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THE ELECTRICAL BREAKDOWN OF ARGON AND NITROGEN

CHAPTER I 

INTRODUCTION

The process by which a gas changes from an Insulating state to 

a conducting state has been of interest to man since it was first ob

served in the form of lightning. The first serious investigation was 

performed by Francis Hauksbee,^ who observed in 1705 that light flashes 

were emitted from the evacuated tube over the mercury column of a barome

ter when the instrument was vibrated. Numerous experiments have since 

been performed that contributed much to the qualitative understanding 

of the breakdown process but all attempts to solve Maxwell's equations

had failed to produce a quantitative description of the process.
2In 1962 Fowler and Paxton presented a preliminary quantitative 

theory that achieved reasonable agreement with experimental results 

for precursor waves observed in an electric driven shock tube. The 

theory was based on a three fluid model of electrons, positive ions 

and heavy neutrals. Instead of Maxwell's equations, they combined 

Poisson's equation with the fluid dynamical equations for conservation 

of mass, momentum and energy of the three components and then sought 

solutions in which the luminous front was viewed as a shock wave in



the electron fluid.
3

In 1964 Haberstlch performed an Innovative study of breakdown 

waves in helium and argon for both positive and negative applied vol

tages up to 10 KV and pressures from 0.1 torr to 10.0 torr. In this 

experiment, he established a well defined ground for the electrostatic 

field by enclosing the tube within a coaxial metal cylinder. He also 

made wave speed measurements as a function of both pressure and the 

wave front potential by using photomultiplier tubes and electrostatic 

probes. Finally, he measured the electron density of the quasi

neutral region behind the wave front by using microwave interferometry.

In spite of these advances there are several objections that prevent 

the comparison of his results to a quantitative theory. First, his gas 

purity is in doubt because he only employed a mechanical fore pump to 

evacuate his system. Second, the accuracy of his wave speeds are dubi

ous since he only used the time base of a dual beam oscilloscope for 

single events. Finally, he never calibrated his electrostatic probe 

for the electric field.

In 1967, George Shelton^ proposed a one dimensional quantita

tive theory for breakdown waves based on the three fluid model of Pax

ton and Fowler. He found a rigorous solution to the fluid dynamical 

equations for the case of a wave traveling in the direction an external 

field would accelerate an electron. This wave corresponds to the nega

tive ionizing wave of Haberstich and was designated by Shelton as a 

proforce wave. The case where wave propagation and electron acceleration 

oppose each other was given the designation of antiforce wave. In 1974, 

Everett Sanmann^ completed the one dimensional theory by solving the



fluid dynamical equations for the case of antiforce waves.
6In 1971, Roger Blais sought experimental results in a form 

suitable for comparison with Shelton's theory. He performed a study of 

helium for both proforce and antiforce waves to applied voltages of 40 KV 

and pressures from 0.3 torr to 30.0 torr. In contrast to Haberstich, 

he made wave speed measurements as a function of pressure and the 

electric field of the wave front. The statistical wave speed tech

nique he employed was far superior to the single event measurements of 

Haberstich but instead of using electrostatic probes for the electric 

field he extrapolated his velocities to the driving electrode where the 

applied voltage was known. He then employed a theoretical expression to 

relate this voltage to a value for the electric field at the wave front. 

Where Haberstich had measured the electron density of the quasineutral 

region with microwaves, Blais attempted to measure the electron tempera

ture and density of the wave front using the optical technique described 

by Latimer, Mills and Day.^ This method also measured the quasi-neutral 

region because the response time of his photomultiplier was not fast 

enough to detect the electrons in the narrow sheath region of the 

front.

The experimental results of both Blais and Haberstich are 

somewhat dubious and unsuitable for a valid test of the Shelton and 

Sanmann theories. The purpose of the experiment described in this 

dissertation was to combine the best features of both experiments and 

attempt to achieve results that could be used to check the validity of 

the theories. The electrostatic probe of Haberstich was used to mea

sure the electric field at the wave's front and the statistical wave
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speed technique of Blais was used to measure the velocities.



CHAPTER II 

EXPERIMENTAL APPARATUS

A. Wave Launching Apparatus 

The wave launching apparatus was basically the same as that em

ployed by Blais and consisted of three main parts; the power supply, 

the breakdown tube and the vacuum system. However, a few changes were 

made to Improve the apparatus. The major changes were In the power 

supply and the vacuum system, so, these two sections will be discussed 

In detail. The breakdown tube was thoroughly described by Blais and 

only the modifications will be pointed out here.

