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1.0 Abstract: 

A two stage Gauss Accelerator was designed, built, and tested for the purpose of 
demonstrating the plausibility of a reusable and sustainable electrical means of propulsion in 
areas such as space launch and electromagnetic hyperloops. Electromagnets were optimized to 
be critically damped to allow charge from a capacitor bank, which was charged using an AC 
voltage doubler,  to most efficiently impart kinetic energy on the projectile after photogates 
detected its movement into the magnet. We predicted the efficiency to be between 1 and 5% and 
expected velocities between 25 and 57 m/s. Testing showed efficiencies between 0.2 and 5% and 
velocities between 8 and 45 m/s. While the intent was to build a cyclical Gauss Accelerator, this 
project was very successful accomplished leading steps to this goal. 
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2.0 Motivation and History: 

This circular electromagnetic accelerator is intended to move a magnetic projectile at 
high speeds within a track with using solenoids wrapped around the exterior of the track that are 
modulated by a laser gate and Arduino. There is potential for the projectile to be ejected from the 
circuit at velocity by quickly opening the track and turning off the solenoids to allow for the slug 
to take a tangent path away from the accelerator. With this addition, the accelerator would be 
able to launch the projectile, emulating current efforts to create practical electromagnetic 
weapons. Due to the scope of this project, it will not be possible to accelerate objects of 
significant size to the speeds necessary to create a practical product. However, the slug could be 
used to propel other, larger objects such as model rockets or payload-carrying carts to 
demonstrate full-size applications. The intention of this project is to explore the feasibility of a 
circular Gauss accelerator for larger scale applications. We were inspired to work on this project 
because of its potential use as a replacement for fossil fuel reliant tasks such as space launches. 
As fossil fuels continue to dwindle, the need for electrically powered alternatives will only grow, 
increasing the importance of research into alternatives. We plan to gain a stronger understanding 
of magnetism, especially the relationship between solenoids and permanent magnets, circuity 
and Arduino. This project will also give us an opportunity to strengthen our grasp on the design 
process and improve our technical writing skills. 

Coil guns and other electromagnetic propulsion methods have been and continue to be a 
point of interest for the scientific community. The earliest renditions of these devices were 
created initially as weapons. The Norwegian scientist Kristan Birkeland is credited as having 
created the first electromagnetic accelerator in the form of a Gauss cannon in 1901. Seventeen 
years later, Louis Octave Fauchon-Villeplee invented the railgun, which would be a focus of 
research in both Germany and Japan in World War II. However, due to the limitations of 
electricity generation at the time, neither nation was able to create weapons feasible for use. An 
Australian research lab was able to create a 500 megajoule generator in the 70’s for the purpose 
of powering a railgun, but the amount of power required to make a railgun useful was still 
impractical in a military setting (McNab, Ian R.). It was not until this decade that the railgun was 
revisited by the US company BAE systems. The BAE railgun is frighteningly powerful; 
however, the 25 megawatts required to fire the weapon is unattainable by any ship in the US 
arsenal with the exception of the U.S.S Zumwalt, a destroyer with 78 megawatts of power for 
weapons systems. The craft is still in early trials (Bennet, Jay). 

As time has progressed, so have the capabilities of electronic components. Developments 
in electricity storage and other technologies have allowed for practical uses or electromagnetic 
propulsion to proliferate. For example, Figure 1.0.1 below shows the development of electrolytic 
capacitors over time: 
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           Figure 2.0.1- The Trend of Capacitor Capacitance Over Time (Electrolytic Capacitor) 

This does not mean, however, that there were not attempts at creating gauss accelerators 
before these technological advances. One of the most interesting examples of this is Virgil 
Rigsby’s 1934 electric machine gun. Rigsby designed a coil gun to be used as an anti aircraft 
machine gun. Instead of timing the pulses with code as is done today, Rigsby used a flywheel 
with intentionally spaces contacts around the circumference. Every time the wheel rotated each 
magnet in the series is pulsed once, supposedly in time with the travel of the projectile in the 
barrel. This could be repeated ad infinitum until the gun outpaced the generator in electricity 
consumption. The selling point of this weapon was its silent fire, although the massive capacitor 
banks and generator required to fire it made it impractical for military use (Rigsby, Virgil). Even 
today, the power consumption needs of electromagnetic weaponry is its primary limiting factor, 
as shown in the example of the BAE railgun.  
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Figure 2.0.2 - A Newspaper Article Showing        Figure 2.0.3 - An Image from Rigsby’s  

Early Gauss Gun (Tag Archives)         Patent Showing the Modulation Flywheel  

        (Rigsby, Virgil) 

Gauss accelerators have already been used in research settings to study small objects at 
high velocities. Examples include the study of micrometeorite collisions with space vehicles and 
suits and investigations of high speed projectile impacts with military vehicle armor. In the 
future, Gauss guns may be used to create atomic fusion by accelerating particles into each other 
(Hansen, Barry). One of the most promising future applications for this technology is in use as a 
terrestrial launching system for space vessels. This would entail accelerating the module through 
a multi-kilometer, tilted accelerator and replace the use of fossil fuels in the first stage of a space 
launch. Such a system could be used to dispose of toxic waste by launching it out of the solar 
system (McNab, Ian R.) (Orneill, G. K.). With the magnitude of velocities that are possible with 
a coil gun, it is feasible for military vehicles and ships to be equipped with electromagnetic 
defense systems which could destroy incoming missiles or shells, or with larger installments, 
destroy missiles in space with small magnetic projectiles (Hansen, Barry). It has even been 
hypothesized that an electromagnetic cannon could assist in transporting wounded soldiers off of 
a battlefield. In this scenario, a large coil gun would accelerate a patient in a magnetic stretcher 
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to a muzzle velocity of 100 miles an hour, eliminating the risk of landing evacuation helicopters. 
A more reasonable use of a similar system would be to transport supplies such as food or fuel 
(Slemon, G). Electromagnetic acceleration has many important and unique applications that have 
yet to be fully explored. 

3.0 Theory: 

Before building the coil gun, careful planning went into optimizing the magnet to create 
the greatest possible change in momentum of the slug. This optimization involved a circular 
track, a controllable trigger time, high capacitance and voltage capacitors and a charging voltage 
doubler, and the shape of the magnet. 

We adopted a circular track to allow the slug more opportunities to accelerate. With a 
conventional linear track the slug passes each magnet only once. This creates the need for 
exorbitantly large magnets or impractically long tracks to accelerate the projectile to a functional 
speed. Both of these represent inefficient uses of material, space and construction time. By 
making the track circular, high speeds can be hypothetically achieved with smaller and fewer 
electromagnets in less space. In this arrangement, as long as the electromagnets are able to 
accelerate the slug each cycle, the projectile will either reach terminal velocity or a desired speed 
then be released out a side door in the track. The circular track optimizes the electromagnet’s 
effect on the momentum of the slug because it allows for force to be exerted on the magnet for 
for more time, increasing the impulse of the slug (Impulse is the change in momentum m(v2-v1) 
and equals F*t) and thus increasing the velocity. However, the circular track also slows down the 
projectile because there is always a need for a centripetal acceleration, which will call for a 
larger normal force, resulting in a greater frictional force on the projectile (Ffriction= *Fnormal).μ   

Controllable trigger time was another key part of the design optimization. As it will be 
explained in more depth later, it is essential to be able control the timing from the on signal from 
the laser trip to the trigger of the electromagnets in order to maximize the force exerted on the 
slug in the correct direction. As mentioned above, m(v2-v1) = F*t, so if the electromagnets are 
triggered with perfect timing duration on the slug, the impulse can be maximized and thus the 
change in velocity will be maximized. To achieve this timing, an Arduino was used as a variable 
time delaying device between the laser trip and the switch on of the magnet. With two laser trips, 
the Arduino calculates the time between trips, assesses the average velocity between the two 
trips, and predict when the slug will be in the optimal position to turn on and off the 
electromagnets. In the final calculation of the delay timing, the Arduino will have to take into 
account the response time of the system (the time for the laser trip to be registered, the code to 
execute, the trigger to turn on, and the time for the current to peak). If the slug eventually reaches 
the speed where it travels the distance from the laser trip to the magnet in a shorter time than the 
system can respond, the laser trip for each magnet will be referenced from the previous laser trip. 
This will be investigated in more depth later.  

