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ABSTRACT 

The HERA (High Energy Railgun Apparatus) railgun device at Texas Tech 

University has been used to investigate the effects of armature fuses on plasma armature 

railguns. The fuse mass (thickness) was varied for both copper and aluminum fuses over a 

range of 0.05 g t o l . l 5 g i n a l c m round bore geometry. Armature velocity and velocity 

saturation effects were observed. While holding railgun current and total projectile mass 

constant the fuse mass and material were varied. This paper will present the findings fi'om 

the research, including representative data on velocity versus fuse material and mass, and 

velocity saturation. The experimental setup and methods will also be described. 
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CHAPTER I 

INTRODUCTION 

For plasma armature railguns, the fuse material and nuiss have influences over the 

behavior of the railgun. The work at Texas Tech has focused on preserving operating 

parameters of the railgun while varying the fuse mass as well as the materials fi-om which 

the fuses are constructed. Note that for the Texas Tech railgun, a true plasma armature is 

utilized. The fuse material serves only to initiate conduction through the railgun structure 

and to start the formation of the plasma. However, one must appreciate that the fuse 

material forms a significant portion of the chemical makeup of the plasma [1], Some 

armature designs have relied upon plasma brushes for the conduction of current into the 

metal armature, with the plasma forming the interface between the rail material of the gun 

and the armature behind the projectile [2]. 

The bore of the Texas Tech railgun is approximately 1 cm in diameter and circular 

in cross section (refer to Figure 1). A light gas (helium) injector is utilized to impart an 

initial velocity to the projectile prior to its entering the electrical portion of the railgun. 

The length of the railgun apparatus is 1.8 meters (excluding the injector length). A 500 kJ 

pulse forming network consisting of a lumped parameter transmission line equivalent 

provides electrical energy to the railgun through a 5:1 step down pulse transformer. The 

transformer is utilized in order to provide impedance matching between the PFN 

characteristic impedance and the arc resistance during a shot. The PFN is rated for 10 kV 



operation (for 500 kJ); however, for most of the work at Texas Tech the PFN is operated 

fi-om 4 to 5 kV. 

The traverse of the projectile through the light gas injector is sensed using a pair of 

piezo-electric pressure transducers. Through an analog/digital timing system, the circuit is 

closed between the charged PFN and the pulse transformer through the use of a mercury 

ignitron and its associated pulser. An injector velocity of about 560 meters/second have 

been obtained with a helium pressure of 64.3 kg/cm^ (900 psig). However, recent 

improvements in the valve design for the injector has increased the velocity to 

approximately 700 meters/second. 

D ALUMINUM 

D COPPER 

B LEXAN 

0 C-10 

Figure 1. Cross Section of the Railgun 

G-10 fibei^glass composite material is utilized for the majority of the insulating 

structure of the railgun. Lexan* is used for the insulation adjacent to the bore of the gun, 

while low-oxygen copper is used for the conducting rails. The backing that holds the 



structure together is machined aluminum, pre-stressed through the use of steel cross 

members bolted with hardened steel bolts. The bus that carries current to the rails consists 

of heavy copper bars in a parallel configuration with a spacing of 19 mm (0.75 inches). 

The overall design of the gun is intended for a current level of 1 MA, However, utilization 

to the present time has at most been around 400 kA. Higher currents would be possible 

with a higher transformer step-down ratio and charging the PFN its full 10 kV capacity. 

The projectiles for the Texas Tech railgun consist of Lexan* mated with a 

conducting fuse. Thus far, the fuse materials have included aluminum and copper, with 

the majority of shots employing aluminum fuses. The projectile mass (the mass of Lexan* 

plus the fuse mass) is held to a total mass of 1.5 grams. When the fuse mass is varied, the 

Lexan* mass is adjusted in order to maintain the total mass of 1.5 grams. Epoxy is utilized 

for bonding the fuse material to the projectile. Other bonding methods have been used, 

but with lesser success with adhering the fuse material to the projectile body. Figure 2 

shows an example of the projectile and fuse assembly used in the Texas Tech railgun. 

The bore of the railgun, as mentioned before, is circular in cross section (refer back 

to Figure 1). The bore is reamed with a pull reamer after initial assembly. During the 

course of railgun operation the bore becomes pitted. When pitting becomes excessive, the 

bore is re-reamed to a slightly larger diameter. Re-reaming increases the bore diameter 

approximately 0.25 nmi. To date, three reamings have been performed on the bore. The 

given bore diameter of 10.46 mm (0.412 in.) will be used when making data comparisons 

in this paper. However, with the small increases in bore diameter, no discernible effects on 



the data have been observed as a result of reaming. The functional layout of the Texas 

Tech railgun experiment is shown in Figure 3, 

Lexan Projectile 

Metallic Fuse 

Epoxy Adhesive 
Drilled Hole 
For Mass 
Adjustment 

Figure 2. The Projectile and Fuse Used in the Texas Tech Railgun 
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Figure 3. Block Diagram of the Railgun System 



CHAPTER n 

BACKGROUND AND THEORY 

Experimental Arrangement 

In order to impart an initial velocity to the fuse/projectile combination, a light gas 

injector is employed. The working gas has been both nitrogen and helium, with the latter 

predominating during the research. The helium supply to the light gas injector is regulated 

to a pressure of 64.3 kg/cm^ (900 psig). In order to assure that the molecular weight of the 

material in the gas injector is consistent, the pressure reservoirs are purged with helium 

prior to shooting. The traverse of the projectile along light gas injector brings the projectile 

past two pressure sensors with a spacing of 20.32 cm (8 inches). The pressure sensors, by 

sensing the time of flight between them, measure the velocity of the projectile as it travels 

toward the electric portion of the railgun. The voltage to the rails can be switched on at a 

time coincident to the entering of the projectile into the rail structure by measuring the 

injector velocity. At the pressure of 64.3 kg/cm ,̂ the light gas injector imparts a velocity of 

560 m/s with a variation of plus/minus 20 m/s. Recent changes in the design of the poppet 

valve within the injector now allows a velocity of almost 700 m/s. The total projectile 

mass is held constant in order to isolate the effects of variations in the fuse parameters. 

The mass of 1.5 g has been chosen because of the fact that with a bore diameter of 1 cm, 

coupled with the specific mass of the Lexan* projectile material, the length of the projectile 

was suitable. By using a total projectile mass of 1.5 g, the length of the projectile is 

maintained over 1 cm, assuring stability within the railgun bore. A slight variation fi-om the 



desired mass of 1.5 g is observed because of final adjustment of the projectile diameter 

after machining. 

A final parameter that must be mentioned is the pressure into which the railgun is 

fired. The railgun has a "drift tube" that serves as a projectile catch tank as well as a 

chamber in which the environment may be controlled. For the shots at Texas Tech, the 

drift tube is pumped by a rough vacuum pump to an absolute pressure in the range of 20 to 

30torr. 

The railgun at Texas Tech is instrumented with a Lecroy data acquisition system. 

Eight channels of data can be recorded during a shot. Grenerally, information for velocity 

measurement is obtained fi-om six B-dot probes. The remaining two channels into the data 

acquisition system record muzzle voltage and rail current. Pressure in the injector is 

regulated with a mechanical regulator and gauge assembly. The pressure in the drift tube is 

monitored by a thermocouple vacuum gauge, while the voltage of the PFN is monitored 

by a calibrated voltage divider meter. 

Because the goal of the current experimental railgun apparatus is to investigate the 

effect of fuse masses and materials on railgun performance, it is necessary to minimize the 

variance of parameters of the railgun operation. Throughout the course of experimental 

work, PFN voltages (and therefore rail current) have been maintained at fixed levels for 

data taking. The peak current for shots with the PFN chaiged to 4 kV varies over a 

plus/minus 2 percent range. Further information on the experimental arrangement may be 

obtained by referring to the thesis by Michael Day [3]. 



Railgun Armatures 

Various armatures have been used in railgun research at installations throughout the 

world. The armature in a railgun is a conducting medium behind (or consisting of) the 

projectile that conducts current between the rails of the railgun. The magnetic field due to 

the current creates a Lorentz force to yield a net force in the direction of the muzzle on the 

railgun, thereby accelerating the projectile. The material in which the electrons are 

conducted does not change the physics of the Lorentz force. However, in practice, the 

choice of an armature can greatly impact railgun operation. There are three main types of 

railgun armatures; these are the solid, plasma, and hybrid armatures. 

