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ABSTRACT 

 

The instrumentation and control of electromagnetic launch technology is 

presented.  All of the experimental work and theory presented refer to one specific type 

of launcher know as a railgun.  Two railgun projects supported by the AFOSR are 

described.  One is an STTR phase 1 contract to develop a fast transient control system for 

solid state switching of numerous capacitor banks for implementation on a railgun.  The 

other is a MURI project in collaboration with the IAT at the University of Texas for low 

cost access to launch micro-satellites into orbit. 

A project goal for both funded projects was to design and test control systems for 

the application of multi-stage railgun timing control.  This relatively new area of railgun 

research is attributed to the need for complex multi-stage systems.  The paper starts with 

control systems for proof of principle solid armature experiments and ends with a 

controlled asynchronous free-running arc distributed energy system. 
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1 

CHAPTER Ι 

INTRODUCTION 

 

The Air Force’s interest in electromagnetic launch technology is driven by the 

search for an economical means to launch large numbers of micro-satellites into orbit.  

The current costly method involves burning millions of pounds of fuel and is growing 

obsolete.  Recent plasma railgun development alongside development of smaller and 

lighter satellites has brought new hope back to the electromagnetic launcher.  Rapidly 

advancing integrated circuit (IC) technology has opened the door for an inrush of micro 

devices.  These devices include satellites weighing a mere 20 pounds and capable of 

withstanding large G-forces associated with fast acceleration up to the escape velocity of 

approximately 11.2 km per second. 

Achieving the escape velocity will only be realized by preventing the restrike 

phenomenon commonly associated with plasma armature railguns.  Secondary arcs that 

form behind the main plasma armature prove to be detrimental to achieve the theoretical 

velocity of electromagnetic launchers.  Further explanation of this effect is covered in the 

plasma armature background, Section 3.1.  Numerous solutions have been theorized as 

viable methods of restrike prevention.  Employing electromagnetic launch technology as 

an access to space platform will require more research and development into the 

distributed energy scheme.  This concept was first proposed by Marshall1 in an 

asynchronous scheme and later by Parker2 synchronously.  This paper will investigate the 

design and performance of the asynchronous energy scheme, with future motivation 

towards a synchronous system. 
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1.1 Railgun Background 

The laws of physics that govern the operation of a railgun are not new to the 

scientific community.  A power source supplies a large magnitude of current, kA to MA, 

through the conductive rails and armature.  From Ampere’s law, a mathematical 

consequence of the Biot-Savart law, this current produces a large magnitude magnetic 

flux density.  This magnetic flux circulates the rails in accordance to the right hand rule 

shown in Figure 1.1. 

 

Figure 1.1: Schematic of Ampere’s Law

The interaction of this current, or moving charged particles, in a magnetic field 

leads to an interesting effect.  A Dutch theoretical physicist, Hendrik Lorentz, discovered 

in 1896 that electric and magnetic fields interact with charged particles3.  This causes a 

force called the Lorentz force and we concentrate our attention on the Lorentz magnetic 

force, equation 1.1.  This equation describes the main driving force behind 

electromagnetic projectile acceleration. 
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The cross product of current density and a magnetic field results in a magnetic force 

given by 

 
Fm
→⎯

J
→

B
→
×  1.1( ) 

 

This force can be much stronger than the pull of Earth’s gravity and has attracted 

the attention of scientists for a variety of applications.  In the application of a railgun, this 

force is applied to a metallic conductor or conducting plasma, known as the armature. An 

equivalent form of the Lorentz magnetic force in relation to a railgun is given by 

 
FA

1
2 x

Ld
d
⎛
⎜
⎝

⎞
⎠

⋅ I2⋅ FD−  1.2( )  

where I is the current through the armature and dL/dx is known as the inductance 

gradient which is a function of the rail geometry.  The force applied to the armature must 

overcome a frictional drag FD associated with contact with the rails. 

The railgun concept and forces are shown schematically in Figure 1.2.  The 

armature completes the electrical circuit between the rails and allows current to flow 

provided by an energy source.  The cross product of the current density through the 

armature and the magnetic field rotating around the rails and coupling into the armature 

produces, in accordance with the Lorentz magnetic force, a force vector parallel to the 

rails and directed away from the breech end.  Since the rails are also present in this 

magnetic field and have current flowing through them, another Lorentz force acts to force 

the rails away from each other.  Therefore, the rails must be contained in an enclosure to 

oppose this force and retain the electrical connection between the armature and rails. 
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Figure 1.2: Railgun Force Schematic

Two main energy schemes will be focused on in this thesis and it is worth while 

to explain their differences.  One is the breech-fed energy scheme and the other is the 

distributed energy scheme.  An explanation of the breech-fed energy scheme is addressed 

first since it is the simpler of the two. 

In a breech-fed energy scheme, Figure 1.3, electrical energy is applied to the 

breech end of the rails using an energy source.  The input current flows in a loop through 

both rails and the armature.  For maximum energy efficiency, all of the electrical energy 

would be converted into kinetic energy to drive the armature.  In reality, there are many 

loss mechanisms associated with the presented configuration.  However, we will focus on 

the two dominate mechanisms.  One is the resistive losses in the rails associated with the 

 4
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I2R power dissipation.  An I2R loss is also experienced in the armature and rail contact 

points, but we will focus on the rail losses.  Rail conductivity and geometry determine 

this resistance.  As the armature travels further away from the breech, the current must 

flow through an increasing length of rail.  The result is a larger resistance and in effect, 

larger power losses.  The second dominating loss mechanism is associated with the rail 

inductance.  Magnetic energy is stored in the rails with a flow of charged particles.  As 

the current flows through an increasing rail length, more of the electrical input energy is 

converted and stored magnetically.  The combination of these loss mechanisms results in 

poor energy efficiency for systems with long rail lengths. 

 

Figure 1.3: Breech-fed Energy Scheme 

The described losses can be reduced by implementing a distributed energy 

scheme, Figure 1.4.  Since both losses are a function of rail length, the goal here is to 

divide the rails into a number of shorter lengths referred to as stages.  Each stage utilizes 

an independent energy source to feed current into the rails.  Hence, the inductive and 

resistive losses of each stage are reduced.  Additional advantages to this energy scheme 

include; improved current waveform control, smaller energy sources, and a reduced 

electric field inside the bore.  The benefit of the latter is discussed in Section 3.1. 

 5
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Figure 1.4: Distributed Energy Scheme 

Although energy efficiency is improved in the distributed energy scheme, 

electrical complexity increases with the number of stages implemented.  If energy is 

released by a stage ahead of the armature, the result is a force opposing the desired 

driving force.  This effect is detrimental to achieve the target velocity and must be 

prevented at all costs.  Since a number of distributed energy railguns are examined in this 

paper, issues associated with timing control are addressed by implementing control 

systems for accurate and reliable railgun operation. 
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1.2 Motivation 

 

As stated previously, a synchronous distributed energy system is theorized to 

prevent the restrike phenomenon which has haunted railgun research for years. 

Motivation exists to examine this system’s ability to prevent secondary arc formation.  

The latter is imperative to accelerate a load to 7 km per second, which is the velocity 

required to launch satellites into orbit from aircraft-based platforms.  Although 

experimentation of a synchronous system is not presented, other issues are addressed to 

achieve the overall objective.  These include experimentation of numerous distributed 

energy schemes with functioning control systems.  Successful operation of a distributed 

energy scheme calls for a control system to control multi-stage switch timing.  Real time 

control of these switches is imperative to achieve the target exit velocity.  A realistic 

system may require the control of up to a hundred switches; hence control system design 

and implementation will be a main area of focus. 
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CHAPTER ΙΙ 

SOLID ARMATURE EXPERIMENTS 

 

2.1 Two-Stage Breech-Fed Railgun 

 

2.1.1 Introduction 

A real time feedback control system was implemented on two different solid 

armature railguns.  The control of a 5 kJ two-stage breech-fed system provided the proof 

of principle necessary for implementation on a 16 kJ five-stage distributed energy 

system.  The two-stage breech-fed launcher was supported by an STTR phase 1 from the 

Air Force Office of Scientific Research (AFOSR).  This contract was obtained by Dr. 

David Hemmert, founder of HEM Technologies.  The main goal of the project was to 

develop a fast transient control system for solid state switching of numerous capacitor 

banks for implementation on electromagnetic launchers. 