Capacitors were used to maximize the strength of the magnetic field because of their 
ability to create higher currents over shorter periods of time when compared to a battery source. 
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In RL (resistor, inductor) circuits, the magnetic field strength is characterized by /LB = μ * I * N
(where B is the strength of the magnetic field in teslas,  is the permeability of the wire, N is theμ  
number of turns in the wire, and L is the length of the wire - See Appendix G for derivation). 
While this is not the equation for the strength of an RLC (resistor, inductor, capacitor) circuit, 
because the current changes with time, it can still be used for maximizing the magnetic field in 
this scenario (the change of current with time in an RLC circuit will be explained later). Since 
the the strength of the magnetic field increases with current, and the amount of current expelled 
from a capacitor relies on the amount of charge it stores and the time to expel that charge, 
capacitors that could hold the most charge were chosen. Since the charge stored in capacitors is 
equivalent to the product of their charged voltage and capacitance ( ), high voltage q = V * C  
and capacitance capacitors were chosen. The time the capacitor takes to discharge depends on 
the coil dimensions, as discussed later. We used three 450V, 5600 F capacitors.When rigged inμ  
series, capacitor voltages add up to their equivalent voltage while the capacitance equals the 
inverse of the summation of the inverse of each capacitance. However, when rigged in parallel, 
the voltage drop across all of the capacitors is the same as one capacitor and the capacitance 
equals the the sum of capacitance. Since high charging voltages are hard to attain, the capacitors 
were rigged in parallel to maximize the total capacitance. In addition, a voltage AC to DC 
charging doubling circuit was adapted to allow use of higher voltage capacitors and thus 
providing more stored charge.  

The shape of the magnet was optimized for the greatest magnetic field strength and the 
quickest allowable discharge of the capacitors. To maximize the magnetic field strength, a fixed 
volume of the magnet was chosen (0.00036 m^3), and the gauge of the wire was varied to 
compare magnetic field strengths. Since magnetic field strength is defined by the equation 

 and the permeability of copper (1.25*10^-5 H/m (Hansen, Barry)) and the/LB = μ * I * N  
maximum continuous current (Scherz, Paul) were already known based on the gauge, the number 
of turns and length of the length were the only things that needed to be solved for. The length of 
the wire can be calculated by dividing the magnet volume by the wire cross sectional area, 
assuming that there is no space between turns of the wire (the equation for a cylinder, the wire, is 
the multiplication of the length and the cross sectional area). The number of turns was then 
calculated by multiplying the number of rows and layers, as found respectively by dividing the 
length and the depth of the magnet by the diameter of the wire (depth refers to the difference of 
the outer and inner radius). Once the number of turns and the length of the wire was found, the 
dependence of the magnetic field strength on the gauge of the wire was then calculated. This 
exponential relationship, as shown in Figure 3.0.1, argues that the thicker the wire, the stronger 
the magnetic field will be if the maximum allowable current, as taken from the spec sheet, is run 
through it. 
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Figure 3.0.1 - The Dependence of the Magnetic Field Strength on the Wire Gauge 

This result is not necessarily intuitive. As the diameter of the wire increases, the number 
of turns and the length of the wire to fill the volume of the magnet decrease while the maximum 
continuous current increases. The exponential nature of the above function, however, can be 
explained by the fact that the ratio N/L stays relatively constant (N and L increase and decrease 
together) while the maximum current exponentially depends on the wire gauge as seen in Figure 
3.0.2.  

 

Figure 3.0.2 - The Dependence of the Theoretical Maximum Allowable Continuous 
Current on the Wire Gauge 

We chose eight gauge wire to create the largest magnetic field, chosen from Figure 3.0.1, 
and then optimized the dimensions of the magnet. To do so, the inner radius and the volume of 
the magnet were fixed as constants (inner radius 0.01m, volume 3.6*10^-4 m^3). Knowing that 

(Router
2 - rinner

2)  (the equation for the volume for the magnet) and that  (k is theV = l * π * /Rl = k  
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ratio of length to the outer radius), we could then solve for Router. If substituted and rearranged,   0 
= (k)Router

3 - (rinner
2*k)Router - V/ . Using the cubic equation (Thibodeaux, Michael):π  

Router can then be solved for knowing that a = k, b = 0, c =  rinner
2*k, and d = - V/ . The length isπ  

calculated by using Router  and the ratio of the length to the radius into . Using methods/Rl = k  
explained in the wire gauge calculation, the number of turns and the length of the wire can then 
be solved for and used in the magnetic field equation, . Using this technique for/LB = μ * I * N  
various ratios of length to outer radius, the magnetic field strength dependence on the ratio of 
length to outer radius was then made, as seen in Figure 3.0.3. 

Figure 3.0.3- The Dependence of the Magnetic Field on the Ratio of the Length to the Outer 
Radius of the Magnet 

Figure 3.0.3 shows that the magnetic field strength increases rapidly, peaks when the ratio is 
seven to one, and slowly decreases as the ratio of the length to outer radius increases. This 
finding was informative, however, for reasons explained later on, we decided not to use these 
dimension ratios.  

Finally the magnet was optimized to allow the charge from the capacitors to be 
discharged in as short of a time as possible to maximize current, and thus magnetic field. This 
was done by calculating the inductance, the resistance and the capacitance of the RLC circuit and 
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using those values in an equation for current with time. The inductance was calculated using the 
dimensions of the magnet and the equation in Figure 3.0.4. 

Figure 3.0.4 - Equation for the Inductance of the Magnet 

("Multi-layer Air Core Solenoid.") 

Using this equation and the previously  calculated dimensions from the ratios, we 
graphed the dependence of inductance on the ratio of the length to the radius. As seen in Figure 
3.0.5 the inductance rapidly increases, peaks at a length to radius ratio of 2.5, and then swiftly 
decreases. The initial increase can be explained by the increased number of turns while the 
steady decrease can be explained by the increasing length which increased the denominator in 
the equation above. 

Figure 3.0.5 - The Dependence of the Inductance on the Ratio of the Length to the Outer Radius 
of the Magnet 

We then calculated the resistance of the wire to be 0.09 Ohms by multiplying the 
Ohms/ft, 0.628 Ohms/1000 ft, by the 140 ft of 8 gauge wire (the length was calculated by 
dividing the fixed volume choice of 3.6*10^-4 m^3 by the cross sectional area of the wire). 
Finally, after summing the capacitances to get the equivalent capacitance (0.0168 Farads) for 
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capacitors in parallel, these variables were employed in the equations for current with time and 
voltage with time (Hansen, Barry):  

In these equations, L is the inductance, R is the resistance, C is the capacitance, and V0 is 
the voltage that the capacitors are charged to (see Appendix G for derivation). Using inductances 
as taken from Figure 3.0.5 with length to radius intervals of two we then graphed current with 
time, as seen in Figure 3.0.6. 