Solid Armature 

A solid armature is an assembly of metal that conducts current between the rails of 

the railgun during the entire shot. Metal-to-metal contact is maintained between the metal 

of the armature and the metal of the rail structure through the use of geometries that 

sustain outward pressure of the metallic armature against the rails. 

Plasma Armature 

The plasma armature consists of a material that is in an ionized state. For a railgun, 

the ionized region can be considered an arc due to the current density involved. Formation 

of the plasma may be initiated through the use of an exploding metal foil at the base of the 

projectile or an arc may be generated by initiating ionization of a gas behind the projectile 

[4]. The railgun at Texas Tech uses an extension of the metal foil technique. Instead of a 
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metal foil, a metal disc with a thickness much greater than foil is employed. By using the 

metal disc, the fraction of the metal vapor that participates as a component of the ionized 

plasma can be varied. 

Hybrid Armature 

A hybrid armature consists of a metallic conductor for the body of the armature. 

However, the current conduction from the rails to the metallic armature is accomplished 

through plasma "brushes" which fill the space between the metallic portion of the armature 

and the rails. A comparison of the different armatures can be seen in Figure 4. 

SOLID 

HYBRID 

PLASMA 

Nonconductive 
Projectile 
Material 

Metal 

Figure 4. Railgun Armatures 



CHAPTER m 

OPERATION AND EXPERIMENTAL PROCEDURES 

Railgun Operation 

The operation of the railgun will be described so that the details of the procedures 

and practices of the Texas Tech railgun may be understood. 

Safety Check 

Prior to a shot, the railgun system is subjected to a safety check. The safety check 

consists of verification that all floating sensors (B-dot, current transformers, voltage probes, 

etc.) are not grounded to any part of die railgun structure. Any connection of the sensors 

to ground is through the shield braid on the connecting coaxial cable on the data acquisition 

end of the coaxial cable. Next, the safety procedure involves checking for any objects 

(tools, wires, etc.) that could be the source of a conductive path between any pieces of the 

railgun which should be insulated from each other. Often, compressed air is utilized for 

eliminating electrically conducting contaminants from the railgun structure. Lastly, the 

safety grounding sticks are removed from the PFN and die bus structure. 

Projectile Loading 

In order to achieve proper operation, it is necessary that the railgun be provided 

with a projectile that has an appropriate fit to the bore. It has been found experimentally 

that the projectile should have a diameter about 0.025 mm (0.001 in.) greater than the bore 

10 



in order to provide the necessary fiiction fit (without being too tight). In practice it is 

difificuh to maintain an accuracy specification of less than 0,025 mm in the Lexan* 

projectile. By machining the projectiles to a diameter that is about 0.050 mm (0.002 in.) 

greater than the bore diameter, it is possible to fit each to the bore prior to firing. The 

reduction in diameter to 0.025 mm (0.001 in.) greater than the bore diameter is 

accomplished by sanding the periphery of the projectile with 400 grit sandpaper. A proper 

fit is judged to be attained when the projectile will slide into the breech of the railgun when 

a force of 5 to 10 kg is applied. 

Light Gas Injector Chaigjng 

For firing, air is supplied to the light gas injector at a pressure of 9.47 kg/cm^ (120 

psig). This air is used for poppet valve control purposes only; it does not participate in the 

acceleration of the projectile. Helium is supplied at a pressure of 64.3 kg/cm^ (900 psig) to 

the ligiht gas injector assembly for the purpose of projectile acceleration in the injector 

section of the railgun. While the air pressure is not very critical, it is important to 

accurately meter the helium pressure to the light gas injector. The importance is due to the 

fact that the velocity attained by the light gas injector is directly related to the pressure of 

the supplied helium. In order to accurately control the helium pressure it is important to 

understand that the helium pressure regulator possesses a finite hysteresis with respect to 

the pressure setting (by turning the control knob) versus die pressure delivered by the 

device. The helium system for the injector must be bled of its pressure through the use of 

a purge solenoid (operated from the control panel). The helium supply is turned off by the 

11 



supply valve on the helium botde. Additionally, the pressure regulator must be set to a 

pressure less dian die target pressure of 64.3 kg/cm^ (900 psig). Widi die puige solenoid 

de-energized, helium is admitted to the light gas light gas injector supply piping by slowly 

opening the helium botde control vaĥ e. The pressure will rise in die system to the set 

point of die regulator control valve. Turning die regulator vaĥ e slowly clockwise will 

allow the pressure to rise at a rate equal to that of the increasing set point pressure. As the 

desired pressure is attained, rotation of die regulator control knob is slowed (but not 

reversed at any time) until 64.3 kg/cm^ (900 psig) is read from die pressure gauge. If at 

any time the desired pressure of is exceeded, it is necessary to repeat the pressure-setting 

procedure. It should be noted that it is also important to read the pressure gauge from the 

same angile (preferably by the same person) in order that a repeatable setting is obtained. 

PFN Charging 

The pulse forming network (PFN) for the railgun at Texas Tech is capable of being 

charged to 10 kV. Charging is accomplished through a safety-interiocked constant current 

power supply. Because the current is essentially constant, the voltage rises linearly with 

time. As the voltage approaches 6 kV, the rate of charging diminishes due to increasing 

losses in the PFN capacitors as well as less current becoming available from the power 

supply. Generally speaking, the PFN was charged to either 4 kV or 6 kV for all the 

experimental work. 

12 



Design Improvements 

Improved Ignitron Operation 

Initially, the research on the railgun was plagued with repeated misfires. The 

misfires were occurring even diough die trigger system was performing correctly. For a 

time, it was thought that the projectile/fuse combination was traversing the bore without 

initiating conduction between the rails. The former theory was discarded due to the fact 

that, if the ignitron had been triggered into a conducting condition while the rails had not, 

die pulse transformer would have saturated and provided a "load" for die PFN. Saturation 

of die pulse transformer occurs in about 2 ms when 5000 V is applied to the primary 

winding. Once the muzzle voltage information became known it was obvious that the 

ignitron had not fired (with the exception of a small voltage spike shown in Figure 5). It is 

believed that the voltage spike is from the temporaiy ionization (and therefore conduction) 

of the ignitron due to the trigger pulse. 

The ignitron is a device which requires current flow in order to remain in an 

ionized state after the initiating pulse is applied to the trigger pin. It was determined that 

the reason for the lack of an ionizing current is due to the fact that when the projectile's 

fuse had not shorted the voltage between the rails, the pulse transformer appears as an 

inductive load to the ignitron. Because the pulse transformer presented essentially an 

inductive load to the ignitron, no current would flow unless voltage had been impressed 

upon the primary winding. If voltage were impressed on the primary winding of the pulse 

transformer, the current would climb at a rate proportional to the applied voltage. The 

observed voltage spike \ ^ c h is associated with the pulsing of the ignitron's trigger pin was 
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not sufficient in length or magnitude to induce a current great enough sustain ionization of 

the ignitron. 

I 
9>-

O 
> 

» • • • * ¥ > * V - -MJa-i/LAA-Jt;. i i wim » n 

Time (1 ms Per Division) 

Figure 5. Voltage Spike Associated with the Loss of Ignitron Ionization 

In order to provide sufficient current to maintain ignitron ionization, a water resistor 

was placed in parallel with the primaiy winding of the pulse transformer. Through the use 

of the water resistor, the ignitron was presented with a load that would induce the flow of 

current as soon as a voltage was present. Because of the current flow, the ignitron 

ionization was maintained until the projectile's fuse completed the circuit between the 

railgun rails. Figure 6 shows a typical shot wherein rail voltage appears for a substantial 

period of time prior to conduction of the projectile's fuse. Before installation of the water 

resistor load, such a conduction profile would almost always result in a complete misfire 

for the railgun. 
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Figure 6. An Example of a Shot with Delayed Fuse Conduction 

Triggering System 

Because the injector imparts an initial velocity to the projectile prior to its entiy into 

the rail structure, the voltage pulse must be applied to the rails at an appropriate time. 