The “Power Supply 

The power supply used In the previous work of Blais was capa

ble of attaining a maximum voltage of 40 KV with a rise time of less 

than 20 nanoseconds. The power supply to be discussed in this sec

tion was specifically designed to deliver voltages as high as 100 KV 

with a rise time less than 20 nanoseconds. The purpose of the higher 

voltage was to determine If the breakdown wave had an upper limit In 

velocity.

The simplest known method to achieve high voltages with fast 

rise times Is with a Marx Step Generator. The Marx generator Is basi

cally a voltage multiplier circuit consisting of N capacitors charged



In parallel to a voltage Vg and then connected in séries to give a 

resultant voltage of NVg. The fast rise time is accomplished by using 

spark gaps between the capacitor stages to perform the task of switch

ing from parallel to series. Using this technique the output voltage 

will approximate a step voltage of amplitude NVg. In practice, the 

step voltage is applied to a resistance R that will drain the voltage 

off the capacitors at an exponential rate where the time required for 

one e-folding of the voltage is t * RC and is called the decay constant 

of the voltage signal.

The Marx Step Generator used in this experiment is shown in 

Figure 1. Actually, two separate generators were required to achieve 

the desired voltage and decay constants, but the description that fol

lows will apply to both. The power supply consisted of a control panel 

that contained a charge and discharge switch, a variac and an ammeter; 

the power supply proper which contained a Plastic Capacitor 50 KV Power 

Pak, an isolation transformer, three capacitors and their associated 

charging resistors, the switching spark gaps and a high voltage sole- 

moid relay; the driver assembly which contained the actuating spark 

gap, the load resistors and the voltage monitor circuit. The control 

panel was located external to the power supply proper which was en

closed in a shielded room to prevent the spark gap radiation from in

terfering with the diagnostics. In operation, sixty cycle Â.C. from 

the control panel entered the power supply through a lowpass filter to 

a Sola isolation transformer and was then applied to the primary of 

the 50 KV Power Pak. The Power Pak is a sealed unit containing a step- 

up transformer, two silicon rectifiers and two high voltage capacitors
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all connected as a voltage doubler circuit. The output voltage is 

rectified with a very small ripple factor and is proportional to the 

input voltage. The input voltage was controlled by means of the variac 

and ammeter on the remote control panel. Varying the input voltage 

from 0 to 110 V Â.C. yields output voltages from 0 to 50 KV D.C. This 

output voltage was applied through a 4 M  resistor to the three capaci

tor stages and their associated charging resistors. The values of the 

charging resistors are given in the table of Figure 1 but are not re

quired for the purpose of this discussion. It is sufficient to state 

at this point that the values are such that the capacitors will all 

charge at the same rate, which is proportional to the voltage of the 

Power Pak. When the capacitors are all charged to the value Vq the 

spark gap S2 will breakdown and connect capacitors C£ and C 3 in series 

resulting in a voltage of 2Vq being felt across S% which in turn breaks 

down, applying 3Vo across S3 . At this point a step voltage of ampli

tude 3Vq has been developed. Next, the actuator spark gap S3 breaks 

down and switches the step voltage to the three lOK load resistors and 

the breakdown tube electrode. The load resistors develop the voltage 

being applied to the tube and cause the exponential decay of the step 

voltage. The capacitors continue to charge and discharge automatically, 

as long as the "Charge" switch of the control panel is turned on. When 

a data run is completed the charge switch is turned off and the dis

charge switch turned on which activates the hiÿi voltage solenoid 

switch connected across C 3 and any residual voltage left on the capa

citors will drain off to ground. The repetition frequency and decay 

time of the 0-30 KV generator were 4 PPM (pulses per minute) and 1.5



milliseconds, respectively and 1 PPS (pulse per second) and 30 micro

seconds, respectively, for the 40-100 KV generator.

Figure 2 Illustrates the structure of the driver assembly.

As mentioned earlier, the driver assembly contains the actuating spark 

gap, the three lOK load resistors and the voltage monitoring circuit.

The spark gap Itself was constructed from two aluminum spheres with 

inlaid gold on the active surface between them and a mechanical con

trol system. The sphere on the breakdown tube side was fixed Into

position, but the sphere on the power supply side could be moved by a

screw so that the gap separation could be varied. The resistors were

symmetrically mounted In the form of a cone about the axis of the

breakdown tube. These low Inductance carbon resistors served the dou

ble function of providing mechanical support for one side of the actua

ting spark gap and of prlvldlng the electrical path to ground so that 

the actuating spark gap would discharge with stability and reliability. 