 

Figure 3.0.6 - The Dependence of Current on Time for an RLC Circuit with Various Ratios of 
Length to Radius 

Figure 3.0.6  illustrates that as ratio of length to outer radius increases, thus a decreasing 
inductance (see Figure 3.0.5), the current with time behaves less sinusoidally, reaches higher 
levels, and discharges faster. The sinusoidal behavior is created when the resistance or the 
inductance is too large, causing the  term to be imaginary making the system under dampedβ  
(Hansen, Barry). Conceptually, if the inductance or resistance is too large it is as if the flow of 
charge essentially bounces back. In this way, the inductance can be thought of as the inertia. The 
higher the inertia, the slower and more unwilling the system will be to allow charge to flow. 
Another scenario is if the  term is positive. In this case the system is overdamped and spikesβ  
initially before taking a much longer time to approach zero (this relation is not shown in Figure 
3.0.6) (Hansen, Barry). The final case is a current with time relationship that spikes to its peak 
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current and a quickly returns to zero, as seen in the length to radius ratio of twenty to one in 
Figure 3.0.6. This situation is called critically damped and occurs when the  term is equal toβ  
zero (Hansen, Barry). Critical damping is most desirable because at no point will the current and 
magnetic field direction flip and slow down the magnet and because it tends to reach higher 
currents while discharging in a shorter amount of time. From this we decided to make our 
magnet length to radius ratio 20:1 (final dimensions: length = 32cm, outer radius = 1.6cm, inner 
radius 1.0 cm; Inductance 35 microHenries). From this new inductance value, the graphs of 
current and voltage with time were made again, as seen in Figure 3.0.7 and Figure 3.0.8 
respectively. 

Figure 3.0.7 -  The Dependence of Current on Time in an RLC Circuit 

 

Figure 3.0.8 - The Dependence of Voltage on Time in an RLC Circuit 
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As seen, the RLC circuit is critically damped and discharges very quickly. Finally, just to 
get a sense of how effective this magnet would be, a graph of power versus time was made by 
multiplying the elements of the current and voltage with time graphs (P=I*V), see Figure 3.0.9, 
and the integral was taken to find the total energy expended. 

Figure 3.0.9 - The Dependence of Power on Time in an RLC Circuit 

From the integral of Figure 3.0.9, the total expended energy was found to be 482J. 
Assuming an arbitrary efficiency of 10% and a projectile mass of 25 grams, the projectile’s 
velocity after passing through the magnet would be 62 m/s (calculated using the equation 
KE=0.5*m*v2). If this prediction has any merit, then our circular track will be able to accelerate 
the projectile to very high speeds in only a few cycles. 

There will come a point, however, at which the system becomes saturated. This will 
either happen because the frictional force limits the projectile to its terminal velocity or the 
timing of the system will not be able to keep up with the magnet. The timing of the system could 
go wrong in two ways: either the capacitor bank can not discharge in the time that the magnet 
spends in the first half of the magnet or the switching speed cannot turn the magnet off before the 
projectile reaches the second half of the magnet. 

While less likely, the system could be saturated by the discharge time. The capacitor 
bank, as seen in Figure 3.0.9, should be able to discharge in about 0.002 seconds. If the projectile 
gets above 75 m/s (half the magnet distance divided by the discharge time), it will not experience 
the full power of the discharge. Additionally, turning off the magnet in the middle of discharging 
could be catastrophic to the circuitry as the back emf resulting from stopping the current 
(maximum at about 26,000 Amps, see Figure 3.0.7) could easily destroy diodes and melt wires. 

 More likely is that the system becomes saturated from the slow switching speed. If the 
magnet is travelling at a speed of 62 m/s after the first fire, it will reach the center of the magnet 
in 0.0024 seconds. Turning on the magnet from the point of recognition from the laser trip 
however, will take a maximum of about 0.091 seconds. This switching time was found by adding 
the switching times of the relay, Arduino code, and photo resistor (the transistor operation time 
was assumed negligible for our purposes).  The relay has a maximum operation time of 50 ms. 
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The Arduino code, as measured with print lines in the code, takes less than 1 ms to execute from 
recognition to fire.  And the photoresistor takes about 40 ms to change its resistance from a 
change in the light intensity. This amount of time was found by using an oscilloscope over the 
ends of the photoresistor while disrupting the laser’s light on the resistor. As seen in Figure 
3.0.10, it takes about a fifth of 200 ms (or 40 ms) for the photoresistor voltage drop to go from 
one state to the next. 

Figure 3.0.10 - Photoresistor Voltage with Time When Laser is Tripped  

As a result of the long switching time, the faster the projectile moves, the less discharge 
from the capacitors it will experience in the correct direction and the more it will be slowed 
down from the magnet being on while it is in the second half of the magnet. This would mean 
that the system is saturated and the projectile would not be able to go any faster than the quotient 
of half the magnet length (15 cm)  and the switching speed. Fortunately, however, this barrier 
could be overcome by changing the distance from the laser trip to the entrance of the magnet or 
by coding for different phases of the switching system in such a way that the previous laser trip 
or cyclically twice previous laser trip could signal ahead for when the Arduino should fire the 
magnets.  

4.0 Design:  

After carefully looking into the theory behind the gauss gun, we designed and built a 
prototype and after successfully doing so, moved on to making the first single phase gauss gun. 
This part of the paper discusses how the prototype was made, what we learned from it, how the 
parts we used work, the circuitry and CAD of the first single stage and the coding involved. 
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4.1 Prototype: 

Our initial prototypes were pivotal in the development of our most current single phase 
model. These took form as low voltage copies of the circuits we are using today, along with an 
unoptimized magnet. Our earliest circuit prototypes used optoisolators instead of relays. The 
concept was to completely electrically isolate the high voltage parts of the circuit from the more 
delicate components, but we decided to use a relay in its place because there were not 
commercially available optoisolators that could handle the high currents.  

After getting to the stage where we plugged in the capacitor bank into the wall we found 
that the capacitors in the voltage doubling circuit were wired incorrectly and they immediately 
blew. The thick smoke of the capacitors soon became our primary indicator of issues. The 
combustion of the capacitors led us to multiple theories as to the reason for their explosive 
nature, and as a result galvanized us to learn much more about the fringe tendencies and quirks 
of doubling circuits and capacitors. This includes ripple current as a result of inefficiencies in the 
AC to DC conversion and the switching of capacitor polarity after discharge.  

From the prototype we also found that our original electromagnet dimensions and wire 
gauge had very high inductance, meaning that only 40 volts of the maximum 340 volts were 
dropped during the discharge, resulting in a much weaker magnetic field than we anticipated. To 
address this issue, we increased the length, decreased the radius and used thicker wire (see theory 
section for reasoning). The combination of these changes allowed us to drop six times more 
voltage from the capacitors, a huge step towards increasing projectile speed.  