Because of the Lorentz force, the voltage (and therefore current) must not be allowed to 

occur when the position of the projectile is afl of the centeriine of the bus. The bus enters 

the railgun perpendicular to the bore. If current were allowed to flow with the projectile 

behind the centeriine, the force would be in a direction toward the injector. In order to 

accomplish proper timing of the application of voltage to the rails, a timing system is 

incorporated. The timing system consists of a hybrid analog/digital control box and a set of 

two pressure sensors. The pressure sensors are mounted on the injector assembly. The 
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first of the two sensors is mounted 40.64 cm (16 inches) from the centeriine of the bus 

structure, while the second is mounted 8 inches from the same centeriine. The control box 

consists of threshold detectors which detect the great change in the pressure that occurs as 

the projectile passes the first sensor port. A digital output (+5 volts) from the threshold 

circuits then passes to the digital portion of the control system to start a timer. When the 

projectile passes the second pressure sensor, the timer is stopped. An L.E.D. (Light 

Emitting Diode) display shows the time-of-traverse in microseconds. After the projectile 

passes the second pressure sensor, a delay equal to the time-of-traverse passes before 

voltage is applied to the rails. Because the distance from the second pressure sensor to the 

centeriine of the bus structure is equal to the distance between pressure sensors and the 

time measured is equal to the delay, the voltage will be applied to the rails after the 

projectile has crossed the centeriine of the bus structure. The timing accuracy is 

dependent on an essentially constant projectile velocity in the sensor region. 

Recurring problems have been encountered in the trigger system. Most notably 

there have been inconsistencies in the detection of the travel of the projectile past the 

pressure sensors due to timing circuit inaccuracies. The suspected problem was cross talk 

between the two chatmels from the two pressure sensors. Because the output from the 

threshold detectors is digital and the fact diat the digital timer of the system has latching 

inputs, it can be readily appreciated diat the rising edge of the signal coming from the first 

pressure sensor will be latched by the second channel of the timer due to the cross talk. If 

cross talk were present diis action would "start" and "stop" die timing process 

simultaneously, which would produce the observed time of 000.0 microseconds. Different 
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approaches were utilized in solving the problem, eventually evolving into success in 

mitigating the problem. 

At first it was suspected that the cross talk between the two chaimels occurred 

upstream of the threshold detectors. Therefore, physical isolation and shielding of the 

signal paths were attempted. With litde success with that approach, it was assumed that 

high frequency ground currents (common mode cross talk) were responsible for the 

problem. Low pass filters were implemented in order to extend the rise time of the 

pressure sensor signals. The rise time of the electrical signals from the pressure sensors 

was increased from approximately 15 microseconds to about 50 microseconds. This too 

was unsuccessful. 

After oscilloscope measurements of the signals within the control circuit, it was 

decided that the problem must lie on the digital side of the threshold detectors. A solution 

to die problem included physical isolation of die signal paths and electrical isolation from 

high fr-equency components in the signals . The isolation means along with an improved 

threshold detector design proved to be satisfactory. 

Poppet Valve 
(A Component of the Light Gas Injector) 

The original poppet valve for the railgun consisted of an O-ring sealed aluminum 

design. A rubber bumper at the rear of the poppet served to cushion the traverse of the 

valve in the valve housing. Several problems existed with the use of an aluminum poppet 

widi the rubber bumper. The rubber bumper required replacement after every two to 

four shots. The destruction of the rubber also left particles in the injector system that were 
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then transferred to the railgun itself. In addition to the material problem, the rubber poppet 

had a tendency to block the passage of the air diat was vented from the rear poppet. If the 

air was blocked, the injector would of course misfire. Frequent misfires were a source of 

fi^quent fiustration as well as a cause of helium waste. 

In addition to the problem with the rubber bumper poppet design, there was a 

problem with the poppet being made of aluminum. The force of the backward movement 

of the poppet against the stop was sufficient to cause the poppet to "mushroom" to a larger 

diameter at the rear. After approximately every five shots, the poppet would have to be 

re-machined in order to mitigate the increase in diameter. Subsequent to a series of about 

fifteen shots, the poppet would require replacement. 

In order to alleviate the problems associated with the rubber bumper, it was decided 

to try a gas bumper design (refer to Figure 7). With the gas bumper, a partially trapped 

volume of air would be compressed and therefore assert a restoring force to the back of the 

poppet. To implement the gas cushion, the vent on the backstop of the poppet assembly 

was welded shut and drilled with a 1.59 mm (1/16 in.) drill in order to form an orifice for 

allowing the controlled passage of vent air. Because the deceleration of the poppet by a 

gas cushion would be comparable to that of the rubber bumper it was decided to use a 

stronger material for the poppet. Stainless steel was chosen for its superior strengdi. 

The new stainless steel poppet was similar in design to the former aluminum poppet 

with some notable changes. For the stainless (stainless will be used interchangeably with 

stainless steel) poppet, it was necessary to make the entire rear of the poppet flat so that 

there would be no appreciable clearance volume when die poppet was at the rear position 
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Figure 7. Poppet Design Utilizing a Gas Bumper 

(resting against the backstop) in the valve body. By eliminating the clearance volume, it 

was impossible for the poppet to travel all the way to the backstop without expelling the 

trapped air at a controlled rate through die orifice. If the clearance volume still existed, it 

would be possible to have metal-to-metal contact which would result in mechanical 

damage. 

Another notable design change that was used in the stainless poppet was in the 

arrangement of the O-ring seals. Traditional O-ring design calls for the use of a chaimel 

which is slightly shallower and wider than the diameter of the O-ring. This allows the 

O-ring to compress between the bottom of the O-ring channel (in the poppet) and the 

cylinder wall of the valve body. The aluminum poppet utilized the conventional design. 

While diis design is acceptable for most applications, it proved to be detrimental in the 

railgun. O-ring destruction was very common (once-per-shot was not unusual) due to the 
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shearing action as the O-rings passed the ports of the pressure cylinders. It became 

obvious that the O-rings were protruding too forcefully into die ports. Therefore, a design 

was implemented wherein the O-ring channels in the poppet were designed to have a depth 

greater dian the diameter of die O-ring and a width slightly less. The deeper channel 

allowed the elastic ring to expand against the cylinder wall of the valve body due to hoop 

force. The slightly narrowed channel allowed low-leakage sealing against the pressures 

experienced by the poppet. 

By implementing the design changes, the force required to move the popped was 

reduced from approximately 4.5 kg (9.92 lb.) to ^)proximately 170 g (6 ounces). In 

addition to the reduction in the force required for poppet movement, O-ring life increased 

dramatically. After approximately fifty shots, there is no visible damage or operational 

impairment of the O-rings. Figure 8 shows the original and new poppet designs. The 

effect of the design changes for the poppet valve can be summarized to include very low 

maintenance (no maintenance for approximately fifty shots), and increased velocity. The 

average velocity using the former poppet was in the 560 m/s range, while the average 

velocity for the stainless poppet was in the 700 m/s range. In both cases, 64.3 kg/cm^ (900 

psig) helium pressure was used in the gas cylinders on the light gas injector. 

Experimental Procedures 

The goal of the railgun experiment at Texas Tech University was to gain 

information about the effects of fuse masses and materials on railgun operation. The 

effects observed have not been limited to velocity alone; multiple arc formation and the 
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Original Design 

Improved Design 

Figure 8. Original and Revised Poppet Designs 

initial break down of the fuse also appear to be impacted by the fuse material. These 

features will be discussed in greater detail later in the paper. 

For the experiment at Texas Tech, care was taken to preserve bore condition as 

much as possible. In order to be able to take enough shots to complete a data set prior to 

re-reaming, it was necessary to observe an order in which shots were taken. Because rail 

erosion and pitting becomes worse at a greater rate with continuing use, it was found to be 

important to start a series of shots with fuses of the least mass and progress to fuses of 

increasing mass. 

Control of Experimental Parameters 

Maintenance of Fuse and Projectile Masses 

In order to accurately assess the effect of variations of fuse mass on railgun 

performance it is necessary to assemble a fuse/projectile combination in a consistent 
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manner. At first inspection, the task would seem to be a simple one; however, an 

organized approach was found to be necessary in order expedite die fabrication of the 

projectiles. 