In addition, one of the resistors was made part of a 2320 to 1 resistive 

voltage divider clrcdlt. The voltage divider circuit Illustrated In 

Figure 3 was built Into a cylindrical aluminum block to shield the 

resistors from spark gap radiation. The spacing between the aluminum 

block and the resistors had to be large to minimize the stray capaci

tance which tends to Increase the measured rise time. The design used

In this voltage divider circuit resulted In measured rise times less 

than 20 nanoseconds for voltages up to 80 KV.

The Breakdown Tube

The breakdown tube section was the heart of the experiment where

the initiation and propagation of the wave occurs. The breakdown tube
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consisted of a long straight Pyrex tube filled with gas to be tested, 

a removable electrode to Initiate the wave, an electrostatic ground 

array to provide a simple known geometry for the electric field and 

to shield the wave from stray fields, a series of light pipes to lo

cate permanent viewports on the tube, a rail and cart system to firmly 

support the optical diagnostics and a wooden table to support the 

whole affair. The breakdown tube Illustrated In Figure 4 was basic

ally the same as described by Blais except for a few modifications 

that will be pointed out here.

The Blais discharge tube was a 7.3 meter long straight piece 

of Pyrex 7740 pipe line tubing with a five centimeter Inner diameter 

and a flve-elghths centimeter wall thickness. The Initiating elec^ 

trode and vacuum system were permanently attached to opposite ends 

of the tube. This design did not allow for any future changes In the 

Initiating electrode, the size of the discharge tube or the vacuum 

system. In order to make the tube compatible with present and future 

design modifications, 0-rlng seal joints were attached to both ends 

of the tube. The end joints were made from five centimeter Inner dia

meter and flve-elghts wall thickness Pyrex 7740 pipe line tubing, the 

same as the discharge tube.

Wave Initiation requires the presence of electrons In the vici

nity of the electrode. Blais experimented with several electrode de

signs that exploited field emission and settled on a shape that resem

bles a florist's frog with sharp pointed spines. The longest spines were 

In the middle so that their full effect on field emission would not 

be diminished by those farther from the central axis, as would have been
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the case with a flat faced electrode. An improvement on this device 

is shown in Figure 5 and a detailed description follows. The elec

trode end was constructed from a short piece of Pyrex 7740 tubing 

identical to the discharge tube. The three electrodes were sealed 

into one end by means of Wolfram seals. The central electrode was 

the florist’s frog with sharp pointed spines designed by Blais.

In addition, two stainless steel pointed prongs were inserted parallel 

to the central electrode. A 300K resistor was connected to these 

electrodes and to ground. This gave rise to a small glow discharge when 

the voltage was applied to the central electrode, which provided addi

tional electrons for wave initiation. The end result was that wave 

initiation occurred close to the leading edge of the voltage signal with 

greater reliability. The opposite end was an 0-ring seal joint that 

easily made up with the discharge tube using nylon clamps to minimize 

field distortion.

The bleeder electrode at the far end of the old discharge tube 

was removed and made an integral part of the vacuum system to be dis

cussed in the next section. Also, plexiglass spacers were inserted 

between the two halves of the electrostatic ground array to prevent 

the propagation of electromagnetic waves. The metal rail system for 

the optical diagnostics was replaced with wood to prevent the Lecher 

line behavior that had interfered with the photomultiplier operation 

previously.

The Vacuum System

The vacuum system designed by Blais was fabricated entirely
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from glass with no 0-rlng seals. It also connected to much, smaller 

Inner diameter tubing between the breakdown tube and the vacuum pumps. 

The lack of 0-rlng seals hindered any future modification of design as 

pointed out In the previous section. Also, the small tubing re

stricted the pumping action and created a margin of uncertainty In gas 

purity of the breakdown tube. Both of these problems were eliminated 

by Installing sections of five centimeter I.D. tubing with 0-rlng 

seals from the breakdown tube all the way back to the vacuum pumps. 

Figure 6 Illustrates the 0-rlng tubing and the rest of the vacuum sys

tem.