  

2.1.2 Experimental Setup 

The railgun shown below, Figure 2.1, utilizes a nylon housing to withstand the 

rail forces produced from a low energy system.  The selected nylon material provides 

adequate thermal properties associated with bore heating and measures 81 cm x 15 cm x 

8 cm.  The 1.3 cm x 0.6 cm copper rails are 91 cm in length which provides a bore cross 

section of 0.6 cm x 0.6 cm. 



Texas Tech University, Ryan William Karhi, August 2007 
 

  

      (a)                                                              (b)                                      

Figure 2.1:  (a) Breech-fed Railgun and (b) Breech View 

A T-shaped clear acrylic insert seals the bore and contains diagnostics used to 

measure armature velocity and function as an essential part of the control system.  Eleven 

10 turn B-dot probes spaced 7.62 cm span the length of this piece along with a 78 loop 

flux ruler with 1cm loop spacing.  B-dot probes are a common means to accurately 

measure changing magnetic fields.  High magnitude changing magnetic fields generated 

by the current due to Ampere’s law are associated with electromagnetic launchers.  Both 

the rails and armature radiate these fields, but we are interested in the detection of the 

armature’s changing magnetic field for position and velocity calculations.  Faraday’s law 

of induction is the governing principle behind the B-dot probe’s functionality.  Voltage is 

induced in the probe as a time changing magnetic flux flows orthogonal to the surface 

area within a conductive loop.  

 
Vind N−

t
Ψd

d
⎛
⎜
⎝

⎞
⎠

⋅  
2.1( )  

where N is the number of turns and Ψ is the total magnetic flux linking the closed loop.  

These probes allow for accurate real time calculation of the armature’s position as it 

travels down the rail length.  These probes hence provide a means of calculating armature 

 9
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velocity and are also incorporated into the control system as a means to detect the 

armature’s position to fire latter stages.  The flux ruler’s purpose is a more accurate 

means to calculate armature velocity since it provides a velocity calculation for every 

centimeter of bore travel.  The flux ruler is made from a single strand 20 gauge magnet 

wire which is coated by an insulating material to prevent shorting at the loop nodes.  The 

flux ruler’s theory of operation is similar to a long string of single turn B-dot probes.  

However, the polarities of adjacent loops are reversed with a cancellation of the flux 

between loops or at the loop nodes.   The induced voltage from this sensor resembles an 

oscillating sine wave with frequency proportional to the armature velocity.  A three loop 

flux ruler is shown in Figure 2.2 below where it is important to remember all of the wire 

shown is insulated so that the loop nodes are not shorted. 

D = 1cm

 10

 

Figure 2.2: Flux Ruler Schematic 

The power supply selected for this project was a number of high energy capacitor 

banks.  Mallory electrolytic capacitors were selected due to availability.  Each capacitor 

was rated at 1.5 mF with a maximum voltage of 450 VDC.  Each bank consisted of 40 

capacitors in parallel comprising 60 mF per stage with a stored energy of 2.7 kJ when 

V 
+ -
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charged to 300 VDC.  The system utilized two banks for a 5 kJ two-stage breech-fed 

launcher. 

To extend the lifetime of the electrolytic capacitors, solid state diodes were 

connected in parallel in order to prevent voltage reversal of the electrolytic capacitors.  

The diodes selected for the system are made by International Rectifier and have a hold 

off voltage of 1.2 kV.  Voltage reversal is a direct result of the LC oscillations 

experienced upon discharge.  Prevention of these undesirable oscillations is achieved 

through a free wheeling diode configuration, where the returning current from the 

released inductor energy flows through the diode. 

Solid state silicon-controlled rectifier (SCR) switches function to control the 

release of energy from each capacitor bank.  These four-layer three-terminal devices are 

common in power circuit applications where hundreds of amperes are required.  This 

device is similar to the solid state diode in that it contains a cathode and anode with the 

exception of a third lead connected to the base region, the gate.  A small current supplied 

to the gate can transform the device from the forward-blocking state to the forward-

conducting state.  The switch returns to the forward-blocking state when no current is 

present through the device.  The SCRs chosen for the system are similar to the Powerex 

T9G0 series with minimum gate requirements of 30 mA and 1.5 volts to forward bias the 

device. 

Each bank, Figure 2.4, is equipped with four diodes in parallel and four SCRs in 

series with the capacitors.  Both diodes and SCRs are compressed to 5000 lbs of force to 

ensure sufficient internal electrical contact.  An insulated steel bracket is used to maintain 

the pressure.  The ground plane and positive plane are made from 1/8 inch thick 
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aluminum plates.  These plates are isolated with an air gap achieved through the use of 

3.2 cm plastic standoffs.  Figure 2.3 below displays the configuration for mounting the 

diodes and SCRs to the capacitor banks. 

Positive Plane Ground Plane 

Standoffs 
Diode 

SCR 

Capacitors Compression 
bracket 

Output Plane 
 

Figure 2.3: Energy Module Configuration 

Four of these modules connected in parallel by 1/8 inch copper plates comprise a 

single energy bank for the system.   A single bank configuration can be seen below in 

Figure 2.4.  Two of these banks are implemented into the two stage launcher.  

 

Figure 2.4: Assembled Energy Bank 

Power conditioning is realized through a 5 µH inductor to increase the discharge 

pulse length.  The inductor utilizes a toroidal geometry to restrict stray magnetic fields 

from coupling into the B-dot sensors, Figure 2.5 (a).  The inductor wire is a stranded one 

 12
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gauge copper welding wire which functions as both a low equivalent series resistance 

(ESR) and to reduce thermal heating associated with the pulse’s electrical skin depth.  

The addition of the 5 µH inductor produces a pulse width of 4 ms from each bank when 

charged to 300 VDC nominal.   

A variety of projectiles were machined by the Mechanical Engineering 

department at Texas Tech University.  These projectiles, Figure 2.5 (b), feature aluminum 

bodies with an accompanying G-10 insulator payload. A v-shape machined at the tail of  

        

     (a)                                                    (b) 

Figure 2.5: (a) Toroid Inductor and (b) Projectiles 

the projectile allows for an additional Lorentz force to act upon the projectile.  The force 

vector is directed towards the rails to maintain contact to the unstable boundary layer 

between the rail and projectile.  All of the projectiles have a mass of 0.5 gram.  Displayed 

below in Figure 2.6 is a schematic of the capacitor banks and rail and probe orientation.  

The pulser in the figure represents a fiber board and a SCR driver board, both described 

in Section 2.1.3. 

 13
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Figure 2.6: System Schematic 

The constructed system can be seen below in Figure 2.7 where RG-58 coaxial 

cable links the SCR gates to the driver board. 

 

Figure 2.7: Experimental Setup 
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2.1.3 Control System 

A real time feedback control system is integrated for a precise release of energy 

upon the armature’s arrival to a latter stage.  The discussed electromagnetic launch 

system utilizes two stages to focus on proof of principle as mentioned above.   The flux 

ruler sensor is not part of the control system, in fact only a single dedicated B-dot probe 

provides a feedback signal to be analyzed.  This sensor is located at the beginning of the 

second stage, the desired triggering location for the second bank.  A program controls 

switch timing from the analog feedback signal by means of signal analysis.  

The ability to rapidly process the armature’s position signal is vital to switch 

timing control.  A National Instruments CompactRIO programmable automation 

controller (PAC) utilizes field programmable gate array (FPGA) technology to provide 

real time processing.  The CompactRIO is shown in Figure 2.8. 

 

Figure 2.8: National Instruments CompactRIO 

The B-dot voltage signals are sent to the CompactRIO where an NI 9221 analog 

input module measures the induced voltage.  A LabVIEW program downloaded into the 

flash memory analyzes this feedback signal for a specific zero crossing point.  When 

detection occurs, an NI 9221 digital output module outputs a 10 µs TTL pulse to a fiber 

optic board.  The fiber optic board provides isolation and prevents misfiring in a noisy 

 15
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EMI environment.  A driver board receives the light signal and provides a 15 V digital 

signal to trigger four SCR gates and release the stored energy in the capacitor bank.   A 

visual representation of the described system is shown below in Figure 2.9.  More 

detailed information concerning the fiber and driver boards can be found in a past 

colleague’s thesis8. 