The first task in producing fuses was cutting and weighing the fuse pieces. After 

turning a rod of aluminum to size on a lathe, a diamond-bladed saw was utilized to cut the 

aluminum to appropriate thickness for the desired masses of 0.05 to 1.15 grams. Note that 

the diamond saw was lubricated with a petroleum-based cutting fluid during the cutting 

operation to alleviate galling of the aluminum material. In order to produce fuses of the 

desired mass, the specific mass of the aluminum (units for the specific mass are grams/cm )̂ 

was utilized in conjunction with the calculation of volume so that the fuses could be cut to 

prescribed thicknesses. Because the aluminum was subject to curling around the edges of 

the fuse (due to the cutting operation), an allowance of an extra mass of 10 percent was 

utilized in the thinner fuses. After cutting, die fuses were cleaned with solvent and 

weighed. Final weight (mass) adjustment was accomplished by sanding with 400 grit 

sandpaper. 

After a fuse was constructed with a desired mass, the task was to produce a 

projectile whose total mass was 1.5 grams. Similarly to the fuse material, the projectile 

body was machined from Lexan* to a lengdi prescribed by the specific weight and 

diameter of the projectile. Because the epoxy bond between the fuse and projectile body 

added mass it was necessary to sand the nose of the projectile in order to obtain a final 

mass of 1.5 grams for the fuse/projectile combination. For projectiles constructed with 

fuse masses greater than 0.4 grams, it was necessaiy to use a projectile lengdi essentially 
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equal to the diameter of the bore in order to insure stability of the projectile while 

traversing the bore of the railgun. However, with the lengdi of the projectile equal to its 

diameter, the mass exceeded 1.5 grams. Therefore, material was removed (using a drill 

bit) from the center of the front of the projectile to bring the mass back to 1.5 grams. 

Conlrnl of T ight OaQ Ejector Velocity 

The velocity that the Ught gas injector imparts on the projectile is directly related to 

the helium pressure stored in the pressure cylinders on the injector assembly. Helium 

pressure is controlled by a mechanical regulator similar to those found on cylinders for 

welding service. The most important objective in maintaining a consistent light gas injector 

velocity is the preservation of an unchanging pressure supply. Pressure regulator 

adjustment is discussed in the section on railgun operation that discusses the light gas 

injector. 

Maintaining Current and Voltage Parameters 

The current to the railgun is a parameter that is determined principally from the 

design of the pulse forming network. However, the peak current as well as the value of the 

current over time is effected by not only the arc resistance, but also the inductance inherent 

in the structure of the railgun apparatus. Because the railgun apparatus itself is essentially 

constant in its characteristics, the current to the rails is controlled by changing the voltage to 

which die PFN is chained. For die majority of activity, die railgun was charged to 4000 
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Volts. A graph of peak currents for a collection of shots is shown in Figure 9. The peak 

currents occur in the range of 180 kA with a variation of approximately ±5 percent. 
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Figure 9. Peak Currents for a Collection of Railgun Shots 

Bflilgim Rore Maintenance 

Because the focus of the investigation of the research is the effect of fiise 

characteristics on velocity, it was necessaiy to maintain die bore of die railgun in a 

satisfactory condition. The railgun bore was designed to be a 1 cm round bore. Therefore, 

a standard reamer may be used in order to "clean up" die bore as well as for resizing 

purposes. Because die lengdi of die injector/railgun assembly is on die order of du-ee 

metere, it was immediately concluded diat die standard mediod of pushing a reamer would 

not be satisfactory. In addition, die reamer would have to be of a spiral radier dian straight 
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flute design. This is due to the linear structure of the copper rails and Lexan* rail 

insulation. 

Standard spiral flute reamers were purchased for the purpose of cleaning and sizing 

the railgun bore. In order to realize accurate reaming with the high aspect ratio bore 

(lengdi much greater than the diameter) the reamer was sharpened on the rear of the flutes 

using a grinding wheel. Because the sharpened edges of the flutes must be equidistant 

along the axis of the cutter, a jig was devised which maintained the angle as well as the 

depdi of the sharpening cuts. Once the rear of the flutes were sharpened, the reamer was 

then TIG (Tungsten Inert Gas) welded to a stainless steel rod approximately 3.66 m (12 

feet) in lengdi. Because the rod was significantly smaller than the bore diameter, it was 

necessary to install spacing rings around the body of the reamer. On some instances, when 

the rod was very much smaller than the bore, spacing rings were installed on the stainless 

steel rod as well. The rings were made of various materials including Lexan*, 

polyethylene, and phenolic. Lexan* proved to be the most desirable material due to its 

tenacity when glued to the stainless shaft. A powerfiil electric drill was employed for 

rotating the reamer during the bore operations. 

At the beginning of railgun operations the bore was swabbed with lubricant during 

reaming. The swabbing took the form of mounting an oil-soaked clodi to a rod and 

passing it down die bore. In addition to lubrication, die swabbing also aided in die removal 

of cuttings from the reaming operation. Unfortunately, the necessary alternating process of 

reaming and swabbing was quite tedious and required die utilization of two persons for the 
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procedure. It usually required from four to eight man-hours of work in order to complete 

one reaming operation. 

In order to reduce the time involved in boring the railgun, as well as to increase the 

boring accuracy, a forced-circulation cutting oil system was installed. The oil system 

consisted of several lengdis of tubing, an oil reservoir, a machined and O-ring sealed fitting 

for feeding the oil into the bore, and a circulating pump. Through the use of a filter sock 

in the oil reservoir, the cuttings from the boring operation were filtered out. The filtering 

action allowed a limited quantity (1 liter) of oil to be recirculated continuously. The salient 

feature of the circulating pump was that it was a vane pump with a rubber impeller. The 

advantage of this construction is that the pump is capable of self-priming, yet will not cause 

excessive pressure at low flow rates. By using the oil circulation system, the time required 

for a reaming operation was reduced to about twenty minutes. In addition to the time that 

was saved through the use of the bore lubrication system, there was also a great 

improvement in the quality of the bore in that surface gouging was minimized. 

Measurement of Experimental Parameters 

Drift Tube Absolute Pressure 

The drift tube absolute pressure is measured by means of a thermocouple vacuum 

transducer coupled to an associated gauge for read out. Isolation between the transducer 

and die pressure wave that is experienced during a shot is accomplished through the use of 
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a small block valve. After a vacuum is established and the absolute pressure is recorded, 

the valve is shut in order to block flow between the drift tube and the thermocouple sensor. 

Light Gas Injector Velocity 

The trigger system (described in another section of this paper) was utilized not only 

to trigger the pulsing of the ignitron, it also recorded the time it takes for the projectile to 

traverse the distance between the two pressure sensors that were mounted on the injector. 

Timing within the trigger system was accomplished through the use of a crystal-controlled 

clock coupled to a set of binary coded decimal (BCD) counters. The output from the 

BCD counters is applied to decoders which drive a light emitting diode (LED) display. 

The time was displayed in units of microseconds with a resolution of 0.1 microsecond and 

a range from 0.0 to 999.9 microseconds. 

\/Tii77lp. Vnltflp;e. 

Muzzle voltage measurements were not incorporated during the beginning of the 

railgun activity. However, it was decided that bore voltage measurements could provide 

valuable information. Most importantly, die bore voltage can be used to determine when 

voltage is applied to die rails. By looking at die time lag between die application of voltage 

and the beginning of observing rail current, one can qualitatively ascertain the suitability of 

various materials for use as a fusing element. Such statistical data provides die quantitative 

aspect of judging diose materials which posses desirable properties for use as a fuse 

material. 
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Various schemes were reviewed for use in measuring the muzzle voltage. One 

characteristic of the measuring apparatus that was considered to be essential was electrical 

isolation of the data acquisition equipment from the rails. A Pearson coil (a research grade 

current transformer) was used for the purpose of measuring the rail voltage (refer to Figure 

10). In order to measure the rail voltage through the use of a current transformer, a 

resistor was utilized in series with the circuit. Therefore, a current proportional to the rail 

voltage would be measured by die Pearson coil. The advantage of using the Pearson coil 

arrangement to measure voltage is that voltage measurement is accomplished without direct 

connection between the data acquisition equipment and the rails of the railgun. In order to 

achieve an adequate frequency response, the Pearson coil was terminated into 50 ohm 

transmission line \ ^ c h had attached to it a matched 50 ohm load (the 50 ohm load was 

presented by the data acquisition equipment). 