The main components of the system were a Duo-Seal model 1402 

mechanical fore pump, an NRC type HSA two Inch air cooled diffusion 

pump, a Matheson regulator, a Temescal HY-Vac needle valve and a McLeod 

gauge. The Temescal valve was made of brass and served as the bleeder 

electrode for the discharge tube. One end of a 30K resistor was con

nected to the valve and the other end was attached to the electrosta

tic ground array. When the luminous wave front reached the valve a 

glow discharge was formed In the tube which drained the charge off the 

walls of the discharge tube. The NRC 531 thermocouple gauge and the 

NRC Bayard-Alpert 563 Ionization gauge used by Blais were eliminated 

from the system and the McLeod gauge was the only standard employed 

for all pressure readings. The ultimate system pressure was well below 

0.1 micron and perhaps as much as an order of magnitude lower. The 

total volume of the system was thirteen liters, nine of \dilch were the 

tube Itself.

The procedure for filling the tube with gas began with pumping
O
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the tube down to ultimate pressure as read on the most sensitive Mc

Leod gauge scale. Then the system was allowed to pump for at least one 

additional hour. Then the Temescal valve between the system and the 

pumps was closed and the pressure was read at intervals to determine 

If any leaks were present. In the absence of any leaks, Matheson 

research grade Argon or Nitrogen containing no more than 5 PPM Impuri

ties was Injected via the regulator which had been pumped out to the 

bottle valve. This gas filled a one liter reservoir to just over one 

atmosphere of pressure. The entire system was then flushed out with 

clean gas and the reservoir was refilled with fresh gas. Finally, 

using a manometer, for approximate pressure readings, clean gas was 

allowed to leak Into the system until the desired pressure was at

tained. Next, the bottom end of the liquid nitrogen cold trap on the 

breakdown tube end of the vacuum system was chilled. A few minutes 

later when the Impurities had frozen out on the bottom of the trap, 

the rest of the trap was Immersed In liquid nitrogen. The two stage 

process ensures that as the nitrogen level drops by evaporation the 

worst Impurities will remain in the trap. Then, after a few moments 

to equilibrate, the tube pressure was accurately measured by the Mc

Leod gauge.

. B. Diagnostics 

An experiment can not be performed without the aid of instru

ments to measure the phenomenon being studied. The luminous wave of 

this experiment propagates with a velocity that is dependent on the 

electric field at the front and the neutral gas pressure ahead of the
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wave. Gas pressures were measured using the calibrated McLeod gauge. 

This section describes the diagnostics used to measure the velocity and 

the electric field of the front.

Wave Speed Diagnostics

Wave speeds were measured by a method similar to that employed 

by Blais, a method which offers high absolute time resolution, statis

tical compilation of the results of many events and the elimination of 

the need for carefully matched photomultipliers. This method used two 

photomultiplier tubes stationed at half centimeter slotted viewports 

distributed at quarter meter Intervals along the tube. The PM outputs 

were coupled through timed cables to the start and stop Inputs of a 

time to pulse height converter. The TPHC output pulse was voltage ana

lyzed by a multichannel analyzer which could assemble and store the re

sults of a statistically significant number of events. Data on time 

intervals between observations ports were then displayed on an oscillo

scope or printed out on a teletype.

In this experiment the multichannel analyzer was eliminated 

and the TPHC output voltage was coupled directly to a Tektronix 555 

dual beam oscilloscope. The amplitude of the voltage signal was di

rectly proportional to the time difference between the start and stop 

Inputs and could be calibrated against known delay lines. A visual 

average of the voltage amplitude for a significant number of events 

was found to give results equivalent to the MCA method and was less 

time consuming. A block diagram of the wave speed device Is shown In 

Figure 7. The experimental technique was to leave the start PM at a
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fixed position on the tube end progressively move the stop PM to suc

cessive ports accumulating distance versus time data which were later 

converted to velocity versus distance.

Wave Speed System Components

Photomultipliers.

Two different types of phototubes were utilized in measuring 

the time of flight of the waves. The PM with the shortest transit 

time was used for the start signal which resulted in a builtin delay 

between the two tubes. This avoided the possibility of a difference in 

rise time on the PMs coupled with a fast wave and a short distance be

tween the two observation ports causing the stop pulse to arrive at 

its TPHC input before the start pulse could get to its input. Exact 

knowledge of the path lengths of the two PMs was avoided by subtracting 

the first data point from those that followed. Blais compensated for 

attenuation in light intensity as the wave progresses down the tube by 

increasing the applied voltage on the stop PM. This results in a de

crease in the transit time and rise time of the PM which would invali

date the measured time of flight. Fortunately, it was seldom necessary 

and most of his data was taken with an applied voltage of 800V. To 

avoid any such occurrence in the present work both PMs were operated 

with an applied voltage of 1500V which was sufficient to cause satura

tion of the light pulse.