 16

 

Figure 2.9: Two Stage Breech-fed Control System 

 

2.1.4 Software Architecture 

The induced voltage signal provided by the B-dot probes resembles a single cycle 

of a sine wave.  This waveform can be inverted which depends on the wiring 

configuration of the probe.  In this case a positive voltage is induced as the armature 

approaches the probe and the polarity flips as the armature moves away from the probe.  

Hence, a zero crossing can be observed and correlates to a position directly at the probe.  

This real time zero crossing data is used to trigger the switch associated with the second 

stage.  The control program must then function to detect a zero crossing provided by the 

NI CompactRIO 
200 MHz FPGA Processor 

B-dot probe 
(located 8 in. 
from breech) 

Analog 
Analog input 
module 

 Analog Digital Light 

TTL digital 
output module 

Fiber 
board 

Driver 
boards 

Stage 1 & 2 
switches 
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probe and output an appropriate signal to close the respected switch for that stage.   A 

flow chart of the control program is displayed in Figure 2.10 below. 

 

Figure 2.10: Program Flow Chart 

The program begins by running two while loops at the same time due to the 

parallel processing capability of the FPGA.  The first while loop which acts as the zero 

crossing detection program starts by assigning a Boolean TRUE to the local variable 

DIO1, not shown in any of the programs.  This value is read by the second while loop 

which will be discussed later and is referred to as the pulse generating program.  One 

channel of the analog input device is devoted to the B-dot probe, channel AI2.  This 

channel samples the probe’s signal at 100 k samples per second and inputs a 32-bit 

signed integer value representing the measured voltage every 10 µs.  The program uses a 

 17
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while loop to continuously compare the incoming integer values to a set constant integer.  

This constant integer sets a threshold voltage that is put in place to prevent noise from 

triggering the second stage.  A “greater than” Boolean comparator will output FALSE 

when the signal is below the threshold voltage and a TRUE when the signal reaches an 

amplitude greater than the threshold voltage. The program will not begin to detect a zero 

crossing until the B-dot signal exceeds a threshold voltage of 200 mV.  The output of this 

comparator is connected to a Boolean case structure.  An input of FALSE will cause the 

program to break out of the case structure and return to the start of the while loop to read 

another analog input value.  Upon receiving an input of TRUE, the case structure enters 

another while loop in search of a zero crossing.  In this loop, the analog input channel 

associated with the B-dot signal sends the voltage data to a zero crossing detection 

function6.  This function is built into LabVIEW 8.0 and outputs a Boolean value based on 

inputs of 32-bit signed integer values.  The zero crossing function will output a TRUE 

when a positive to negative zero crossing has been detected and a FALSE otherwise.  The 

loop terminates execution when a zero crossing is found and sends a value of TRUE to 

the local variable DIO2 that controls a digital output channel.  This portion of the code is 

show in Figure 2.11 by LabVIEW’s graphical programming language. 
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Figure 2.11: Zero Crossing Detection Program 

As described in the experimental setup section, a 10µs TTL pulse is required to 

trigger the fiber board.  The NI 9401 digital output module connected to the CompactRIO 

will output these TTL signals.  However, the pulse width and timing must be controlled 

by the pulse generating program shown in Figure 2.12.  This portion of code executes in 

parallel to the zero crossing detection program described above.  A while loop ensures 

continuous operation as long as the zero crossing detection program is running.  

Contained in the loop is an event sequence which first initializes the digital output 

channels DIO0 through DIO7.  In the next event, a control block checks the status of the 

digital module to determine whether or not it is ready to receive a command.  The 

program will perform this action only on the first iteration of the loop.  The next program 

event reads two local variables with values set by the zero crossing detection program.  

These values are then written to a block that controls the output channels of the NI 9401 

digital output device.  The digital outputs, DIO1 and DIO2, will remain in a “low” state 

and only switch to a “high” state when a zero crossing has been detected from a B-dot 
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signal.  When DIO2 switches “high” a wait function holds the value for 10 µs before 

switching back to a “low” state by writing a Boolean FALSE to the channel.  The local 

variable latches its state and a reset of all local variables back to a “low” state must be 

executed to obtain a single pulse.  This process will produce a 10 µs TTL pulse which is 

read by a fiber board channel.   

 

Figure 2.12: Pulse Generating Program 

 

2.1.5 Experimental Results 

The data shown in Figure 2.13 (a) was collected from the firing of a two-stage 

breech-fed railgun system.  The current waveform was obtained from a Pearson coil 

placed at the capacitor bank’s negative terminal wire.  The maximum current amplitude 

of the first stage is 18 kA while the second stage falls short with a 13 kA output.  This 
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can be attributed to the boundary condition that exists between the rails and the projectile 

as it propagates down the rail length.  A reduction of conductivity located at this 

boundary will add resistance and therefore reduce the output current magnitude.  This 

issue is ignored because the project objective is to develop a control system for solid state 

switching and is not focused on in-bore projectile dynamics. 

The control program was designed to trigger the first capacitor bank, which 

provides the initial armature acceleration, and then switch the second stage capacitor 

bank when the armature has reached the second stage.  By observing the current 

waveform, Figure 2.13 (a), the second stage is switched 2.4 ms after the first stage.  The 

B-dot signal is displayed on the same time scale to analyze the accuracy of the control 

program.  A delay of approximately 50 µs was calculated between the B-dot signal’s zero 

crossing and the second stage switching.  This delay was first thought to be the execution 

time of the zero crossing detection and therefore related to the processor speed.  The true 

cause of the delay was realized when designing the control system for the free running 

arc distributed energy railgun.  It is a result of the digital output control program 

continuously executing 10 µs delays while it waits for the feedback signal.  However, this 

delay is considered adequate in relation to the armature’s velocity of 220 m/s since the 

projectile only travels one centimeter during this time delay.  This implies that the 

armature is approximately one centimeter past the second stage when the second 

capacitor bank is fired.    The flux ruler data, Figure 2.13 (b), shows that the projectile 

does not begin acceleration until the current reaches its maximum amplitude 1 ms after 

the first stage is fired. 
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(a) (b) 

Figure 2.13:  (a) Current Waveform vs. B-dot Sensor and (b) Flux Ruler Waveform 

 

2.1.6 Conclusion 

This chapter described the development of a fast transient control system for solid 

state switching of numerous capacitor banks for implementation on an electromagnetic 

launcher.  A 5 kJ two-stage breech-fed system has been designed, built, and tested.  Proof 

of principle for a control system has been successfully demonstrated. The release of the 

second stage’s energy was based upon the armature’s position.  A B-dot probe located at 

the beginning of the second stage provided an accurate real time signal to determine the 

armature’s position while traveling at high velocities.  A National Instruments FPGA real 

time processor was used to analyze the feedback signal and control switch timing.   

Data collected and analyzed from multiple experimental tests prove the control 

system to be functioning properly and reliably.  Notable system improvements include a 

modification of the program architecture to reduce the described program delay.  The 

designed system is capable of controlling up to eight stages, limited by the number of 
 22
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analog and digital channels.  Future plans for the control system include implementation 

on more complex distributed energy railguns.           

 

2.2 Five-Stage Distributed Energy Railgun 

 

2.2.1 Introduction 

The remainder of this paper will focus on a MURI railgun project in collaboration 

with the IAT at the University of Texas to research the synchronous distributed energy 

scheme in an attempt to improve plasma railgun performance.  Such a scheme calls for a 

control system to accurately time the release of stored energy once the armature is 

completely within a specific stage.  Failure to control this timing can have detrimental 

effects on the armature’s velocity.  Since the system has distributed energy feeds, a 

premature release of energy from a latter stage will result in an opposing force vector to 

the one driving the projectile towards the muzzle.  This dilemma adds complexity that 

was not present in the breech-fed system in which current reversal behind the armature 

does not effect the direction of the Lorentz magnetic force vector.  