Connections to Railgun Muzzle 

BNC Connector 
to Data Acquisition 

Figure 10. Pearson Coil Setup to Measure Muzzle Voltage 
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Validation of Velocity Measurements 

In all of die velocity data, one will take note of the fact that there exists a very 

"peaky" velocity profile. That is to say that the velocity rapidly increases as the projectile 

traverses the railgun, and then rapidly decreases from about the midpoint of the gun to the 

muzzle. One of the disturbing aspects of the deceleration phase is that the force required 

for the deceleration must be accounted for (of course, the force for acceleration is known 

to be the Lorentz force). One will note that the rate of deceleration (and therefore the 

force of deceleration) is almost equal to that of the acceleration phase of a firing. 

It becomes obvious that there may be a problem inherent in the way that the 

projectile velocity is measured. In fact, the projectile velocity is not measured; but the 

velocity of the maximimi current density region of the plasma is measured. In order for 

the plasma velocity measurement to be an indicator of the projectile velocity, the plasma 

must closely follow the projectile as it traverses the bore of the railgun. 

Analysis of Forces Acting on the Projectile 

When one observes the apparent deceleration of the projectile during the last half 

of the travel of the projectile down the railgun bore, it becomes clear that there would have 

to be a great decelerating force acting upon the projectile. Projectiles have been fired 

through the gun that were caught using a "soft" catch. The catching mechanism is a stack 

of phone books within die catch tank of die railgun apparatus. In addition to die ability of 

the soft catch to decelerate die projectile, it also possesses die property of confining the 

radial expansion of the projectile. 
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Subsequent to observing the projectiles from the soft catch, it was noted that there 

existed very litde damage to the periphery of the projectile which contacts die bore. There 

appeared to be no channels or other signs of the passage of plasma past the projectile. In 

addition, there existed no damage due to the stripping of Lexan* from the projectile as it 

passed down the bore of the railgun. The fact diat there was litde damage led to the 

speculation that the projectile was not decelerating to the extent revealed from the B-dot 

data. The decelerating force that would be applied to the projectile, given the projectile's 

dimensions and material properties, would cause severe damage (if not destruction) [5]. 

The damage would occur because the shear strengdi of the Lexan* would be exceeded if 

die projectile were decelerating as quickly as the B-dot data would indicate. In order to 

evaluate die magnitude of die forces that the projectile would experience due to 

acceleration and deceleration, die velocity profile of an example shot was utilized (Figure 

11). In order to approximate the continuous velocity profile from the limited number of 

data points, hyperi)olic curve fitting was employed to yield a smoodi curve (Figure 12). 

One win note that die data reveals die acceleration and deceleration of the projectile is 

based solely upon die mass of die projectile and die changes in velocity diat were recorded 

(Figure 13). In fact, die apparent force acting to decelerate diat projectile would have to be 

greater dian diat indicated if die plasma (widi die Lorentz force) were "pushing" die 

projectile at a force proportional to die square of die current. Figure 14 shows the curve of 

apparent force acting on the projectile. 
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Figure 11. Velocity from B-dot Data 
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B-dot Probe Modeling 

In order to determine whether die plasma was following the projectile accurately, it 

was decided to incorporate a madiematical modeling of die response of the B-dot probes to 

die movement of die current-carrying plasma. Modeling was done so diat B-dot probe 

data could be interpreted in a meaningful manner. 

For a plasma traveling down the railgun bore, the force acting on the plasma is 

essentially proportional to die square of die current flow through it. As die — of the 
dt 

current waveform applied to the railgun becomes negative, the hydrodynamic drag of the 

plasma against the railgun bore would provide the decelerating force which would slow the 

movement of the plasma [6], 

As the current (and therefore the distributed force applied to the plasma) decreases 

on the trailing edge of the current waveform, one can easily see that the plasma would 

expand to become lower in density. The expansion of the plasma would have the 

ramification that the confines of the ionized plasma region would become more difliise, 

therefore causing measurement uncertainty. The broadening of the moving 

current-canying plasma would be revealed by the B-dot probe signals. Expansion of the 

plasma would cause the center of the current density to move away from the rear of the 

projectile. The separation would cause an apparent reduction of the measured velocity 

even though the projectile's velocity may not have diminished. Because B-dot probe data 

are with respect to time, the apparent lengdi (in time) of the passing plasma will be called 

A/. The physical length of the plasma is may be found by taking into account Ar along 
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with the velocity of the plasma as it passes the B-dot probe. Velocity of the plasma was 

determined by the time the plasma took to travel past each pair of B-dot probes. 

plasmalength = velocity -A/ . (1) 

By using this method, the average velocity was known between any pair of B-dot probes at 

the point midway between each pair. Curve-fitting of velocity data was used in order to 

extrapolate the velocity at the B-dot probe positions. The curve-fitted velocity data shown 

previously in Figure 12 will be used for determining the velocity at each B-dot probe 

position. It is necessary to use the curve-fitted data because the B-dot information yields 

velocity data from pairs of B-dot probes. Simply put, B-dot information measures the 

velocity between pairs of B-dot probes, not at the probes. In the case of the railgun, 

velocity has been calculated in km/s and time in milliseconds. Therefore, the length of the 

plasma in meters can be calculated. 

1 1 .u ^ 1000y» 1 sec ,̂ x 
plasmalengthrr^ters = T^ ' —r— -msec . (2) sec km 1000/wsec 

Simplify plasmalength to: 

plasmalength meters - Vi7«/sec • A/msec • ( 3 ) 

For each B-dot probe, die plasma lengdi was calculated using die curve-fitted velocity data 

(Figure 12) taken at the time die plasma current density center (where die B-dot curve 
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passes through zero) passed the B-dot probe, in conjunction widi the A/ for each given 

B-dot probe. From B-dot data, a graph is presented depicting the current waveform and 

80,000 A/Divisiori 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.̂  
Time (ms) 

\ftfjniJfif^ 

Figure 15. Plasma Length and Current 

the associated length of the plasma on the same axis (Figure 15). 

To determine the lengdi of the plasma it is necessary to define a current density 

function which will represent the confines of the plasma. This necessity is due to the fact 

that the plasma's current distribution is continuous with no sharp boundaries [7]. The value 

of the current density considered to bound the plasma was arbitrarily chosen to be 5 

percent of the maximum. The value of 5 percent was chosen so that 90 percent of the 

current would be included within die specified bounds (essentially all of the current). A 

percentage was applied instead of an absolute quantity because the current waveform (due 

to the railgun's PFN) modulates the amplitude of the current distribution. 
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In order to implement modeling of the B-dot probes' response to the moving 

magnetic field of die current-carrying plasma the inverse-square law was utilized (die 

proportionality term in die Biot-Savart law) [8], Because the current flow from rail-to-rail 

is perpendicular to the axis of the rails, the magnetic field generated due to the current flow 

will be oriented azimuthally around the current. 

Once the assumption of die direction of die B-field is established, die plasma can 

then be modeled as a collection of current-canying filaments. Each filament can be 

assigned a value of current and the aggregate effect of all of the filaments on die B-dot 

probe response can then be assessed. So far, two assumptions have been made; (1) 

Current flow is perpendicular to the rail structure with its associated B-field structure. (2) 

The magnitude of the B-field reduces in value with the square of the distance away from 

the current-carrying filament. Figure 16 shows the current filament and the orientation of 

the B-field from it. 

Figure 16. Current Flow with its Associated Magnetic Field 

The B-dot probe itself can be modeled by considering it to be a "magnetic field 

sensor." However, the response of the B-dot probe will be dependent upon both the 

36 



magnitude and the direction, as well as the rate of change, of the incident B-field. In fact, 

the response will be proportional to the differential with respect to time of the product of 

the magnitude of the B-field and the cosine of the angle (measured relative to the axis of 

the B-dot probe) of the incident magnetic field, corresponding to the B-dot's axial 

component of the B-field vector. 