4.2 Components: 

Capacitor:
A capacitor is an electrical component which stores charge as an electric field on 

conducting surfaces across a nonconductive medium. When current is introduced to a capacitor, 
the insulated middle section prevents the charges from moving across the component. This 
creates a negative charge on one plate, and the field created by that charge repels the electrons on 
the opposite plate. This creates an electric potential, or voltage, across the two plates, which can 
then be dispelled as current if the two plates are connected with a circuit. The amount of charge 
a capacitor can hold per volt is known as capacitance. Capacitors can fail with too much charge 
if there is enough build up for charge to cross the insulating material, resulting in a loss of 
voltage and possibly either an explosion or release of electrolytic vapor. Capacitance can be 
varied greatly with the design of the capacitor. The name of the game is making it as hard as 
possible for a charge to move across the insulator while keeping the insulation thin so the electric 
field is still strong. A larger capacitor can hold more charge because the plates have a greater 
surface area, essentially spreading the pressure of the charge over a greater area. Capacitance can 
also be increased if the insulator, or dielectric, is made of a more effective insulating material, as 
it is harder for the charge to jump the gap. Finally, the capacitance can also be increased by 
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reducing the distance between the plates as this increases the electric field strength, but also 
decreases the hardiness of the capacitor.  

Capacitors are a fundamental component of many circuits. The most common uses for 
capacitors are in smoothing or tuning outputs, such as leveling a power supply output or focusing 
on a radio frequency. For many applications, batteries are favored over capacitors because they 
can store more charge in the same volume of material. However, we chose to use capacitors as 
energy storage devices instead of batteries because they can discharge much more quickly than 
batteries which is crucial for both of our uses for the component. This project uses capacitors in 
two ways, once in a voltage doubling circuit as a voltage pump and again as a charge storage 
system for the current that will be put through the magnet. Both of these sets of capacitors are 
electrolytic. Electrolytic capacitors are constructed by anodizing a metal sheet, creating a thin 
layer of oxidized material which will act as the dielectric. An electrolyte is then added on top of 
the anodized layer, creating the second cathode. This sheet is then wrapped like a very tight, 
unappetizing burrito to maximize the capacitance voltage (CV) in a given volume. The 
electrolyte can be either solid or liquid, but our project has used capacitors with liquid 
electrolytes. The evaporation of this liquid is what causes the dramatic “smoke machine” effect 
of the capacitors when they blow, as the high heat from the shorting of the capacitor rapidly 
evaporates the liquid, increasing the pressure of the interior until it breaks the scores on the top 
of the capacitor, releasing a thick white steam. 

Relays:
Relays are used to allow a small power supply to modulate a much greater current while 

keeping sensitive components electrically isolated from the large current. Relays are a kind of 
switch which, instead of modulating an armature using a mechanical lever like a light switch, 
uses a magnetic field to connect and disconnect a circuit. When a large enough current flows 
through the coil of the magnet in the relay, the magnetic field, characterized by ,/LB = μ * I * N  
becomes strong enough to pull the open metal connector in place to close the circuit. An 
advantage of this mechanism is its ability to handle high voltages and currents before breaking 
down. However, relays are inherently flawed in their switching speed (as opposed to solid state 
switches) and their short longevity. Since relays use physical, moving contacts that carry high 
currents, each time they turn on the switch corrodes slightly. After a few thousand switches of 
the relay, this corrosion can eventually render it broken. In this project, a relay is used to 
modulate the huge current and voltage stored in the capacitors. 

Diode:
Diodes are semiconductors which are used to control the direction of current flow. 

Diodes only allow current to pass through them in one direction, from the anode to the cathode. 
When the diode is aligned in the direction of current, it should act as though it is just a wire, and 
if it is aligned in the opposite direction, it should act as though there is an open circuit. They are 
not completely true to this task, however, because all diodes take some power when current is 
put through it, and they all allow a small amount of current to leak through when trying to block 
charge. Additionally, diodes require a small amount of voltage to “turn on”.  
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Semi conductance is achieved by adding compounds to otherwise pure silicone. This can 
either result in an N-type of P-type material with a chargeless, “depletion” layer in between. The 
negatively biased N-type layer cannot move its electrons to the positively biased P-type layer due 
to the depletion layer. However, when current is applied to the system in the forward, the N-type 
becomes negatively charged and the P-type becomes positively charged, and current jumps the 
depletion layer to the other side. If current is introduced the other direction, it is unable to cross 
the depletion layer and therefore is stopped. Our circuit calls for diodes to be used in both the 
voltage rectifier and as a method of preventing back EMF from reaching the rectifier.  

Transistor:
Transistors also utilize semiconductors to control the flow of current from the collector 

pin to the emitter pin by adding or taking away current from the base pin. Similar to diodes, 
transistors have N-type and P-type layers, the properties of which are used to allow or disallow 
the flow of current. Transistors are created by placing one of these types of layers between two 
of the other types. The transistor is described by the order of these layers, NPN or PNP 
accordingly. In the case of a NPN transistor, current is unable to flow from the collector to the 
emitter because the charge can’t cross the two depletion layers. However, when charge is 
introduced to the middle P-type layer, current is allowed to flow from the emitter to the collector. 
PNP transistors function the opposite way; the removal of current into the base allows current to 
travel between the other two pins. In this way, transistors can be used to amplify an electric 
signal so that a small modulating voltage can affect a much larger current. Our circuit uses a 
NPN transistor to allow a 5 volt Arduino output to modulate the base pin of a relay at 15.4 volts, 
which in turn controls the relay and massive capacitor drain. 

4.3 Circuitry: 

The circuitry of the gauss gun can be separated into two parts: the voltage doubler and the 
switching. The voltage doubler has the dual advantage of doubling the voltage from an AC 
source and converting it to DC to charge the capacitor bank. Since the stored energy can be 
written as  (see derivation in Appendix G), doubling the voltage that theU = 2

1 * C * V 2  
capacitors are charged to can quadruple the total energy stored and hence quadruple the kinetic 
energy of the projectile. 

 As seen in Figure 4.3.1, the circuit is plugged into an AC power source. C1 can be 
thought of as a charge pump that collects charge on the phases that C2, the main capacitor bank, 
is not charged. It then aids the AC supply in charging C2 on the phase that C2 is being charged. 

 

 

 



 
 

Welch, Yock 16 

Figure 4.3.1 - Generalized Voltage Doubling Circuit 

The circuit in Figure 4.3.1 can be broken down into the two phases of the AC power 
supply as seen in Figure 4.3.2. In the negative phase, the circuit can be rewritten with open ends 
in place of D2 because D2 will prevent charge from flowing to from C2 to C1. As a result, using 
the loop rule (the sum of the voltage differentials in any closed loop will equal zero) 
VC1 - Vsource = 0, C1 will be charged to the maximum voltage from the power supply. In this case 
it happens to be 170V as taken from the rms of the 120V from the wall. As seen in Figure 4.3.2, 
on the positive phase D1 can be re expressed as two open terminals as the diode will prevent 
current from flowing from the positive side of the voltage supply across the gap that D1 
connects. From this rewritten circuit, the positive plate of C1 charges the positive plate of C2 and 
the negative side of the voltage source charges the negative side of C2 while charge from the 
negative side of C1 is discharged to the positive side of the voltage source. Taken from a 
mathematical viewpoint, C1 is now charged to Vsource and using the loop rule, VC1 - VC2 - Vsource = 
0. If  Vsource is substituted for VC2  and rewritten, VC2= 2* Vsource , showing that C2 is charged to 
twice the maximum voltage from the AC power source as intended. Additionally, it is seen that 
C2 is charged in a DC manner as it is only charged on the positive phase. 