As with the STTR phase 1 AFOSR contract, the MURI project begins with solid 

armature proof of principle experimentation.  These experiments are described here in 

Chapter 2 and continue into the free running arc experiments described in Chapter 3.  The 

system is a 16 kJ five-stage distributed energy railgun shown in Figure 2.14.  For a 

complete experimental setup description refer to the following paper8. 
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Figure 2.14: Five-Stage Distributed Energy Railgun System 

 

2.2.2 Control System 

The discussed control system is for implementation on a 16 kJ five-stage 

distributed energy system.  The control system is similar to the one described in section 

2.1.3 but is expanded to control five stages.  Once again, this system serves as a proof of 

principle for the development of a multi-stage distributed plasma armature system.  A 

flux ruler sensor is utilized for a more accurate velocity calculation but is not employed 

for armature control. 

Four dedicated B-dot probes are located at the beginning of each of the last four 

stages.  Their positions relative to the breech are 12, 30, 46, and 62 cm.  These probes are 
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oriented to detect the armature’s dynamic magnetic field as it travels the bore length and 

indicate the armature’s position.  A real time feedback control system gathers this 

information and triggers the release of energy upon the armature’s arrival to a specific 

stage.  The same National Instruments 200 MHz FPGA CompactRIO used in the breech-

fed system described in Chapter 2 is utilized to provide real time processing.     

The B-dot voltage signals are sent to four channels of an NI 9221 analog input 

module.  A LabVIEW program downloaded into the flash memory analyzes these 

feedback signals for a specific zero crossing point corresponding to the armature’s arrival 

at a new stage.  When detection occurs for any of the four channels, an NI 9221 digital 

output module outputs a 10 µs TTL pulse to the appropriate channel of a fiber optic 

board.  Five driver boards have been built to output the required gating signal to fire each 

stage.  The described control system is presented below in Figure 2.15. 

 25
 

 

Figure 2.15: Five-Stage Distributed Energy Control System 
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2.2.3 Software Architecture 

nal provided by the B-dot probes are different from the 

probe s

hes 

he 

in sub-routines.  Both are performed in 

parallel

 

 

onitor 

 

ode 

The induced voltage sig

ignals obtained from the Section 2.1 system.  These signals resemble a single 

cycle of an inverted sine wave.  A negative voltage is induced as the armature approac

the probe and the polarity flips as the armature moves away from the probe.  However, 

the zero crossing in this signal still correlates to a position directly at the probe.  

Therefore, the control program will still detect these zero crossings and perform t

necessary actions to fire the appropriate stage.  

The program starts by executing two ma

 to take full advantage of the FGPA.  The first sub-routine is referred to as the 

five- stage zero crossing detection program and starts by assigning a Boolean TRUE to

the local variable DIO0.  This value is read by the second sub-routine which will be 

referred to as the five-stage pulse generating program and fires the breech-fed energy

stage.  This action initiates the projectile’s acceleration.  Four channels of the analog 

input device, AI0-AI3, are now read.  Because this module is multiplexed, all the 

channels sample the probes’ signals at 100 kS/s.  All four channels continuously m

the incoming signals simultaneously.  The threshold voltage is set to -400mV to reduce 

the possibility of a latter stage prematurely triggering.  Each input channel feeds into a 

“less than” Boolean comparator that will output FALSE when the signal is above the 

threshold voltage and a TRUE when the signal reaches an amplitude less than the 

threshold voltage.  The outputs of these comparators are connected to Boolean case

structures.  Four similar Boolean case structures contain the zero crossing detection c

for each B-dot signal.  An input of FALSE will cause the program to break out of the 



Texas Tech University, Ryan William Karhi, August 2007 
 

 27

e.  

 a 

a 

tected 

at 

case structure and return to the start of the while loop to read another analog input valu

Upon receiving inputs of TRUE, the case structures enter another while loop in search of 

a zero crossing. The program searches for negative to positive zero crossings and the first 

detection occurs when the armature approaches the second stage.    In this loop, the 

analog input channel associated with the B-dot signal sends the B-dot voltage data to

zero crossing detection function6.  This function is built into LabVIEW 8.0 and outputs 

Boolean value based on inputs of 32-bit signed integer values.  The zero crossing 

function will output a TRUE when a negative to positive zero crossing has been de

and a FALSE otherwise.  The while loop terminates execution when a zero crossing is 

found and sends a value of TRUE to a stage’s designated local variable, DIO1-DIO4, th

control the digital output channels.  This portion of the code is shown below in Figure 

2.16 via LabVIEW’s graphical programming language.  

 

Figure 2.16: Five-Stage Zero Crossing Detection Program 
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The NI utputs TTL 

signals s 

 

digital 

 

 

9401 digital output module connected to the CompactRIO o

 to a fiber board.  The five-stage pulse generating program, Figure 2.17, generate

the appropriate output signal to be read by the fiber board.  A while loop continuously 

executes the subroutine as long as the program is running.  Contained in the loop is an 

event sequence which initializes the digital output channels, DIO0-DIO7, and performs

actions based on inputs obtained from the local variables associated with the zero 

crossing detection code.  In the next event, a control block checks the status of the 

module to determine whether or not it is ready to receive a command.  The program will 

perform this action only on the first iteration of the loop.  The digital outputs will remain 

in a “low” state and only switch to a “high” state when a zero crossing has been detected 

from one of the B-dot signals.  Following the event sequence, the variables DIO0-DIO4 

are read by their corresponding output channels which will determine the state of action. 

If any of the variables contain a Boolean TRUE value, their connected output channel 

switches “high” then waits 10 µs before switching back to a “low” state.  This action is

followed by the reset of all local variables back to a FALSE value to prevent another 

pulse on the next loop iteration.    
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Figure 2.17: Five-Stage Pulse Generating Program 

 

2.2.4 Experimental Results 

Firing the five-stage distributed energy railgun proved to be a daunting task.  

Issues associated with rail degradation caused the projectile to loose contact at a number 

of locations within the bore.  Rail degradation is the vaporization of material at locations 

where a large current density is sustained over an extended period of time. The armature 

remains at rest until the frictional force is exceeded by the Lorentz force, which can take 

as long as a couple milliseconds.  For this reason rail degradation was more profound at 

the breech where the projectile was initially at rest.  A pre-injector to provide an initial 

armature velocity at the breech has proved to be successful in preventing such 

degradation; however, this was unnecessary for the proof of principle system.   
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The data collected from firing of the five-stage distributed energy railgun is 

presented in Figure 2.18.  The stages triggered in successive order at 0, 3.19, 5.46, 7.35, 

and 8.77 ms.  The current in each stage was measured using non-integrating Rogowski 

coils placed on each bank.  The recorded voltage data from the Rogowski coils are then 

integrated to provide accurate current waveforms.  Five B-dot probes are implemented 

into this system.  Four of them control the latter four stages and the fifth is placed at the 

railgun muzzle to provide an exit velocity calculation.  The current waveforms of each 

stage and the B-dot signals above them are shown sequentially from left to right in the 

figure.    

 

Figure 2.18: Current and B-dot Waveforms from the Distributed Energy System 

The armature’s exit velocity, calculated from the flux ruler, was 150 m/s.  The 

contributed current from each stage is summed together and plotted in Figure 2.19.  The 

ideal waveform would be trapezoidal in shape to provide constant acceleration of the 
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projectile, supply a constant current for efficiency, and achieve near zero current as the 

projectile exits the muzzle.       