Referring to Figure 17. one will note diat if die incident B-field is from die y-axis 

direction, the response of the B-dot probe will be at a maximum. Conversely, if the B-field 

is incident from a direction parallel to the x-axis, the B-dot probe will have no response to 

die B-field. 

Ay Probe Responds to Axial 
Component of B-field 

No Response to Perpendicular 
Component of B-field 

B-dot Probe 

y-axis is along the 
long axis of railgun 

Figure 17. Establishment of B-dot Orientation 
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For the discussion that follows, the following variables will be defined (Figure 18 

utilizes these variables): 

Yô 'The position of B-dot probe along axis of gun, 

x^=Position of B-dot probe from the bore centeriine, 

x=Position of current filament from bore centeriine, 

y=Po8ition of current filament along bore centeriine, 

d=Di5tance from current filament to B-dot probe, 

B =The angle made by a line drawn from a B-dot probe to, 

a current filament with respect to the x-axis, 

0=The angle of the B-field made by a current filament with 

respect to the x-axis, 

Bdot=Voltage from B-dot probe due to one current filament, 

BDOT=B-dot probe voltage due to a collection of current filaments. 

B-dot at 

o'̂ o 

Current Filament 
atx,y 

• > x 

Bore of Gun 

Figure 18. Nomenclature of Bore Arrangement for Analysis 
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The vector, D, can be represented by the following expression (refer to Figure 

18): 

D ^{x-Xo)i-^(y-yo)j . (4) 

The magnitude of D is c?, the distance between the current filament and the B-dot probe. 

d=^(x-Xof^(y-yof • (5) 

The angle of D is given by: 

'=^-'\j^} • (6) 

The magnetic field from the current filament is perpendicular to the D vector in the 

clockwise direction (clockwise due to the current flow being assumed "into" the page), 

therefore the angle, 0, will be defined to express its direction. 

0 = ̂  + 1 . (7) 

Substituting 6 from Equation (6) into Equation (7), the following equation results: 

^ = t--'(S)-f- (8) 

Due to the B-dot probe responding to the axial component (y-axis component) of the 

B-field, the response will be proportional to the sine of 0 (keeping in mind that 0 is taken 
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widi respect to the x-axis, not the axis of die B-dot probe). Because die B-dot responds to 

die time derivative of die changing B-field, one can use die assumption of a constant 

plasma velocity in order to utilize die derivative in space. 

KO = J velocity(r)dr . (9) 

Let velocityij) = C, where C is a constant. 

y(t)=j[cdr = C-t . (10) 

Now, notice diat die position, y(t), is proportional to time. Therefore, die derivative with 

respect to time can be equated (by proportionality) to the derivative in space [9]. 

y « / • (11) 

In the case of the treatment of the plasma in the railgim, the derivative will be taken with 

respect to the long axis of the railgun; the y-axis. Recall that the plasma is represented by 

a moving current filament (with a current /). 

'•-^>=il^') (12) 
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Note that 0 and d are functions of y, therefore the differential may be taken (/ will be 

considered to be constant) with respect to y, substituting 0 from Equation (8) to yield the 

following expression for the response of the B-dot probe. 

Bdot{y) = -^ 
dy 

sm tan -1 
U-̂ oJ "̂  2 

(x-xof -^(y-yo) 
(13) 

The argument of the differential can then be simplified to yield: 

Bdot(y) = -j-d_ 
dy 2.3/2 

Xx^ -2x-Xo+xl ^y^ - 2y -yo +yl) 
•(x-Xo) (14) 

Take the differential with respect to y. 

Bdot(y) = -3 / 
2(x2 -Ix-xo +jc; -^y^ -2yyo +yl) 

5/2-(^-^o)-(23^-2>'o) (15) 

A graph of Bdot(y) shows that the curve is very similar to the expected curve displayed by 

experiment (Figure 19). 
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Figure 19. Graph of Calculated B-dot Probe Response to a Single Current Filament 

A single current filament, however, does not closely resemble the reality of a plasma of 

finite length. Note that in Figure 19, the B-dot probe is modeled having a location 16 mm 

away from the bore centeriine, the same as the distance in the Texas Tech railgun. 

The B-dot response has, thus far, been considered only with the effect of a single 

current filament passing down the railgun bore. Now, a group of current filaments will be 

considered. In actuality, the group of current filaments will be represented by a continuous 

current distribution. The distribution of the current will take the form of a function 

dependent ony only. Taking the current distribution I{y) considering only the axis along 

the gun (y-axis) is permissible given the assumption that the current distribution in a railgun 

plasma is long compared to the bore diameter [10], A probable distribution for the current 

in a railgun plasma can be approximated by the Gamma Distribution. The Gamma 
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distribution is represented by the following equation where a and ^ have the effect of 

changing the shape of the distribution. 

1 ^ 

, elsewhere. 
iS"r(a) 
= 0 

(16) 

/̂  is a scaling parameter that allows the peak value of I(y) to be adjusted. By 

adjusting a and (S, the distribution shown in Figure 20 was obtained. 

o 
CO 

I 
^00-300 -200 -100 0 100 200 300 400 

y (nun) 

Figure 20. A Sample Current Distribution for a Railgun Plasma. 

Extending the stationary plasma current distribution to a moving distribution, a simulation 

of the plasma moving along the railgun bore (y-axis) is shown in Figure 21. While Figure 

21 shows a moving current distribution, the same effect can be obtained with a stationary 

current distribution. By "moving" the B-dot probe along the y-axis, the computation and 

notation is simplified. In order to correctly model the effect of the current distribution on 
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Figure 21. Plasma Movement Represented By Moving Current Distribution 

the B-dot probe, the B-field must be integrated from the contributing parts of the entire 

distribution for a given B-dot position, y^: 

BDOT(yo) = J"̂  Bdot(y,yo) -I(y) dy (17) 

The Gamma Distribution has no closed form [11]; therefore, the integration must be 

accomplished numerically. An aid to the process is the fact that the limits of integration do 

not have to encompass the entire real line. Instead, only the significandy contributing 

portion ofify) need be included. Therefore, for the given example of die current 

distribution I(y) presented in Equation (16), die limits from>^0 to>'=200 will be utilized: 

r200 
BDOT(yo) = ]^ Bdot(y,ya)-I(y)dy (18) 
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Figure 22 shows the modeled B-dot probe response of the moving current distribution of 

Figure 21, 
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Figure 22. Modeled B-dot Probe Response to an Asymmetrical Current Distribution 
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Figure 23. B-dot Signal Depicting the Result from an Asymmetrical Current Distribution 
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Figure 23 compares die modeled B-Dot signal of Figure 22 to an experimentally derived 

B-dot signal diat exhibits die character of an asymmetrical current distribution. 

The purpose of modeling the response of the B-dot probes is to determine if the 

resolution of a B-dot probe, given its position relative to the bore centeriine (16 mm from 

the bore centeriine), was sufficient to reveal the true shape of the current distribution 

without resorting to deconvolution of the B-dot signals. In order to establish the resolution 

of the B-dot probes (by modeling), a "test" current distribution is used. The distribution is 

defined according to the following equation (u is the unit step function). 

/(V) = MO + 200) - MCV) + ttCv - 50) - MCV - 100) + MO - 150) - MO - 300) (19) 

A graph of the distribution of I(y) is shown in Figure 24. I(y) was chosen to be the shape 

shown in Figure 24 in order that the resolution of the B-dot probe could be tested, given 

significant contributions from the distributions of current on either side of the central one 
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Figure 24. A Test Current Distribution 

46 



located between y=50 and y=100. A graph of a B-dot probe's calculated response is 

shown in Figure 25, 
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Figure 25. Calculated B-dot Probe Response to Test Current Distribution 

As one can observe, the B-dot probe is not completely swamped by the contributions from 

the current distributions located to the sides of the central one. A graph of the integrated 

B-dot signal is shown in Figure 26. A change of sign of the integrated B-dot signal is used 

to "flip" the graph to match the positive vertical axis with that of I(y). 