Figure 4.3.2 - Voltage Doubling Circuit Broken into Cases 
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This voltage doubling circuit was then incorporated into the switching mechanism. The 
switching mechanism comes in many cooperating parts: the laser trip, the Arduino, the transistor 
circuit, and the relay. The laser trip is the first of the switches as it registers the projectile moving 
near the firing range. This mechanism was made using a photoresistor and a laser trip. As seen in 
the far right of Figure 4.3.3,  the laser, which is powered by the Arduino, shines on the photo 
resistor. When the projectile comes between the two, the laser no longer shines on the 
photoresistor and the resistance of the photoresistor increases causing it to drop a higher voltage 
than before. The Arduino can then measure and register this new voltage as seen by the wire 
starting at A1 and ending between the photoresistor and regular resistor. The Arduino’s goal is 
then to turn on the relay (a relay was used because of its ability to handle high current and 
voltage). However, the relay used requires 15V to turn on while the Arduino can only supply 5V. 
So, a second power supply, marked V2, was added and the Arduino was made to turn on a 
transistor which then allowed the power supply to turn on the relay.  

Finally, some extra components were added to the circuit to finish the design. As marked 
VM1, a voltmeter was added across the capacitor bank so that the charging of the capacitor bank 
could be monitored. Additionally, resistors were added, see R4 and R5, to allow the capacitor 
bank to discharge over a period of about 28 minutes and the charge pump to discharge in 24 
seconds. This was an important safety feature as well as a useful way  to discharge the capacitor 
bank. Finally, diodes D4 and D5 were added to prevent any back emf from switching the polarity 
on the capacitor bank.  

Figure 4.3.3 - Full Circuit diagram with Voltage Doubler and Switching Mechanism 
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4.3 CAD: 

The components, as described in part 4.2 of the design section were then configured as 
seen in Figure 4.3.1, the 3D design.  The voltage doubler was housed in the upper rightmost 
container (the wall of which was taken off so the insides could be seen) made of lasercut acrylic 
(see Appendix B for design) for the purpose of isolating the high voltage components and 
protecting people around the circuitry from being shocked by high voltages or sprayed by 
exploding capacitors. The three cylinders in this box represent the main capacitors, which empty 
into the coil. The charging capacitors and diodes, not shown, reside in the space above the 
capacitor bank. All connections into the wall, relay, coil or voltmeter exit through the circular 
hole in the side of the box. The box on the bottom left houses the Arduino, transistor circuit, 
relay (in order from top to bottom on the left side of the box) and voltmeter (right side of box). 
Connections from the capacitor bank to the voltmeter and the relay were then threaded through 
holes in the side of the box. Additionally, the laser trip was wired outside the box to a holster that 
fits around the track tube and the connecting wires were likewise threaded through holes in the 
box (see Appendix C for photoresistor and laser holster design). These components were put in a 
laser cut acrylic box described (see Appendix D for design) for the same reason of keeping the 
user safe from high voltages. Finally, as seen in the lowest part of Figure 4.3.1, is the coil, which 
connects to the capacitor bank through the hole in the large box to the right (to see reasoning for 
magnet dimensions, refer to the final part of the Theory section). The coil is then held in place by 
two holsters to stop it from moving (see Appendix F for design). 
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Figure 4.3.1 - 3D Design: Upper Right - Voltage Doubler; Lower Left: Switching and Voltmeter; 
Lower Right - Coil and Holster (all dimensions in inches) 

4.4 Code: 

The code for the first working, single phase gauss gun is relatively simple. As seen in 
Figure 4.4.1, the variables are initialized, such as the trigger voltages for the photoresistor and 
the transistor, the in and out pins, and the photoresistor voltages.  From there, the Arduino works 
in a continuous loop checking the voltage across the photoresistor and if the voltage measured is 
above the set trigger value, then the Arduino will turn on the transistor that turns on the relay and 
ultimately the magnet for a quarter of a second. After this amount of time, randomly chosen for 
testing purposes, the Arduino will turn off the transistor and thus magnet and repeat the cycle. 
(To see Arduino code see Appendix F) 
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Figure 4.4.1 - Code Flow Chart 

4.5 Testing and Experiment Design 

Once the building stage was complete, testing began on both the single stage and two 
stage accelerators. The main experiments that were conducted on each the single and two phase 
accelerators involved finding the current through the coils as the capacitor bank was discharged 
and finding the exit velocity of the projectile.  

To find the current through the coils when the capacitor bank was discharging, a current 
transducer was used. A current transducer can measure high currents without having to have high 
current running through the device. A current transducer is essentially made up of coils of wire 
that wrap around the high current wire in which current is measured. Since currents create 
magnetic fields, changing currents create changing magnetic fields and thus changing magnetic 
flux. According to Faraday's law, , a changing magnetic flux will create an−ε = N dt

dϕB  
electromotive force. This emf in the current transducer will then push current through the coils to 
oppose the growth of the magnetic field of the high current wire. The current in the current 
transducer can then be channelled across a resistor and the voltage across the resistor can be 
measured using an oscilloscope. Knowing that , the current in the transducer can then be/RI = V  
found. Using the current ratio of the transducer (dependent on the number of coils), the current 
through the high current wire can then be found. The current transducer was used in the single 
and two stage accelerators to find the current with time with no projectile being fired, a 
neodymium magnet being fired, and an iron rod being fired.  
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To find the exit velocity of the projectile a slow motion camera with a distance scale in 
the background was used. Knowing that the frame speed of the camera was 240 fps and the 
distance the projectile moved in one frame, the velocity of the projectile could then be found. 
After measuring the mass of the projectile, the kinetic energy of the projectile could then be 
calculated knowing that . Prior to taking this measurement, the starting and endingE mvK = 2

1 2  
voltages of the capacitor banks was recorded. Knowing that the potential energy of a capacitor is 

, the potential energy  between the two stages could be found. Finally, the potentialCVE = 2
1 2  

and kinetic energy could be used to find efficiency as expressed by 
. This experiment was performed numerous times withEff iciency 1 ) 100% = ( − |

| P E
P E − KE |

| *   
both stages and combinations of neodymium and iron projectiles. Efficiencies and final 
velocities could then be compared. 

5.0 Results: 

While the original plan was to create a cyclic gauss accelerator it was too great a task for 
the given time period. While the cyclic stage reached, the project came a long ways. By the end 
of the allotted time the two stage linear accelerator was firing. As described in section 4.5, 
multiple tests were performed on the accelerator to find the current with time and exit velocities 
of different projectiles. 

As described previously, the voltage across a 50 Ohm resistor, which had a current 
through it from a current transducer around the coil wire, was measured with time. Since the 
current ratio of the current transducer to the current through the RLC circuit was known to be 1 
to 5000, the current through the coil with time could then be found by finding the current through 
the resistor ( ) and by multiplying by 5000. This was done for discharges with no/RI = V  
projectile, a neodymium projectile through the first stage, and with the neodymium projectile 
through the second stage as seen in Figure 5.0.1, Figure 5.0.2, and Figure 5.0.3 respectively. 