 

Figure 2.19:  Five-stage Current Summation 

Analysis of figure 2.18 data shows similar delays that were observed in the two-

stage breech-fed control system.  Once again these delays are a direct result of the five-

stage pulse generating program continuously executing 10 µs delays while it waits for the 

feedback signals.  Presented below in Table 2.1 is information describing the time delay 

experienced by the last four stages.  This delay is observed to vary for each zero crossing 

detection with the largest delay lasting 150 µs.  This delay is once again acceptable in 

relation to the armature velocity.  An armature velocity of 150 m/s with a 150 µs delay 

corresponds to about 2 cm of armature movement.    
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Table 2.1:  Stage Trigger and Detection Analysis 

  

Bank trigger time 

(ms) 

B-dot zero crossing 

time (ms) 

Time delay 

(ms) 

Stage 2 3.21 3.15 0.06

Stage 3 5.47 5.44 0.03

Stage 4 7.35 7.2 0.15

Stage 5 8.77 8.71 0.06

 

 

2.2.5 Conclusion 

A 16 kJ five-stage distributed energy system has been built and tested.  This 

chapter focused on the implemented control system.  The control system functioned to 

release the energy stored in five capacitor banks, four of which were triggered based on 

the armature’s position.  Armature B-dot probes provided an accurate real time voltage 

signal to determine the armature’s position while traveling inside the railgun bore.  The 

feedback signals were processed in real time through the use of a 200 MHz processor.  A 

program detected the feedback signals’ zero crossings that corresponded to the 

armature’s location directly at the probes.  A trigger delay time was analyzed in the 

collected data and determined to be a product of the software architecture, not the 

processing speed.  This delay was calculated to be as large as 150 µs and corresponded to 

2 cm of armature movement at the measured velocity.  A movement of 2 cm into a stage 

was acceptable with stage lengths of 15 cm.  The solid armature distributed energy 

railgun’s control system provided adequate proof of principle results.  Obviously, 
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modifications will be required to control timing of a plasma armature traveling at 

velocities in the km/s regime.       
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CHAPTER ΙΙΙ 

PLASMA ARMATURE EXPERIMENTS 

 

3.1 Plasma Armature Background 

 

Plasma armature railguns have been the subject of active research and 

development since the Rashleigh and Marshall paper5 was published in 1978.  This paper 

stated the theoretical possibility of accelerating plasma armatures to a significant fraction 

of the speed of light with velocity limitations realized by projectile-bore interactions.  A 

decade later, experimental research identified the true velocity limiting factor, known as 

plasma restrike.  The processes contributing to the generation of these secondary arcs are 

presented below.  For a more in depth description refer to the following papers4,9.    

The experiments in Chapter 3 accelerate a different type of armature known as a 

free-running arc.  Unlike solid aluminum armatures, this armature is essentially a super 

heated gas in a plasma state.  The plasma has a temperature ranging from 20,000 to 

30,000 Kelvin, similar to the surface temperature of the Sun.  The reason it is referred to 

as a free-running arc is because no load exists for the plasma to drive.  In a conventional 

plasma armature railgun, the armature accelerates electromagnetically and drives a 

nonconductive payload to a target velocity.  For the MURI project this payload is a 20 lb 

micro-satellite with a target velocity of 7 km/s.  Texas Tech University is focused on one 

of the project objectives that involves the construction, testing, and analysis of distributed 

energy schemes to prevent in-bore restrike.  The free-running arc railgun will physically 

emulate in-bore plasma dynamics and provide an adequate substitution to a plasma 
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armature railgun with a payload.  It is imperative to understand the in-bore physical 

interactions involving a free-running arc to analyze the data presented in this chapter.            

This section will give the reader a basic understanding of the underlying free- 

running arc physical processes.  A small amount of plasma is generated inside of the bore 

at the breech end.  This conductive plasma is accelerated by the Lorentz magnetic force 

described in Chapter 1.  In our experiments, the bore is filled with air at pressures varying 

from 5 to 50 torr.  In this low pressure environment the plasma rapidly accelerates to a 

velocity much greater than 0.34 km/s, the speed of sound in air.  This effect results in the 

formation of a shock front as the radiating plasma sweeps up the air ahead of it.  When 

the plasma velocity exceeds Mach 10, the shocked gas begins to ionize and becomes part 

of the moving plasma9.  Therefore, two well defined regions exist inside of the bore; the 

accelerating plasma arc and the unshocked gas ahead of it.  Assuming no ablation, the 

plasma arc’s velocity can be calculated by 

 

vp
Lgrad

γ 1+( ) ρ0⋅

⎡⎢
⎢⎣

⎤⎥
⎥⎦

1

2
I
h

⎛⎜
⎝
⎞
⎠

⋅
1

1
x
xs

⎛
⎜
⎝

⎞

⎠
+

⋅   
3.1( ) 

 

 

where γ is the ratio of specific heat, ρ0 is the initial gas density, I is the armature current, 

h is the rail separation distance, x is the distance the shock front has moved, and xs is a 

scale length describing the viscous forces. 

In order to describe the ablation and restrike process, a situation involving a 

plasma armature with a load is presented.  Figure 3.1 shows a schematic of a plasma 

armature inside the bore of a railgun.  
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Figure 3.1: Schematic of a Plasma Armature in a Railgun4

strated armature is depicted in a quasi-equilibrium state afte

a substantial distance down the rail length.  The extreme heat radiating from t

plasma ablates material from the walls.  This ablated material becomes ionized which 

allows magnetic forces to accelerate it.  A small portion of this ionized material joins th

main plasma armature while most experiences viscous boundary forces and is swept 

backwards to form the plasma tail region.  In this region the ionized particles mix wit

neutral gas that reduces the conductivity.  The weakly ionized particles lose much of the

acceleration and fall even further back into what is known as the neutral region where no 

current flows.  The gas in this region is highly energetic and both heat and momentum 

continue to ablate material from the walls.  The high gas density and weak ionization 

contribute to quench conductivity.  However, the presence of a high electric field will 

cause run-away ionization and the resulting Paschen breakdown will reestablish an arc

that is known as restrike.  The electric field that causes restrike is generated by the 
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moving magnetic field emanating from the rails.  An equation describing the E-field is 

given by 

E
x

Ld
d
⎛
⎜
⎝

⎞
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I⋅ va vg−( )⋅ Va+

h
 

 
3.2( ) 

 

where dL/dx is the inductance gradient, I is the current, va is the plasma armature 

velocity, vg is the gas velocity behind the armature, Va is the armature voltage, and h is 

the rail separation distance. 

 

3.2 Three-Stage Breech-fed Railgun 

 

3.2.1 Introduction 

Experimental testing of a 15 kJ three-stage free running arc breech-fed railgun is 

presented.  Analysis and observations of the issues associated with in-bore restrike will 

be explored.  The use of a free-running arc allows experiments to emulate a plasma 

armature railgun at high speeds (>5 km/s) without the requirement of a large amount of 

stored energy.  Diagnostics for this examination include rail B-dot probes to detect 

restrike as well as a Rogowski coil to measure input current. 

Numerous experimental tests were conducted to investigate the dynamics of 

plasma armatures within a breech-fed system.  This system provides a foundation for the 

transition to a free-running arc distributed system.  Variations of switch timing, bore 

pressure, bore material, and current amplitude have been tested.  Two main objectives are 

sought after with the experimentation of the described system.  The first is to achieve 

propagation of the plasma arc at a velocity of 10 km/s down the full length of the rails.  
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The second is to generate secondary arcs within the bore for future analysis and 

comparison to a distributed scheme.      

 

3.2.2 Experimental Setup 

The overall system design was first modeled before actual constructing broke 

ground.  This system model can be seen in Figure 3.2 where the railgun is absent from 

the picture and will be positioned inside of the vacuum chamber. 
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Figure 3.2: Plasma Armature System Model 

The assembled railgun measures 2.4 m with a 1.7 cm x 1.7 cm bore cross section.  

The rails are made of machined UNS C11000 ETP copper.  G-10 insulation and acrylic 

inserts provide isolation to the outer casing.  One side of the casing is machined from 

Aluminum 6061-T6 while the other is G-10.  Aluminum cannot be used for both sides of 

the outer casing because the magnetic fields generated by Eddy currents would couple 

into the B-dots probes.  Besides the copper rails, two other in-bore materials are tested.  

One is G-10 itself and the other is alumina ceramic.  The chemical properties of alumina 
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Vacuum Chamber 

Pump Station 
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allow for a high melting point which functions to reduce in-bore ablation7.  G-10 inserts 

are also tested experimentally to increase ablation and generate a restrike arc behind the 

main plasma armature.  Eighteen steel bolts 1.3 cm in diameter hold the configuration 

together and oppose the rail Lorentz force.  A cross sectional view of the railgun is 

displayed in Figure 3.3. 