The conclusion drawn from modeling the B-dot probe's response to a moving 

current distribution is that the distribution will essentially be faithfully reproduced. The 

resolution of the B-dot signal will be considered to be approximately 50 mm. Therefore, 

considering that the plasma lengdis shown ui Figure 15 vary from 200 to 300 mm in 

length, the resolution can be considered sufficiently fine to utilize integrated B-dot probe 
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signals (from experimental data) to display the current distribution of die plasma passing by 

the probes. 
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Figure 26. Integrated B-dot Signal from Test Current Distribution 

Interpreting B-dot Data 

The interpretation of the B-dot data can be accomplished more completely given 

the information gained from the modeling of the B-dot probes. From modeling, the 

assimiption that the current distribution of the plasma will be reproduced from integrated 

B-dot data will be used for interpreting the velocity data for the railgun. For the shot 

TEMP3_23.DAT, velocity data are shown in Figure 27. The velocity is calculated 

according to the following formula: 

- f (20) 
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For the railgun at Texas Tech, the distance between B-dot probes, d, is 203.2 mm (8 

inches). 
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Figure 27. Velocity Based on Raw B-dot Data (TEMP3_23.DAT) 

Six B-dot probes were coimected to the data acquisition system; therefore, five data 

points are presented. The time shown in the horizontal axis for each data point is the 

average time taken between each pair of B-dot probes in succession. Velocity data shown 

in Figure 27 was curve-fitted in order that the velocity could be calculated at each B-dot 

probe. The curve-fitted velocity data are used to determine the velocity at each B-dot 

probe location. Presented earlier. Equation (3) multiplies die velocity at a given B-dot 

probe by At, the lengdi of the plasma in meters (refer back to Figure 15). While Figure 15 

shows the lengdi of the plasma on the same axis with the rail current, it does not reveal the 
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center of the current density relative to the projectile. Because the B-dot probe modeling 

demonstrated that it is acceptable to use integrated B-dot signals to determine the current 

distribution, the shape of the current distribution at each B-dot probe is shown in Figure 

28. 
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Figure 28. Integrated B-dot Signals for Shot TEMP3_23.DAT 
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The horizontal axes of the graphs of Figure 28 arc scaled in jc-2.5/Ltscc, where x 'r& 

the number on the graph. The scaling is the result of a 2.5/isec per sample data rate for the 

data acquisition equipment. Scaling for the vertical axis is arbitrary. (Figure 28 is intended 

to show the shape of the current distribution.) Because the graphs are shown with time as 

the horizontal axis, the "leading" edge of the current distribution in space will be found 

toward the left side of the graph. 

From Figure 28, the time between the apex of the current distribution and the 

leading edge of the current distribution will be used for extrapolating the velocity profile of 

the projectile based on B-dot data. The variable. At, will be used to describe the time 

between the apex and leading edge of the current distribution, and Equation (3) will be 

used to determine the distance between the center of the current distribution and the 

leading edge of the plasma. The first B-dot probe (number 2) will be considered to be the 

origin and will be designated to be at zero distance along the railgun. However, a 

correction will be applied wherein the distance between the current distribution's center and 

the leading edge will be added to the location of each B-dot to yield a (projected) position 

of the projectile along the railgun corresponding with the times associated with the passing 

of the current center past each B-dot probe (refer to Table 1). The data are from shot 

TEMP3_23.DAT. 

The data in Table 1 are used to construct a graph of velocity (of die projectile) 

versus time (Figure 29 displays the graph). The velocity will be derived from die 

time-of-flight between data points, and the distances from the corrected projectile positions 

(refer to Table 1 for corrected positions). 
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Table 1: Tabulation of Projected Projectile Positions and Times 

B-dot 

2 
3 
4 
5 
6 
7 

Time 
(ms) 

0 
0,18 
0.32 
0.4 
0.52 
0.85 

At 
(ms) 

0.118 
0.073 
0.073 
0.095 
0.082 
0.093 

Distance 
(cm) 

13.3 
9.6 
13.5 
19,1 
12.0 
5.8 

Corrected Projectile Position 
(cm) 

13.3 
29.9 
54.1 
80.0 
93.2 
107.4 
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Figure 29, Projected Projectile Velocity Based on B-dot Data 
Taking into Account the Current Distribution 
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At first the expectation was that the accounting of the shape of the current 

distribution (at each B-dot probe position) would enable the B-dot data to more accurately 

plot the velocity of the projectile. Unfortunately, in order for the correction to work, it is 

necessary that the leading edge of the current distribution to contact the rear of the 

projectile. Until the ^ of the rail current profile passes through zero, there appears to be 

agreement between the corrected and raw B-dot data (corrected data shows a slightly 

higher peak velocity). The immediate conclusion that one comes to is that the B-dot data 

caimot be relied upon to give accurate velocity data (in a plasma armature railgun) after the 

^ becomes negative; therefore, the experimental data will be presented using the peak 
dt 

velocity attained for each shot, according to the B-dot data. The peak velocity has, in 

every case, corresponded near to or slightly before the peak current recorded for each shot. 
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CHAPTER IV 

RESULTS 

Effects of Fuse Mass Variation 

In order to evaluate the effect of fuse mass on the railgun operation, aluminum 

fuses were constructed to match the diameter of the Lexan* projectile. The fuses were 

bonded to the projectile using epoxy resin. The aluminum fuses primarily encompassed a 

range of mass from 0.05 g to 1.15 g (several fuses of greater mass were tried). As 

mentioned before, the total projectile mass was held near to 1.5 g in order that the total 

mass of accelerated material remained the same. 

Data were collected using the Lecroy acquisition system. For the majority of shots 

used in the presentation of data, the rail current (as measured through the interposed pulse 

transformer between the PFN and the rails) and the signals from seven B-dot probes were 

recorded. In addition, injector helium pressure, PFN voltage, fuse mass, projectile mass, 

and a subjective assessment of the bore condition were recorded. Later in the course of 

research, the data from one B-dot channel was sacrificed in order to measure the muzzle 

voltage. Measuring the muzzle voltage yielded information, as mentioned earlier, about the 

conduction characteristics of die fuse within the bore. An example of typical data 

acquisition signals generated by a single shot is shown in Figure 30. 

The data for a given shot was made meaningful by using die start of current flow 

into the rails as a reference time in order to measure the traverse of the current-carrying 

plasma. B-dot probes, with a spacing of 203.2 mm (8 inches), allowed measuring the 
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velocity of the movement of the plasma along the length of the railgun. Because each pair 

of B-dot probes provided one data point for velocity, either five or six data points were 

gathered for each shot (corresponding to the six or seven B-dot probes used through the 

course of the research). Because the focus of the research on the railgun was to gain 

566 aU/diu 
566 us/diu 

566 aU/diu 
566 us/diu 

566 aU/diu 
566 us/diu 

566 MU/diu 
566 us/diu 
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Figure 30. Waveforms Observed from the Lecroy Data Acquisition Equipment 
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information about the effect of fuse mass on railgun performance, a measurement of the 

peak velocity of the plasma within the railgun was utilized. 

The vertex in die bottom trace (rail current) is used as die reference time t^ (Figure 

30). All of die times (tj, tj, etc.) for die plasma passing die B-dot probes relies on diat 

reference. Velocity is determined by taking distance between each pair of B-dot probes 

(203.3 mm) and dividing by die time that it takes the plasma to travel between the 

corresponding pair of probes. Appropriate conversion is applied to yield the velocity in the 

units km/s. Because the resulting velocity measurement reveals the average velocity 

between the B-dot probes, the assumption that the velocity between a given pair of B-dot 

probes is essentially constant is used. Therefore, a velocity measurement will be 

considered to apply at a time that is the average of the times that the plasma passes each of 

the B-dot probes in the B-dot probe pair. From Figure 30 (above), the Lecroy Data 

Acquisition software reports the times shown in Table 2, 

Table 2: A Typical Set of Times Derived from B-dot Probe Data 

Designation 

«o 

ti 

^ 

t, 

U 

t5 

^6 

h 

Time (ms) 

3,09 

3.405 

3.55 

3.678 

3.787 

3.915 

4.065 

4.282 

Time Normalized to i^ (ms) 

0 

0.315 

0.46 

0.588 

0.697 

0.825 

0.975 

1.192 
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Once the data are normalized to t̂  the time difference between each pair of B-dot 

probes is computed and the average of the times for each pair of B-dot probes is 

designated in die form t̂ ^ where x=l for the first pair of B-dot probes. The "p" in the 

subscript refers to the time average for a pair of B-dot probes. Taking the data from Table 

2, the time differences, At, are computed as well as the average times from pairs of B-dot 

probes, t̂ ^ (Table 3). 