Figure 5.0.1 - Voltage with Time Across a Resistor with no Projectile 
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Figure 5.0.2 - Voltage with Time Across a Resistor with a Neodymium Projectile; Stage 1 

Figure 5.0.3 - Voltage with Time Across a Resistor with a Neodymium Projectile; Stage 2 

As seen in Figure 5.0.1, the graph suggests that the RLC circuit is overdamped as 
characterized by its initial spike and lengthy decline in current to zero over a 30 ms interval (the 
plateau in the very beginning is considered to be a glitch in the oscilloscope). The overdamped 
nature of the curve is close to what was expected. When designing the coil, the dimensions were 
optimized to be critically damped. In the process of mathematically approximating the system we 
may have made inaccurate assumptions or simplifications that threw off the calculation. While 
the gradual slope of the voltage over time is not ideal as it means the energy is not expended at 
the correct time, it is a lesser issue than an underdamped system which would have opposite 
voltage spikes which would pull the projectile backwards.  

From this graph, the maximum current can be found. If the minimum voltage from Figure 
5.0.1 is divided by the resistance (50 Ohms) and multiplied by the current ratio (5000), the 
maximum current through the coils is found to be 128 Amps. If the voltage that the capacitor 
bank is charged to, 340V, is divided by the number of amps, 128 A, then the resistance of the 
connections and coils is found to be 2.66 Ohms ( ). Also, knowing that /I  RV =   I  N /LB = μ  
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and that the turn density of the coils is about 1538 turns per meter, the maximum magnetic field 
was then found to be 0.25 Teslas.  

Figure 5.0.2, single phase with magnet discharge, shows a similar result as in Figure 
5.0.1, however, there is an initial positive peak. This can be explained by the induced emf in the 
coils from the magnet projectile’s pole leaving the inside of the magnet. In other words the coil 
creates a magnetic field, and thus current, in the direction opposite to the change in flux from the 
magnet moving out of the coils. It can be thought of that the coils “want” to keep the magnet 
where it is and will act against its leaving the coil. It is important to note that the magnet 
projectiles were loaded half in, half out and near the front of the coil. This was done in such a 
way that the opposite pole, relative to the coil, was sticking out of the coil and as a result was 
pushed. The magnet is not noticeably affected by the magnetic field of the coils if it is 
completely submerged in one pole of the coil because is will be both pulled and pushed by its 
two poles. If the spikes of Figure 5.0.3 are analyzed, it is seen that maximum positive and 
negative currents are 476 amps and 236 amps respectively. This would translate to magnetic 
field strengths of 0.92 T and 0.46 T respectively. The increase in current from the discharges 
without the projectile, compared to discharges without the projectile, can be attributed to the fact 
that the induced emf from the magnetic projectile leaving briefly charges the capacitors to a 
higher, unknown, voltage (like a generator). As circuitry goes, higher voltages correspond to 
higher currents and thus magnetic fields. Finally note that the first peak plateaus and that the 
discharge is in about 15 ms. The plateau can be attributed to the fact that the current transducer 
has reached its maximum current capacity or that the oscilloscope did not capture the full image. 
If the maximum settings were not limiting it is estimated that the maximum current would be 
much higher at around 500 A. The fact that the discharge is in a much faster time can be 
attributed to the fact that the voltage that the capacitors are charged to has changed as a result of 
the induced emf of the leaving magnet. The starting voltage of the capacitors can greatly change 
the amount of time is takes for a system to discharge. 

Figure 5.0.3, a second phase discharge with a magnetic projectile, shows something very 
similar to the single phase discharge in Figure 5.0.2, however, this same pattern is now repeated 
twice. Using the same logic, the first up and down humps can be explained by the induced emf 
created from one pole of the magnetic projectile entering and then the opposite pole entering. 
The second pair of up and down humps in current can be explained by the same reasoning used 
in the Figure 5.0.2. If the maximum and minimum humps are analyzed, the max positive and 
minimum negative currents through the coil are found to be 484 A and 132A respectively. From 
this, the magnetic field strength is found to be 0.94 T and 0.26 T respectively. While the 
maximum positive current and magnetic field might be similar to that of the first stage, the 
minimum negative current and magnetic field is much less. This can be explained by the fact that 
there are two positive peaks as opposed to one. Therefore, the flow of charge is split up into two 
separate parts and the current thus cannot reach the same high amperage. Additionally note the 
final bump in the last negative discharge (in both Figure 5.0.2 and 5.0.3) and the same plateau on 
the first peak. The final bump can be seen as the point at which the magnet has moved far 
enough away such that the change in magnetic flux is not longer relevant. At this point the 
decrease in current after this hump is likely due to the regular discharge. The same plateau on the 
first peak can be explained by the same reasoning explained with the first stage. Finally, note that 



 
 

Welch, Yock 24 

the discharge time is likewise around 15 ms. However, the main point of push on the last 
negative peak is only around 5 ms long and relatively short compared to the push from the first 
stage. This could be from the same reasons explained previously having to do with there being 
two negative peaks. Overall, the timing of the second stage seems to be fairly in tune as the first 
two humps, from the magnet entering the coil, and the second two humps, from the magnet 
exiting the coil, are closely aligned.  

Similar results were collected when testing the discharge of the Gauss Accelerator with 
iron projectiles. This is most likely due to the fact that the iron is magnetized momentarily by the 
magnetic field of the coils. Once in this state it is expected to give the same results as the 
neodymium magnets as projectiles. (see Appendix H for oscilloscope graphs of discharges with 
iron projectiles). Also note that iron projectiles were loaded near the back of the coil and were 
pulled rather than pushed because they lack permanent magnetic fields. 

Once tests on the current with time of the RLC circuit were completed, ample testing was 
completed on the exit velocity of the projectiles. Neodymium and iron projectiles were tested 
with one and two stages and the velocity, kinetic energy, potential energy and efficiency were 
found as seen in Figure 5.0.4. 

Figure 5.0.4 - Specs: Exit Velocities, Kinetic and Potential Energies, and Average Efficiencies 
for Neodymium and Iron Projectiles with First and Second Stages (see Appendix I for full length 

Data Table) 

As seen in Figure 5.0.4, with respect to neodymium, the projectile reached average 
speeds of 8.49 m/s and 11.3 m/s and efficiencies of 0.226% and 0.240% in the single and double 
stages respectively. From this it is seen that the kinetic energy nearly doubled from one phase to 
the next, the velocity increased by a factor of root two (doubling the kinetic energy root twos the 
velocity since ), and the efficiency is about the same. This means that the timing ofE mvK = 2

1 2  
the second stage for neodymium was almost perfect because not much energy or efficiency was 
lost to the timing. While the timing of the second stage time might be good, the efficiency and 
exit velocity is much lower than expected and will be discussed more later.  