G-10 

Alumina 

Acrylic 

Copper 

Aluminum 

                                        

Steel bolts 

Figure 3.3: Plasma Railgun Cross Section 

The casing and inner G-10 components are divided into lengths of 81 cm to make 

in-house machining and modifications feasible.  Three such lengths aligned head to toe 

and scabbed together surround the 2.4 m solid copper rails.  The assembled configuration 

is seen in Figure 3.4.  In this figure both sides of the casing are constructed from 

aluminum which was the original design.  The B-dot signals were distorted when 

experimental testing began and lead to a replacement of a single side of the casing with 

nonconductive G-10. 
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Figure 3.4: Assembled Breech-fed Railgun 

The B-dot current probes are mounted in the G-10 casing and span the length of 

the railgun.  Initially four probes were built and tested on the system.  However, a desire 

for more in-depth analysis of ablation and restrike lead to the implementation of twice 

this probe number.  Each probe contains 20 turns to induce a desired voltage magnitude 

and 18-gauge magnet wire to provide insulation between the loops.  The probes are 

potted with epoxy in a G-10 housing to shield the wiring from the radiating plasma.  PCB 

mount BNC bulkheads are utilized for a compact package.  These probes are positioned 

at a 45 degree angle from the rails in a parallel orientation where the magnetic field flows 

orthogonal to the loop surface area.  A probe and its orientation can be seen in Figure 3.5. 
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Figure 3.5: Rail B-dot Probe and Orientation    

A PVC chamber 20.3 cm in diameter encloses the railgun and allows experiments 

to be conducted within the desired 1-10 Torr environment.  The chamber measures 3.7 m 

in length and has seven flanges sealed off using 1.3 cm thick lexan face plates.  The 

chamber is supported by lexan blocks fastened to a steel frame and sits above the energy 

storage capacitor banks.  The diagnostic face plate contains 10 hermetically sealed BNC 

bulkheads for input and output electrical signals, seen in Figure 3.6 (a).  Five flanges are 

positioned on the belly of the chamber.   Four of these provide current feeds to the railgun 

located inside the vacuum chamber.  Copper rods 1.9 cm in diameter and 15 cm in length 

allow high current magnitudes to flow to the rails, Figure 3.6 (b).  The fifth flange located 

at the end of the chamber allows access to vary the chamber pressure.  The vacuum 

pumping station consists of a release valve, pressure sensors, and a roughing pump.  
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          (a)                                             (b) 

Figure 3.6: Face Plates (a) Diagnostic and (b) Current Feed 

A plasma source at the breech reliably supplies plasma for each experimental test.  

The plasma injector is powered by a 5-stage Marx generator with an external 200 VDC 

power supply.  The Marx is triggered by a TTL trigger pulse and provides an output pulse 

of 1 kV with a 10 µs pulse width.  This signal is input into a 1:40 ratio pulse transformer 

to supply a pulse with a 40 kV magnitude to the electrodes.  The electrode configuration 

is contained within a G-10 housing and its geometry is coaxial.  The plasma is generated 

by an electrical breakdown across the tungsten cathode and stainless steel anode.  A 

ceramic provides insulation between the anode and cathode.  The plasma generation 

system is displayed in Figure 3.7. 
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Figure 3.7: Plasma Generation 

Each stage contains a high voltage capacitor, an inductor, a phase controlled 

thyristor, and a driver board for triggering.  The high voltage Maxwell capacitors are 830 

µF oil filled capacitors capable of supplying a maximum of 50 kJ.  Four of these 

capacitors are implemented in the system and typically charged to 3 kV for a storage of 

3.7 kJ a piece.  Two of the capacitors were utilized on the first stage, or breech, to 

accelerate the arc to velocities greater than 5 km/s.  The same 5 µH toroid inductors used 

on the systems presented in chapter 2 are wired in series to each capacitor.  The series LC 

circuit of one energy bank has an output of 20 kA and pulse width of 250 µs.  The 

switches selected are ABB Semiconductor 5STP34N5200 phase controlled thyristors.  

These solid state switches can hold off 5.2 kV and sustain current magnitudes in excess 

of 60 kA for pulsed applications.  Aluminum plates 2.54 cm thick and 20.3 cm in 

diameter withstand the required 20,000 lbs of compression to ensure sufficient internal 

electrical contact.  This force is held by four G-10 rods 1.9 cm in diameter which also 
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function to isolate the switch’s cathode and anode.  The described configuration can be 

seen mounted to a capacitor in Figure 3.8 below.         

 

Figure 3.8: Mounted Switch 

The capacitors are typically charged to 3 kV resulting in a differential voltage of 6 

kV across the switches.  A failure of the switch would result at this potential and require a 

snubber circuit for protection.  The snubber circuit is simply an RC circuit placed in 

parallel across the switch.  A high voltage 5 µF capacitor and 2 ohm carbon resistor 

reduce the magnitude of the differential voltage to prevent a destructive over voltage.  

The capacitors are mounted to the steel frame seen in Figure 3.9 (a).  The plot displayed 

in Figure 3.9 (b) shows the effects of the snubber circuit when the switch opens.  This 

data was collected with a 2 kV charge of a single capacitor bank.  Without the snubber 

circuit, the differential voltage across the switch measures approximately 4 kV.  The 

snubber circuit reduced the differential voltage to less than 3 kV.  The differential voltage 

with the snubber circuit and a 3.5 kV charging voltage remained below 5 kV nominal. 

 44



Texas Tech University, Ryan William Karhi, August 2007 
 

              (a)                                                                           (b) 

Figure 3.9: (a) Mounted Snubber Circuit and (b) Snubber Data 

The gate signal required to activate the solid state switches was produced from 

driver boards seen mounted on a lexan sheet in Figure 3.10.  Each of the four capacitors 

had an independent driver triggered by a light signal via fiber optic lines.  

 

Figure3.10: Mounted Driver Boards 
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The constructed system is shown in Figure 3.11 and closely resembles the 

projected system model in Figure 3.2. 

 

Figure 3.11: Plasma Armature System 

Two high voltage Ross relay switches were implemented for the dump switches 

with a 30 kOhm load.  This allowed for a safe dissipation of energy when necessary and 

prevented charge build up on the capacitors when not in use.  Three more of these relay 

switches were placed in series on the capacitor bank’s charging line to provide electrical 

isolation between each stage.  Without this isolation, later energy banks could dump 

energy into a single switch, exceeding the dI/dt rating and causing switch failure by 

punching through the gate. 

 

3.2.3 Experimental Results 

Experimental results obtained from the 15 kJ three-stage free-running arc breech-

fed railgun are presented.  These include variations of bore pressure, bore material, and 

current amplitude. The breech-fed system did not require a feedback control system 
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because firing latter stages does not depend on armature position as it does with a 

distributed system.  Fixed trigger timing was applied to the three stages sequentially at 1, 

160, 190 µs.  The plasma injector was triggered at t = 0 µs, allowing 1 µs for the 

formation of the plasma before the breech stage fired.      

The collected data in Figure 3.12 used the alumina inserts, a chamber pressure of 

5 Torr, and a charging voltage of 3 kV.  The current contribution from all three stages is 

shown alongside four rail B-dot probe signals.  The four probes were located 18.5, 96.7, 

174.8, 241.3 cm respectively from the breech.  The raw voltage signals (not shown) have 

been integrated to analyze the current through the rails at each probe location.    A 

Rogowski coil measured a 40 kA, approximately trapezoidal, current pulse 500 µs in 

width.  This waveform shape maintained a constant driving force on the free running arc 

for the majority of the propagation though the bore.  A small portion of the current seen 

at the second rail B-dot probe appears to be diverted elsewhere, this is however 

misleading.  This effect can be attributed to coupling magnetic fields produced by Eddy 

currents flowing in the nearby aluminum scab plate.  The occurrence of restrike was 

absent from all experimental tests utilizing the alumina ceramic inserts. 
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Figure 3.12: Breech-fed Data, 5 Torr, 3 kV Charging Voltage 

An example of restrike is shown in Figure 3.13 for the breech-fed system.  The 

presented shot used the in-bore G-10 inserts, a chamber pressure of 10 Torr, and a 

charging voltage of 3.5 kV.  Collected data from a number of shots did in fact show 

restrike to occur at charging voltages of 3 kV with chamber pressures between 5-10 Torr.  

However, charging the system to 3.5 kV led to earlier formation of a secondary arc.  By 

observing the current seen at rail B-dot 4, it is apparent that the full magnitude of current 

does not flow through that rail location.  A portion of the current must therefore be 

flowing elsewhere, diverted to what is believed to be a restrike arc.   The data suggests 

that the secondary arc persisted as long at the current magnitude was above 40 kA.     
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Figure 3.13: Restrike Data 

The in-bore materials tested, shown in Figures 3.14 and 3.15, were exposed to the 

highly ionized radiating plasma approximately fifteen times before railgun disassembly.  

