ability to repeat the experiment over and again receiving
very similar results. Since the reaction itself does not significantly alter the apparatus or process, the
experiment could be run many times and accurate experimental results can still be obtained. The largest
consideration for repeatability is the inner grid being able to resist the intense temperatures of the reaction. The
materials used in this project were capable of extensive experimentation.

Aesthetics
This project is focused on demonstrating the concepts of plasma confinement, which leads to nuclear
fusion. Therefore, this project was not intended to bring a product to market, but rather to study and
demonstrate physical concepts. However, the product created for this project was designed to be aesthetically
pleasing as much as possible. A cart was purchased for transportation and organization of the components, as
well as for an audience safety aspect. A safety shield made of clear plastic was added onto the front side of the
cart, which allows for audience visibility and safety. This was to account for the need for safety glasses as
declared in the standard operating procedure. Wires were carefully routed and concealed as well as possible
so as to allow for a cleaner and pleasurable viewing experience. Components were carefully placed for
convenience of use, but with wire routing kept in mind. Beyond what has been done already with the cart, wires
could be further hidden from view by adding opaque polycarbonate sheets to the front and sides of the cart,
and components other than the chamber could be placed on the bottom shelf of the cart where they are out of
view.

Potential customers
The designed product is more of a research and experimentation device, which is not meant to be
widely distributed. That being said, it suits the needs of the intended user (demonstrators of plasma creation)
very well. It is easy to use, observe, and performs as needed. The platform also has some flexibility that is able
to add on additional experiment devices if needed.
Furthermore, the customers for a high-powered fusor device would be drastically different. Large
sustainable energy companies could be interested in a high-powered fusor device for its potential as a reliable
source of fusion energy. Several machines based around the same principle are already in use and studied in
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the world today. Our design could potentially be purchased for concept exploration and could rival designs
such as the tokamak toroidal design.

Societal and Global Impact
On a global and societal scale, nuclear fusion power would be revolutionary. Fusion power would
provide cheap (relatively) efficient and clean power to the entire world. Location would not affect the installation
of fusion power; it would simply be a matter of a society to invest the capital for a fusion power plant. Since the
reaction is self-sustaining, few costs would be necessary for the upkeep of the reaction in the long run.
Societies currently stuck in the dark without electricity, without the capacity for productivity could
completely revitalize their industry with the implementation of a fusion power source. Hospitals in third world
countries could be put in place. More effective means of transportation such as trains using electricity could run
on the power of fusion reactors as well.
Most significantly, fusion power would provide greater opportunity to explore the stars. Spacefaring
vessels are severely limited in scope based on the immense weight and amount of fuel necessary for their
missions. A fusion reactor powered space shuttle could traverse the galaxy using the clean self-sustaining
reaction of nuclear fusion.
One large issue and controversy of any nuclear power is its capacity for destruction. If the break-even
efficiency of the nuclear fusion reaction was attained, it can almost be assumed that someone would attempt to
use it as a weapon, as has already been seen with the Hydrogen bomb. With break-even efficiency, an
individual would be capable of massive amounts of output energy which could be applied in deadly ways,
especially using radiation.

Information Literacy
Almost the entirety of all relevant information to this project was new information to all team members.
Concepts behind plasma, nuclear fusion, neutron and X-ray radiation, and vacuum chambers were new
knowledge. Learning as we went was especially when it came to the calculation of radiation values and
shielding, as well as yielding resistance of mechanical members since those concepts directly affected the
group’s safety. Much time was taken to simply do research and better understand not only what we did but
also why we did it. A sense of professionalism was maintained through individual and group research so that
instead of just following an instruction manual, we were understanding our projects and numbers, and
questioned why things were the way they were. In this way improvements could be made as we wondered
“what would happen if…”

42

Conclusions and Recommendations
The main goals of building, operating, and testing a low-powered fusor in this project were achieved.
Though there was some difficulty in the beginning with receiving funding and other approvals from Oakland’s
safety committees, these challenges were eventually overcome. Because of the delays, however, further
auxiliary objectives were not yet able to be reached, such as the construction and operation of a fusionproducing fusor.
After slight modifications to the system in order to improve the vacuum, star mode was achieved. This
device was also used to analyze and explore plasma containment and possible modifications for manipulation
of the plasma. This objective was achieved by applying varying voltages through the use of a variac
Throughout the entirety of this endeavor, safety was maintained as a top priority. Using methods
described above within the Safety section of the report, there was little to no risk of injury for all members of the
design team. As the project progressed and further experimentation was conducted, safety considerations
were updated and modified to account for changes in design and operation. Several professionals in the
engineering field gave critical insight to meeting general guidelines for safety as well.
Major revisions to the fusor resulted ultimately in the overall success of the low-powered fusor, as it
achieved ‘star mode’. The pressure maintained was not quite below the originally desired 15 mTorr, however it
proved acceptable for clearly concentrating the ball of plasma. A strong electric field was adequately
maintained in order to allow the plasma to be formed. In addition, the revisions were noted in order to apply
them to the high-powered fusor and avoid similar problems encountered with the assembly.
The high-powered fusor chamber is in the preliminary stages of construction and will be completed. Out
of the spherical and cylindrical designs, the cylindrical design proved superior. Materials have already been
acquired and machined to size. Legal documentation is still being obtained in order to acquire the high-voltage
power source from DTE necessary to operate the high-power fusor. Lastly, magnetic fields will be introduced
into the inner grid within the low-powered fusor to run final experiments before focusing solely on the
construction of the high-powered fusor. To this end, brackets have already been made and magnets have
been ordered.
Overall, this project can be considered a success. The project had many auxiliary goals that were not
able to be accomplished, but the main goal of creating and operating a fusor was completed. However, the
team is planning on continuing to research and build the new fusor assemblies beyond this semester. The
majority of the work is planned to be completed during the summer months while the team members are not
taking classes. This will ensure that the fusor project can be the main focus for the summer and the maximum
amount of progress will be made.
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Appendices
CAD Files
For relevant CAD data, see files attached in the USB device
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Cole-Parmer Vacuum Gauge:
http://www.coleparmer.com/Product/Vacuum_Research_Thermocouple_Vacuum_Sensor_1_2000_mTorr_1_8
_NPT_M/EW-68808-30#Specs

Specifications
Product Type

Vacuum Gauges/Controllers

Media compatibility

Liquids and gases compatible with stainless steel

Wetted materials

Stainless steel

Unit of Measurement

mTorr

Output

0 to 5 VDC

Range

1 to 2000 mTorr

Process connection

1/8" NPT(M)

Accuracy

±2 from 1 to 20 mTorr; <5% from 20 to 2000 mTorr

Qty/ea

1

Brand

Vacuum Research

Display

Analog
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Cole-Parmer Vacuum Gauge Calibration:
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Name plate rating for variac

Name plate rating for neon sign transformer
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