The start PM was an RCA 7746 mounted at the Incite light pipe 

located one meter from the driving electrode and was described in 
detail by Blais. The stop PM was an RCA 7265 mounted in an aluminum
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housing with the circuit shown in Figure 8 . The 7265 is a fourteen 

stage head on, in line, spherical faceplate tube with a maximum spectral 

response at 4200 ± 500 &. It has a multialkali (Fotasslum-Sodium-Ce- 

sium-Antimony) photocathode with S-20 spectral response, Copper-Beryl- 

lium dynodes and a Coming #0080 lime glass window. The maximum ca

thode to anode voltage rating is 3000V, the anode pulse rise time is 

2.7 nanoseconds and the luminous sensitivity at the anode is 65 amps 

per lumen. The can in which the PM was mounted enclosed it completely 

except for a small hole 3/4 inch in diameter in the center of the face

plate. This hole exactly matched the size of the light pipe it mated 

with. The signal of both PMs was coupled out by double shielded coax 

cable with intrinsic delay time of about 40 nanoseconds. The additional 

shielding was necessary to prevent KF pickup from the power supply at 

voltages above 40 KV. The PMs were mounted on a cart and rail assem

bly to facilitate positioning along the tube.

Time to Pylsé Height Converter.

The TPHC was a standard ORTEC model 437 which was described in 

detail by Blais and only the points that directly apply to this experi

ment will be repeated in this section. The output voltage was a bi

polar pulse, as shown below, whose amplitudes were directly proportional 

to the time difference between the start and stop inputs. It was cali

brated against delay lines known to roughly one nanosecond. There was 

a combination of 15 selectable time scales ranging from 50 ns to 80 ys 

full scale. The delay lines used to calibrate the TPHC were 50 ohm RG- 

58/U cable and are described in the 1970 dissertation of Gary E. Copeland,
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The calibration data for the first nine time scales were taken and put 

Into a computer program that will be discussed In the chapter on data 

analysis. The experimental procedure was to record the TPHC time scale 

used and the amplitude of the positive pulse for each station of a data 

run. This data was then Inserted Into the computer program which com

puted the desired velocities.

AV Bl-Polar Pulse

The Electrostatic Probe

The most significant distinction between the work of Blais and

the present experiment was the determination of the electric field

at the wave front. The method employed by Blais was based on a theo-
0

retlcal calculation of S.E. Babb, Jr., who solved Polsson’s equation 

for the boundary conditions of a half Infinite pair of concentric cy

linders. The calculation resulted in a value for the electric field 

along the tube axis of

E - S z507 y _ Q 203 V 
a

Where a ■ the radius of the plasma column - 2.5 cm

V " the potential at the front of the plasma column 

Blais used this result to compute a single value of electric field at 

the electrode where the wave potential was equal to the applied poten

tial. He then found an empirical expression for velocity versus distance
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which was extrapolated back to the electrode to get an initial value 

of velocity that could be associated with the value of electric field. 

This method resulted in one data point for each data run at a fixed 

applied voltage.

In this experiment the electric field of the wave front was 

measured at each position along the tube with the aid of an electro

static probe. The E.S. probe was not unique to this experiment but 

was previously used in the work of Haberstich. Haberstich managed to 

couple his probe signal through a 125 ohm coax cable to an oscillo

scope with a 125 ohm input impedance without the aid of any Impedance 

matching circuitry. His probe apparently had sufficient capacitance 

to accomplish this without any noticeable differentiation or distor

tion of the signal. Since the rise time of the probe signal is deter

mined by the wave velocity, the amplitude of a differentiated signal 

would be proportional to the velocity of the wave front. In the pre

sent work, coupling the probe signal directly through a 50 ohm coax 

cable to an oscilloscope terminated in 50 ohm resulted in signal differ

entiation. Increasing the value of the termination to eliminate the 

differentiation resulted in signal distortion. Numerous attempts to 

achieve an impedance match using linear matching techniques also proved 

unsuccessful. Finally, the writer had to resort to non-linear matching 

techniques which resulted in total success.

The electrostatic probe itself (Figure 9) consisted of a short 

section of 50 ohm RG 58/U coax inserted into a brass sleeve for rigidity. 

The brass sleeve was. permanently attached at one end to a shielded 

black box which contained the impedance matching circuit. The sleeve
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fit smoothly inside an aluminum clamping device that held the probe 

securely between the bars of the breakdown tube. A screw on the side 

of the clamping device held the probe firmly in position once the 

penetration depth had been selected. A short piece of aluminum angle 

was fastened to the bottom of the clamping device that braced against 

the next lower bar which aligned the probe with the axis of the 

breakdown tube. The braided shield of the coax was pressed between 

the sleeve mounting plate and the wall of the black box. The inner 

conductor of the probe was soldered to the center contact of the 

Attenuation Selector switch mounted on the side of the black box.