Figure 3.14 shows obvious ablation effects present on the G-10 insert surface.  Upon 

inspection, uniform ablation was observed on the G-10 surface exposed to the bore.  The 

edges of the exposed surface appear to have suffered the most damage, possibly a 

consequence of ablated material that failed to combine with the plasma arc and attempted 

to escape the bore through the small opening present at the conductor/insulator junction. 
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Figure 3.14: G-10 Ablation 

Although ablation effects on the alumina inserts were observed with the naked 

eye, a minuscule amount of ablation is known to exist.  However, a notable amount of 

material deposition was evident on the alumina insert surface.  Hot copper vapor appears 

to have been deposited on the alumina surface exposed to the bore.  Figure 3.15 shows a 

before-and-after comparison of the ceramic tiles with a noticeable copper colored stripe 

on the latter. 

 

Figure 3.15: Copper Deposition to the Alumina Inserts 
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Figures 3.16 (a) and (b) show erosion to the copper rails after approximately 15 

shots.  Figure 3.16 (a) is a picture taken at the breech end of the rails.  The plasma arc 

appeared to be highly dynamic in this region.  The erosion traces left by the plasma are 

streamer-like and no apparent pattern is observed.  As the plasma travels a distance of 

many bore diameters, its true arc nature becomes evident.  Figure 3.16 (b) shows a region 

at the middle of the rail length.  Here, the erosion trace is only present at the center of the 

rail surface suggesting a narrow arc profile.  The rail degradation is associated with the 

traces that eroded away a thin layer on the upper rail surface.  Light sanding refinished 

the surface and allowed the rails to be used repeatedly. 

 

             (a)                                                        (b)                                                             

Figure 3.16:  (a) Breech Rail Erosion and (b) Muzzle Rail Erosion 

The graph in Figure 3.17 displays the effects of ablation and restrike on the arc’s 

velocity.  The experimental data is a collection of two shots per pressure using alumina 

and G-10 as the ablated material.  As expected, experimentation using the alumina inserts 

resulted in higher arc velocities.  This is a product of low ablation and no restrike.  Heavy 

ablation with the G-10 resulted in velocity reduction.  A noticeable reduction is observed 
 51



Texas Tech University, Ryan William Karhi, August 2007 
 

at pressures of 5-10 Torr where restrike drastically reduced the arc’s velocity.  Increasing 

pressure slowed down the arc for both cases because there are more initial gas molecules 

to be swept up and added to the plasma mass.  Accompanying the two is a third data set 

calculated from Equation 3.1 which is a function describing the plasma velocity assuming 

no ablation.  Calculations made at each pressure correspond reasonably to experiments 

using the low ablating alumina. 

 

Figure 3.17: Plasma Velocity Comparison 

     

3.2.3 Conclusion 

A three-stage free-running arc breech-fed railgun has been built, tested, and 

analyzed for issues associated with in-bore restrike.  Rail B-dot probes measured the rail 

current at different locations along the rail to provide a means to detect these secondary 

arcs.  The use of a free-running arc allowed the plasma to quickly accelerate and achieve 

velocities up to 11 km/s with 15 kJ of energy. 
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A fixed switch timing control provided the desired trapezoidal pulse shape 

necessary to produce a nearly constant force on the plasma armature for the majority of 

its in-bore travel.  Ablation of the G-10 inserts confirmed past experimental results1 and 

reduced the arc’s velocity as well as contributed to the formation of secondary arcs.  A 

small margin of error exists between velocities obtained using the alumina inserts and 

equation 3.1 used to predict the arc’s velocity.  These breech-fed results provide reliable 

data for comparison to the distributed energy scheme. 

 

3.3 Four-Stage Asynchronous Distributed Energy Railgun 

 

3.3.1 Introduction 

Experimental testing of an 8 kJ four-stage asynchronous free-running arc 

distributed energy railgun is presented.  The system used on the breech-fed railgun is 

altered to meet the demands of a distributed energy railgun.  The asynchronous 

distributed system is not theorized to prevent plasma restrike, however, results will still 

be analyzed for restrike since few systems have ever been built and tested.    Diagnostics 

for this examination include rail current probes as well as independent Rogowski coils for 

each stage. 

Before movement to a synchronous energy scheme, it is necessary to first test an 

asynchronous energy scheme.  This will provide additional data to prove or disprove 

theoretical predictions.  The two schemes are similar in that both implement the 

technique of distributed energy to increase efficiency and reduce the trailing electric 

field.  However, according to the electric field equation,  
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the synchronous scheme will be more effective.  An asynchronous scheme does not allow 

current reversal to take place on any of the energy banks.  Current reversal is utilized on a 

synchronous scheme to effectively cancel residual positive current remaining in regions 

many bore diameters behind the main plasma arc.  Elimination of this current does not 

fully quench the E-field, but reduces the magnitude to prevent restrike. 

Since the system is distributed, a control system is preferred to control stage 

timing.  The solid armature control system required modification to account for km/s 

velocities.  Also, the feedback signals from the rail B-dot probes differ from those 

obtained from the armature B-dot probes.  A new control system approach is described in 

this chapter to compensate for these changes.  

 

3.3.2 Experimental Setup 

The vast majority of the experimental setup described in Section 3.2.2 remains the 

same for this distributed energy system.  Conversion to a distributed system mainly 

required alterations to the railgun itself.  Also, the addition of a fourth stage required 

adjustments in power conditioning to retain the breech-fed current waveform for direct 

comparison of ablation and restrike between the two energy schemes.  The railgun was 

divided into four equal distant stage lengths measuring 58 cm.  Equal stage lengths were 

chosen for analysis of the constant energy model proposed by Parker2. 
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Three regions along the rail length, corresponding to the last three stages, contain 

five connection points to allow flexibility of stage lengths.  In accordance with the 

constant energy model, it is acceptable to adjust the stage length as long as all the lengths 

remain equal.  Connection to the rail is made possible by copper rods screwed into place 

and soldered for structural stability.  The tapped holes are 0.5 cm in depth which 

penetrate half of the rail thickness and does not disturb the smooth rail surface exposed to 

the bore.  These 0.6 cm diameter copper rods, shown in Figure 3.18 (b), are 5 cm in 

length and threaded on both ends for high conductivity connections.  Figure 3.18 (a) 

shows the described connection to the rail and the copper rod itself can be seen in Figure 

3.18 (b). 

     

    (a)                                                         (b)                                                             

Figure 3.18:  (a) Copper Rod Connection and (b) Copper Rod 

Appropriate holes were drilled in the acrylic, G-10, and casing components to 

make connection to the feeds feasible.  Two-gauge copper welding wire provided a 

current path to the rails from each energy bank.  Figure 3.19 shows two of these 

connections on the railgun.   
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Figure 3.19: Distributed Feed Connections 

The assembled distributed energy railgun can be seen in Figure 3.20, where stage 

locations are appropriately labeled.  A number of coaxial cables can be seen in this 

picture which are connected to the rail B-dot probes and allow the diagnostics to be fed to 

oscilloscopes and/or the control system. 

 

Figure 3.20: Four-Stage Distributed Energy Railgun 
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As mentioned earlier, the power conditioning of the energy banks needed to be 

modified for the distributed scheme.  The 5 µH toroidal inductors, responsible for the 

power conditioning, were modified to reduce their inductances.  The first stage 

inductance was reduced to 1 µH while all latter stage used 2 µH inductors.  

The first stage required twice the energy of latter stages to produce a 40 kA 

current magnitude.  This was realized by connecting two 830 µF capacitors in parallel, 

doubling the breech end capacitance to 1.7 mF.  Therefore, a total of five 830 µF high 

voltage capacitors were implemented in the distributed system. 

 

3.3.3 Control System 

A feedback control system is not essential for the operation of a distributed 

energy system, however, it simplifies the timing control of latter stages without the need 

for a complicated simulation to predict switch timing.  This became especially evident 

when dynamic variables such as bore pressure, ablation, and current magnitude affected 

the arc velocity from shot to shot.  The probability of firing a latter stage prematurely is 

heightened without the implementation of a control system.  The control system functions 

to calculate the armature real time position and make decisions accordingly.  The analog 

feedback signal that initiates this action resembles a positive voltage spike.  This signal 

waveform is different from the armature B-dot signals used in the solid armature control 

systems.  The armature is directly located at the probe during the time of an absolute 

maximum. The induced voltage pulse width is a function of armature velocity.  A pulse 

width of approximately 50 µs was observed for plasma armature velocities of 7 to 8 km/s.    