With respect to iron, the projectile reached average speeds of 36.8 m/s and 15.2 m/s  and 
average efficiencies of 5.10% and 0.424% for the single and double stage respectively. While 
with neodymium, the kinetic energy and velocity increased between stages, the average velocity, 
kinetic energy and efficiency dropped with iron. This is most likely due to the fact that the 
projectile’s speed is to the point where it is too fast for the laser gate to register it in time. At 5 
cm in length and 36.8 m/s, the laser gate only has 0.68 ms from registration of the projectile to 
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discharge of the capacitors. The activation time of the relay alone can take up to 50 ms. So, 
instead of pulling the iron, the timing is such that the second stage could further push against the 
projectile’s forward velocity decreasing its kinetic energy and thus efficiency. However, if the 
timing had worked we would expect the average velocity to be around 52 m/s (36.8 m/s times 
root two). While the second stage timing of iron projectiles might be worse than that of 
neodymium, there is much to be said of its increased velocity (by a factor of 4) and efficiency 
(by a factor of 23) in the first stage. There are many reasons why this could be. For starters, the 
iron core was slightly larger in diameter and filled more of the tube, allowing the projectile to 
take better advantage of the magnetic field. The neodymium magnets were seen to slowly 
demagnetized from being in the presence of such a strong field. This could have lowered the 
average velocity and efficiency of the neodymium magnetic firings. The most probable reason, 
however, is that neodymium has a relative permeability of 1.05 while iron has a relative 
permeability from 1150 to 61,000 ("Electromagnetism and Formation"). This means that iron can 
essentially “grab” hold of more magnetic field and thus have the coils impart more energy to the 
projectile. Since , having a higher increases the magnetic field strength. I  N /LB = μ  μ   

There are also numerous losses in efficiency that don’t have to do with the differences 
between iron and neodymium. As mentioned, the tube could have been much snugger with the 
projectiles and the tube could have been thinner itself. Having a loose fit with lots of space 
between the projectiles and the coils reduces efficiency as the magnetic field strength drops with 
the inverse square of distance as stated in Biot-Savart’s law. Also, the fact that the track was so 
long allowed for more work to be done by friction against the kinetic energy of the projectile. To 
improve efficiency, the length of the track could be decreased. Other areas of efficiency loss 
include the sound and sparks from arcing the leads of the RLC circuit to trigger the first stage, 
the work done against the projectile from the induced magnetic field in the coil, the timing of the 
second stage charge release, the resistive heating of the wires, and the un-aerodynamic shape of 
the projectile. With all these inefficiencies considered, the coil gun performed very well reaching 
a maximum velocity of 45.7 m/s (about 100 mph) and maximum efficiency of 5.70%. 

6.0 Conclusion: 

At the end of this project, despite many challenges, we felt satisfied in the success we 
found in firing the accelerator. The timing circuit was functional at low velocities with the 
neodymium, but seems to have become less effective in the faster shots with the rebar. This 
could be because of the processing speed of the Arduino or unrefined code as the discovery of 
the iron projectile came only days before the Maker Faire. The relays also had a tendency to 
break despite their high voltage and current ratings. It would have been ideal to modulate the 
first stage in a more efficient manner than arcing two contacts, but our component limitation due 
to the broken relays prevented that. Future iterations would benefit from automatic current 
modulation. Other elements of the circuitry such as the capacitors and diodes all held out through 
the end of the project and had no trouble. The electromagnets were consistent and high enough 
gauge that melting was not a concern. Future engineering students will be happy to have such 
large magnets to work with.  
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The accelerator achieved a maximum velocity of 12.2 meters per second with 
neodymium projectiles and 45.7 meters per second with iron. The maximum efficiencies of each 
projectile type was .24% and 5.1% accordingly. The system ended up being slightly overdamped 
despite our calculations. There were some areas for error in our velocity measurement which was 
done through video analysis of the projectile moving in front of a scale. First, at the edges of the 
camera angle the scale would appear smaller due to the change in viewing angle from the center. 
Intuitively, this would increase the calculated velocity. Second, in some instances the projectile 
was moving so quickly it was blurred up to a half inch in both directions, making it difficult to 
distinguish exactly where it was in that frame. This could either increase or decrease calculated 
velocity. Third, the projectile was not loaded to the exact same point in the magnet for each shot 
as it was loaded by hand, which would have an effect on the resulting velocity. This would most 
likely only decrease velocity if the magnet was misplaced. 

The success of this project shows the potential of electromagnetic accelerators in 
applications such as space launches which would not require the use of fossil fuels. In the short 
term, electromagnetic weapons are in the process of being integrated into the US Navy, but 
power generations limitations are still stalling those projects. Ultimately, electromagnetic 
propulsion will become more popular once sustainable energy reaches a higher saturation. 

7.0 The Next Step: 

There are many next steps that can be taken with this project. As mentioned in the 
inefficiencies part of the results section, the efficiency could be drastically improved. The track 
could be made shorter (the two coils could be closer together), the track could have been made 
tighter to the projectile, and the track could have had curving ridge lines in the inside such as the 
ones inside riffles (by twisting the bullet much aerodynamic inefficiency is lost as accuracy also 
increases). The timing could be improved by using solid state switches (these are extremely 
expensive) because they are faster and tend to work for a longer time since there is no 
mechanical connection (the relays used broke down very quickly). The ratio of the length of the 
projectile to the length of the coil could be increased as stored energy was only effective during 
the part that half the projectile was moving into the coil. Another improvement in efficiency 
might involve using a metal projectile with an even higher permeability than iron such as a 
superconductor as well as shaping the projectile to be more aerodynamic.  

Once some of these inefficiencies are managed the next step would be to make the track 
cyclical as originally planned. Through this project it has been proven that the two stage is a 
possibility. Now the only barrier to a cyclic accelerator would be the friction from the turns, the 
timing of the discharges, and the releasing of the projectile.  

Something else that might be useful to investigate as a next time idea rather than a next 
step concept is the idea of having more electromagnets that are smaller and closer together. This 
would allow for more constant accelerating periods rather than just one of the same size from a 
large coil as in this project.  
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Appendix A: Parts list 

Part Description What it's needed for Cost ($) Where we’ll buy it 

Two 150 ft spools of 
8 gauge motor wire 

Creating the magnets $128 each https://www.temcoind
ustrial.com/8-awg-cop
per-magnet-wire-7-5-l
b-mw0624-magnetic-c
oil-gpmr200.html 

Three 400V, 60 Amp 
Relays 

Turning on and of the 
Magnets 

$125 each http://www.mouser.co
m/ProductDetail/Omr
on-Electronics/G9EA-
1-B-DC24/?qs=kyocjf
xn8IpTNiEC0SG84w
%3D%3D 

Four 450V, 12uF 
capacitors (Obsolete) 

For the voltage 
doubler 

$0.91 each http://www.mouser.co
m/ProductDetail/Unite
d-Chemi-Con/EKXJ4
51ELL120MJ20S/?qs
=sGAEpiMZZMtZ1n0
r9vR22bDRnSFZqhM
xuMcLiTW8HFs%3d 

Three 450V, 5600uF 
capacitors  

For discharging 
through the magnets 

n/a Already have in 
Whitaker 

Four 250V, 1000uF 
capacitors 

For the voltage 
doubler 

n/a Already have in 
Whitaker 

Six 1600V, 100A 
diodes 

For the voltage 
doubler and 
preventing back EMF 
from reaching the 
capacitors 

$6.26 each http://www.ebay.com/
itm/Wind-Turbine-100
-AMP-High-Volts-160
0V-Blocking-Diode-S
olar-Panel-100RIA160
b-ONE/391460912428
?_trksid=p2047675.c1
00623.m-1&_trkparm
s=aid%3D222007%26
algo%3DSIC.MBE%2
6ao%3D2%26asc%3D
20160323102634%26
meid%3D7c31bedc63
3c4a59bf8d1766a2e0c
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72d%26pid%3D10062
3%26rk%3D3%26rkt
%3D6%26sd%3D301
960467039 

1 Arduino Timing of the 
circuitry 

n/a Already have in 
Whitaker 

Two photoresistors Laser trip n/a Already have in 
Whitaker 

Two lasers Laser trip n/a Already have in 
Whitaker 

Transistor (specs 
undecided) 

On/off of Arduino to 
relay 

n/a Already have in 
Whitaker 

2 cm diameter PVC For the track n/a Already have in 
Whitaker 

Two Wall Plug ins To power the 
charging circuit 

n/a Should be able to take 
from an old appliance 

Two multimeters For checking 
charging of 
capacitors 

n/a Already have in 
Whitaker 

One large piece of 
plywood 

For mounting board n/a Have at home 

Other Miscellaneous 
Building supplies 

Screws, nuts, bolts, 
etc. 

n/a Already have in 
Whitaker 
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Appendix B: 
Voltage Doubler Container Laser Cut Pieces: 

The uppermost piece is the main wall and is printed twice. The next piece down is the top 
and bottom of the box and is also printed twice. Finally, the lowest two pieces are end walls. One 
of these walls has a hole for the wires from the box to exit and connect to their respective 
components. 
 