Table 3: Tabulation of B-dot Probe Data Used for Velocity Determination 

Designation Normalized Time Difference Time Average Time Average 
Time (ms) At (ms) for B-dot Pair (ms) Designation 

to 

t2 

t, 

t4 

t5 

% 

h 

0 

0.315 

0.46 

0.588 

0.697 

0.825 

0.975 

1.192 

> 

> 

> 

> 

> 

> 
^y^ 

N/A 

0.145 

0.128 

0.109 

0.128 

0.15 

0.217 

N/A 

0.388 

0.524 

0.643 

0.761 

0.9 

1.084 

tp2 

tp3 

tp4 

tp3 

tp6 
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The At's (along with the B-dot spacing) are used to compute velocities corresponding with 

the tp̂ 's. A graph of the velocity profile derived from the data in Table 3 is shown in 

Figure 31. In this case, the peak velocity is 1.86 km/s. Later, a collection of peak 

velocities will be plotted against different fuse masses that were incorporated throughout 

the research on the railgun. 
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Figure 31. Velocity Profile Derived from B-dot Data 

At one point, curve-fitting was considered for modeling the velocity profile of the 

plasma between the data points generated from the B-dot probe velocity measurements. 

However, curve-fitting was discarded for generating a continuous velocity profile due to 

the discrepancies diat occur when different fitting techniques are used. Further, die peak 
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velocity reported by curve-fitted data would exhibit a dependency on the velocity profile 

both before and after the peak. An example of the marked discrepancy in the peak 

velocity, as well as the time to peak velocity, produced by two different curve-fitting 

techniques is shown in Figure 32. Note that the measured velocity data points are the same 

for both graphs. 
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Figure 32. Different Peak Velocities Reported By Different Curve-Fitting Methods 
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Figure 33 depicts the peak velocity (within the railgun based on plasma 

measurement; not muzzle velocity) obtained using the various fuse masses. With the 

exception of the shot in which the fuse mass is just under 0.14 g, there is a trend toward 

higher peak velocities widi greater fuse masses until a fuse mass of 0.4 g is exceeded. The 

larger fuses (those greater than 0.5 g) have a marked tendency to experience restrikes. 

Shots in which restrikes occurred are not considered for the data presented in Figure 33. 
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Figure 33. Peak Velocity Versus Fuse Mass (Aluminum Fuse) 

In addition to observing the peak velocities for varying fuse masses, the time 

required to reach the peak velocity was also investigated. For the investigation of the data, 

attempts were not made to use curve fitting techniques in order to accurately determine the 

time of peak velocity. Figure 34 graphs the variations of the time to peak velocity versus 

the fuse mass (aluminum fuses). Note that the time to peak velocity increases linearly with 
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increasing fuse masses. Remember that the total projectile mass is held constant even 

though the fuse mass is changed. While enough shots have not been taken at the 6 kV 

PFN voltage to verify the low end of the fuse mass spectrum, it appears that the same trend 

may be occurring at the 6 kV level as was experienced for the 4 kV shots. 
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Figure 34. Fuse Mass Versus Time to Peak Velocity 

Moving away from the velocity data with respect to fuse mass, the reahn of fuse 

material well be discussed. First it must be stated diat a limited number of copper fuse 

shots were taken. However, some salient characteristics have become apparent when 

comparing the use of copper fuses to the use of aluminum as a fuse material. 

The first effect diat was noticed was diat misfires (die fuse not breaking down even 

though voltage was present on the rails) were much more common with copper fuses than 
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occurred with aluminum. This effect was very pronounced when the PFN was at 4 kV 

(rail voltage of 800 V), However, as the PFN voUage was raised to 5 kV, corresponding to 

1000 V rail voltage, the disparity was much less marked. In other words, the problem with 

the difficulty in achieving break down for the copper fuses disappeared when the voltage 

was raised. The improving rate of break down with higher voltage was not really 

surprising, but the fact that the break down rate was so low compared to the aluminum at 

the lower voltage was interesting. 

The second effect that was observed when using the copper fuse material was that 

secondary arcs proved to occur less frequently (for a comparable fuse mass) than for 

aluminum. While multiple arcs are not much of a problem for the 4 kV shots (180 kA on 

the rails), they were very much a problem at higher current levels (250 kA and above) for 

the aluminum fuses. In contrast, copper fuses have been applied at the 300 kA level with 

no apparent problems with secondary arc formation. An insufficient number of shots have 

been taken to quantify the improved secondary arc characteristics of copper at high current 

levels. 

Conclusion 

While die data at diis time is limited, several trends have been demonstrated when 

considering differing fuse materials and masses in plasma armature railguns. Copper as a 

fuse material appears to have promise at higher current levels for suppressing die formation 

of secondary arcs. Additionally, it appears diat die mass of a fuse may be optimized to fit 

operational requirements for a plasma armature railgun. The apex in the peak velocity 
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around 0.3 g fuse mass indicates that operational parameters can be optimized to enhance 

the performance of the railgun. An interesting study would be the modeling of the 

processes widiin the railgun system that would explain the definitive behavioral trends of 

both the peak velocity and time to peak velocity as the fuse mass is varied. 

63 



REFERENCES 

[I] Gleim E. Rolader and Jad H. Batteh, "Thermodynamic and Electrical Properties of 
Railgun Plasma Armatures," IEEE Transactions on Plasma Science, Vol. 17, No. 
3, June 1989. 

[2] Dennis R. Keefer, "Arc Motion in Railgun Plasma Armatures," IEEE Transactions 
on Plasma Science. Vol. 17, No, 3, June 1989, 

[3] Phillip Michael Day, "Operation of the HERA Railgun Facility at Texas Tech," 
Master's Thesis, Texas Tech University, 1992. 

[4 ] Lindsey D. Thomhill and Jad H. Batteh, "Armature Options for Hypervelocity 
Railguns," IEEE Transactions on Magnetics. Vol. 25, No, 1, January 1989, 

[5] S. Aigner and E. Igenbergs, "Friction and Ablation Measurements in a Round Bore 
Railgun," IEEE Transactions on Magnetics. Vol, 25, No, 1, January 1989, 

[6] D. A. Weeks, W. F. Weldon, and R. C. Zowarka, Jr., "Plasma Armature Railgun 
Launcher Simulations at the University of Texas at Austin," IEEE Transactions on 
Magnetics. Vol. 25, No. 1, January 1989. 

[7] Jerald V. Parker, "Why Plasma Armature Railguns Don't Work (And What Can be 
Done About it)," IEEE Transactions on Magnetics. Vol. 25, No.l, January 1989. 

[8] John D. Kraus, Electromagnetics. 3rd ed. New York: McGraw-Hill Book Company, 
1984. 

[9] Peter V, O'Neil, Advanced Engineering Madiematics, 2nd ed, Belmont, California: 
Wadsworth Publishing Company, 1987. 

[10] Bruno J. Evans and L. Mon^omeiy Smith, "Cross-Correlation-Based Method for 
Determining the Position and Velocity of a Railgun Plasma Armature from B-Dot 
Probe Signals," IEEE Transactions on Plasma Science, Vol. 19, No. 5, October 
1991. 

[II] Ronald E. Walpole, Raymond H. Myers, Probability and Statistics for Engineers and 
Scientists. 4di ed. New York: Macmillan Publishing Company, 1985. 

64 



PERMISSION TO COPY 

In presenting this thesis in partial fulfillment of the 

requirements for a master's degree at Texas Tech University or 

Texas Tech University Health Sciences Center, I agree that the Library 

and my major department shall make it freely available for research 

purposes. Permission to copy this thesis for scholarly purposes may 

be granted by the Director of the Library or my major professor. It 

is understood that any copying or publication of this thesis for 

financial gain shall not be allowed without my further written 

permission and that any user may be liable for copyright infringement. 

Agree (Permission is granted.) 

^^/O^/qS-
Student's Signature Date 

Disagree (Permission is not granted.) 

Student's Signature Date 