A hard coded 25 µs delay in the code provided enough time for the armature to enter a 
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new stage upon its detection.  Three dedicated B-dot probes supply the real time feedback 

signals in the control system.  These probes are located at the beginning of the last three 

stages: 58, 117, and 175 cm from the breech. 

The real time feedback control system is shown in Figure 3.21.  The B-dot voltage 

signals are sent to the CompactRIO where three channels of a NI 9401 TTL digital 

input/output module detect the induced voltages.  The AND gates within the digital input 

module provided the fastest possible detection of the signal.  This device functions as a 

switch because of its digital nature, which can interpret the signals in two ways.  When 

the signals amplitudes are below 2.3 V, the TTL device remains in a “low” state or open 

by representation of a switch.  A signal amplitude above 2.3 V corresponds to a “high” 

state or closed by representation of a switch.  The induced voltage within the B-dot 

probes typically exceeds 5 volts due to the dφ/dt and probe design.    Input signals in 

excess of 5 volts can damaged the module’s channels.  Therefore, an external 5 V 

Schottky diode regulator circuit is used for protection.  A LabVIEW 8.0 program 

determines the appropriate switch timing for each energy stage.  To initiate the release of 

energy, a NI 9221 digital output module outputs a 10 µs 24 V pulse to a fiber optic board 

on the respected stage channel.  This signal is attenuated 20 dB to 2.4 V to prevent 

damage to the fiber board’s input channels.  A driver board receives the light signal and 

converts it to a 10 µs 15 V pulse to trigger the stage’s corresponding SCR gate and 

release the stored energy in the capacitor bank.    
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Figure 3.21: Free-Running Arc Control System 

 

3.3.4 Software Architecture 

The program discussed in this section is downloaded into the CompactRIO’s 512 

MB flash memory where it is stored and can be activated upon booting the CompactRIO.  

The program begins with an event sequence that starts by waiting 1 second to allow time 

for the CompactRIO to complete its booting requirements.  The next two frames set line 

directions and check the status of the NI 9401.  After these tasks are completed a Boolean 

TRUE is assigned to a local variable DO0.  This variable is read by a pulse generating 

program to output a 10 µs 24 V pulse on channel 0 to trigger the Marx generator and 

generate the plasma.  The following frame will wait 1 µs to allow time for the plasma to 

enter the breech.  With the plasma in place, local variables DO1 and DO2 receive 

Boolean TRUE values.  A second pulse generating program is implemented to read these 

local variables because of the 10 µs wait on channel 0.  The pulse generating programs 
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are shown in Figure 3.22 where the local variables are combined in an array and sent to 

an OR gate.  This is the solution to the delay problem mentioned in the solid armature 

program architecture. 

 

Figure 3.22: Plasma System Pulse Generating Program 

Channel 1 of the NI 9221 digital output module triggers the first energy stage and 

channel 2 triggers three digital oscilloscopes.  The energy released by the first stage 

initiates the Lorentz force responsible for armature acceleration.  As the plasma travels 

through the bore an event follows, seen in Figure 3.23, to determine the firing sequence 

of the remaining stages.  This will prevent the stages from firing out of order on the 

chance noise is present.  The digital channel DIO0 is read and outputs Boolean logic to a 

case structure.  The loop continues to iterate as long as Boolean FALSE inputs are sent to 
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the case structure.  When the feedback signal from second stage’s B-dot probe exceeds a 

voltage magnitude of 2.3 V a Boolean TRUE is sent to the case structure.  This executes 

another event structure where the program waits 25 µs before writing a Boolean TRUE to 

the local variable DO3 and breaks out of the while loop.  The variable DO3 is then read 

by one of the pulse generating programs to fire the second stage.  This procedure is 

continued to detect the armature position and trigger the third and fourth stages. 

 

Figure 3.23: Plasma Armature Position Detection Program 
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3.3.5 Experimental Results 

The experimental results obtained from the 8 kJ four-stage free-running arc 

asynchronous distributed energy railgun are presented.  Replication of the Breech-fed 

system’s current waveform was attempted but still needs further adjustment.  This will 

allow for direct comparison of ablation and restrike data between the two systems.  A real 

time feedback control system was implemented to control the timing of the latter three 

capacitor banks.  The initial collected data shows the control system to be functioning 

properly although more experimentation is needed to claim reliability. 

The collected data in Figure 3.24 used the alumina inserts, a chamber pressure of 

5 Torr, and a charging voltage of 2 kV.  The current contribution from all four stages is 

shown alongside six rail B-dot probe signals.  The six probes were located 18.5, 57.6, 

96.7, 135.7, 194.3, 241.3 cm respectively from the breech.  The calculated plasma arc 

velocity averaged 9 km/s through the railgun bore.  This velocity was sufficient with 8 kJ 

of applied energy when compared to 15 kJ supplied on the breech-fed system, however, 

the energy must be matched before final conclusions can be made.  No indication of 

restrike is observed in the presented data.  Distortion of the rail B-dot probe signals is 

observed and attributed to stray magnetic field coupling.  The current feeds were not 

properly shielded allowing their magnetic fields to induce unwanted voltages in the 

probes.  Eddy currents generated in the aluminum scab plates could have also played a 

role providing stray magnetic field coupling.  These plates have recently been replaced 

with G-10 and are ready for experimental testing.  These coupling issues must be 

addressed and resolved to proceed with further system testing. 
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Figure 3.24: Asynchronous Distributed System Data 

 

3.3.6 Conclusion 

An 8 kJ four-stage free-running arc asynchronous distributed energy railgun has 

been built and tested.  Experimentation of this system is still in its initial stages and 

requires further adjustments and testing to make accurate conclusions based on ablation 

and restrike suppression.  Analysis of collected data using the alumina inserts suggests no 

restrike as expected.  Stray magnetic fields have presented problems although their 

sources have been identified.  One source is the current feed lines to the rails.  These lines 

will be twisted and shielded using stainless steel grounding braid.  The other source is the 

aluminum scab plates that secure the three 81 cm railgun sections together.  The solution 

was to replace these aluminum plates with durable non-conductive G-10.  This 

replacement has already been made and will be tested once the current feeds are shielded. 
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The control system has been modified to provide real time detection of armature 

velocities in excess of 5 km/s.  The current system has shown no difficulty with a free- 

running arc velocity of 9 km/s.  In fact, a lengthy 25 µs hard coded delay is put in place 

to wait for the armature to arrive at latter stages.  There is optimism in this design to be 

implemented on future systems if distributed schemes prove to suppress restrike and 

plasma armatures achieve velocities greater than 10 km/s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Ryan William Karhi, August 2007 
 

 65

CHAPTER ΙV 

SUMMARY AND CONCLUSION 

 

In summary, the instrumentation and control of numerous electromagnetic 

launchers was presented.  One was an STTR phase 1 contract to develop a fast transient 

control system for solid state switching of numerous capacitor banks for implementation 

on a railgun.  The other was a MURI project in collaboration with the IAT at the 

University of Texas for low cost access to launch micro-satellites into orbit.  This project 

is still a work in progress with movement to a multi-stage free running arc synchronous 

energy scheme launcher in the near future. 

The real time feedback control system designed for the STTR phase 1 contract 

demonstrated a procedure to detect an armature’s position while in motion by using 

magnetic field sensors.  The success of this project provided optimism for a similar 

control system to be integrated on complex multi-stage systems.  After decades of railgun 

research, scientists now believe a multi-stage system is required to achieve the theoretical 

velocities associated with plasma armature railguns. 

The future of the plasma railgun relies on the distributed energy scheme to reduce 

the trailing E-field, suppress secondary arc formation, and allow the powerful Lorentz 

magnetic force to demonstrate its full potential.  This would open the door to a variety of 

exciting applications such as cheap space access, particle accelerators for further 

characterization of quarks and other sub-atomic particles, the possibility of developing 

new elements, advancing the physics of fusion, and extremely powerful weapons. 
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APPENDIX A 

PLASMA ARMATURE DETECTION PROGRAM 
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