Appendix C: 
Photoresistor Holster: 

The photoresistor fits in the larger hole in the back of the design and the laser fits in the 
smaller hole in the front of the design. Once the photoresistor and laser have been mounted, 
holes are drilled in the the pvc, tube track for the laser to shine through. The part is then 
positioned around the track.  
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Appendix D: 
Switching Mechanisms Box Design: 

These designs are laser cut into quarter inch acrylic and then glued together with the two 
largest pieces as the top and bottom and the others as wall pieces. Wires for connecting electrical 
connections between the voltage doubling circuit, laser trip, and the magnet can then be wired 
through the holes in the side of the box. 

 
 
Appendix E: 
Magnet Holster: 

The magnet holster shown below is designed so that four half circles cup alternatingly 
opposite sides of the track. These four parts are then slotted into the part at the bottom right and 
then pushed into the bottom piece on the bottom left to immobilize them. This part is then bolted 
down to the main mounting board and holds the magnet firmly in place. 
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Appendix F: 
First Working, Single Phase Gauss Gun Arduino Code: 
 
//PhotoResistor Variables 
int PhotoResistorVoltage; 
int PhotoResistorPin = A2; 
long PhotoResistorTripVoltage = 1.5;  
 
//Transistor Variables 
int transistorPin = A0; 
long transistorTripVoltage = 5;  
 
//Time Variables 
long currentTime; 
long prevTime; 
 
void setup() { 
  //Creates Print Screen 
  Serial.begin(9600); 
 
  //Sets pins to input or output 
  pinMode(PhotoResistorPin, INPUT); 
  pinMode(transistorPin, OUTPUT); 
 
  //sets trip voltages (on relative scale) 
  transistorTripValue = 255; 
  PhotoResistorTripValue = 100; 
 
  //Starts timer 
  currentTime = millis(); 
  prevTime = millis(); 
 
} 
 
void loop()  
{ 
  // read in photoresistor voltage 
  PhotoResistorVoltage = analogRead(A2);  
  if(PhotoResistorVoltage >= PhotoResistorTripValue) 
  { 
      //if the photoresistor voltage is above what corresponds to the laser being tripped, then 
execute this code 
      analogWrite(transistorPin, transistorTripValue); //turns on magnet 
      delay(250);                     //turns on magnet for a quarter of a second (randomly chosen for 
testing purposes) 
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      analogWrite(transistorPin, 0);  // turns off the magnet 
      delay(10000);                   // delay for testing purposes to avoid double triggering 
  } 
} 
 
 
 
 
 
Appendix G: Derivations 
Derivations of  :/LB = μ * I * N  

In the diagram, a cross section of a solenoid is shown. The circles represent the current coming 
out of the page and the crosses represent the current going into the page through the coils. Inside 
the coil, the magnetic field is uniform and perpendicular to the current.  
 
If an imaginary box is drawn around part of the coil we can express the magnetic field using 
Ampere’s Law: 

l∫
 

 
B  | | * d = μ0 * Ienc  

Since the upper part of the box does not experience the magnetic field and the sides of the box 
are perpendicular to the magnetic field, 
 

l B  0 0 0∫
 

 
B  | | * d =  * l +  +  +   

 
Now we solve for . If n is  the number of coils per meter  of wire (n = N/L, where N is theIenc  
total number of coils and L is the total length of wire used) then: 
 

IIenc =  0 * n * l  
 
or 
 

IIenc =  0 * N * l
L  
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If we now substitute and combine the steps performed into one, 
 
 

=       and thus, B * l I 0 * N * l
L  

 
 

/LB = μ * I * N  
 
 
 
 
 
 
Derivation for :U = 2

1 * C * V 2  
 
Knowing that: 

 qU = ∫
q=Q

q=0
d * V  

 
And that: 
Q = C * V  
 
We can solve and substitute for V so that: 

 qU = ∫
q=Q

q=0
d *

q
C  

 
By integrating, 
 

  |  U = 1
C * 2

q2

0
Q =  Q2

2C  
 
Finally by substituting in for ,Q = C * V  
 
U = 2

1 * C * V 2  
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Derivation of Current with Time Equation: 
 
 
The equation that we used for the calculating current and voltage with time is presented below. 

The Marian Thornton book Classical Dynamics of Particles and Systems gives the equation 
below for the velocity of a damped oscillator (Marion, Thornton).  
 

(t) e [βcos(ωt ) ωsin(ωt )]v =  − A −βt − σ +  − σ  
 
Applied to our uses, the velocity is analogous to the current if current is thought of as the 
velocity of the moving charges in the wire. Assuming that there is no phase shift and that the 
components of the equation above are orthogonal, the equation can be rewritten as: 
 

(t) e ωsin(ωt)I =  − A −βt  
 
And thus: 
 
 

(t) e sin(ωt)I =  − C −βt  
 
if the constants are grouped together. It is now easy to see that the term from our equation canV

βL  
take the place of the C term while the  term can take the  term. The voltage with time canβ ω  
then be derived from the equation for current with time to resemble the equations we used. It is 
logical that the voltage with time is an exponentially decaying cosine function because the 
voltage of the capacitors should start at their maximum and then drain to zero. While this is not 
necessarily a proof or derivation, it gives merit to the equations used. 
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Appendix H: 
Shown below are the oscilloscope readings for current across a 50 Ohm resistor powered by a 
current transducer (with a current ratio of 1:5000) around the coil wire for and iron projectile 
moving through the the first and second stage. 
 
Figure H.1 - Voltage with Time Across a Resistor Powered by a Current Transducer; Stage 1 

 
Figure H.2 - Voltage with Time Across a Resistor Powered by a Current Transducer; Stage 2 

 
For analysis of graphs read section 5.0. If there is anything additional to note on the difference 
between the graphs above verses the graphs for a neodymium magnet is that the time between 
the second and third peak is much smaller in H.2. This is evident of the timing issues that arose. 
Additionally, the fact of the brevity from the back pole of the projectile entering, the second 
hump, and the front pole exiting, the third hump, is an indicator that the iron was indeed moving 
faster than the neodymium as it signifies that the projectile covered the length of the coils in 
much less time. 



 
 

Welch, Yock 38 

 
 
Appendix I:  

Data Table - All Measurements Relating to Exit Velocity with Calculated Energies and 
Efficiencies 

 

The frames per second on the slow motion camera used was 240 fps. 
 

 