Input power to the black box was facilitated by means of a Tri-Ax UHF 

bulkhead connector that had two inner conductors. The Circuit Test 

Input and Signal output connectors were both U6-290A/U BNC connectors. 

All the data was taken with a probe penetration depth of 1.5 centi

meters .

The impedance matching circuit is shown schematically in Fig

ure 10 and a detailed description is given below. The power require

ments for the circuit were ±15 VDC with a nominal power consumption of 

300 milli-watts. The power was supplied by two SORENSON model ORS15-2 

power supplies, each capable of providing 3.0 amperes at ±15 VDC and 

was coupled to the E.S. probe with double shielded Tri-Ax coaxial ca

ble. The input of the matching circuit could be selected for zero or 

2:1 attenuation by the two position Attenuation Selector switch la

beled Sx> In the OFF position the probe signal is connected directly 

to the 22 megohm resistor on the gates of a pair of complementary field 

effect transistors. In the ON position a voltage divider is formed
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FIGURE 10. IMPEDANCE MATCHING CIRCUIT.
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by the two 2 2 megohm resistors between Sj and the gates of the two 

FETs. The variable capacitor Ci across the first resistor Is used In 

conjunction with the Input capacitance of the FETs for frequency 

compensation of the Input signal. When 0% Is properly tuned the 

voltage divider circuit becomes a 2 : 1 attenuator for all frequencies 

of the input signal. From the gates of the two FETs the signal will 

follow different paths depending upon Its polarity. The 2N3821 FET 

and the 2N3704 transistor form an emitter follower circuit for nega

tive input signals. The 50K ohm potentiometer across the 25R ohm car

bon resistor between the bases of the two output transistors Is neces

sary to provide a proper balance between the two separate circuits.

The 100 ohm resistors in the emitters of the output transistors are 

used to limit the current In the collectors. The 47 tif electrolytic 

capacitors across these two resistors are a short circuit to the Input 

signal and pass It on to the output load without any attenuation. The 

output signal Is coupled by double shielded 50 ohm RG-58/U coax cable 

to a 50 ohm termination on the oscilloscope.

The parallel emitter follower circuits were balanced by the 

following technique. Â CENCO audio oscillator was used to supply a 

1.0 volt peak to peak, 5 KHz sine wave to the zero attenuation Input 

of the matching circuit. The output signal was observed on a Tektronix 

555 oscilloscope. With the 5OK ohm potentiometer In the full counter

clockwise position, waveform a) (below) was displayed on the scope. 

Slowly rotating the potentiometer clockwise the output signal began to 

approach the shape of the pure sine wave, shown In waveform b) below.

The circuit Is properly balanced when a pure sine wave la just attained.
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a) Unbalanced b) Balanced

After the circuit has been balanced the compensating capacitor 

Cl can be adjusted. This was accomplished using a DATA PULSE model 

lOOA pulse generator. The generator is capable of providing both 

positive and negative pulses with amplitudes adjustable from 0.5 to 10 

volts and rise times less than 5 nanoseconds when operated into a 50 

ohm load. The pulse width is continuously variable from 35 nanoseconds 

to 10 seconds in seven decade ranges with *a 100:1 multiplier. The repe

tition rate is continuously variable from 0 . 1 hertz to 10 megahertz in 

eight decade ranges. The CAL TEST input was connected to one side of 

a BNC Tee connector and the other side was connected to the positive or 

negative pulse output of the signal generator. The center connector 

of the Tee was then connected to a 50 ohm termination on the lower beam 

of the Tektronix 555 oscilloscope. The SIGNAL output was connected 

to a 50 ohm termination on the upper beam of the scope. The positive 

and negative pulses of the signal generator were then adjusted for 2 . 0  

volts amplitude, 0 . 1 millisecond pulse width and a pulse repetition 

rate of 1.0 KHz. The compensating capacitor C^ was then adjusted for 

the output pulse that most accurately resembled both the positive and 

negative input pulses. Oscillograms of the positive input and output 

pulses of the imepdance matching circuit In the unattenuated mode are 

shown In Figure 11. The rise time of the Input pulse (measured between
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(a) Leading edge of the positive Input pulse 
vertical: 0.5 v/cm
horizontal: 2 0 ns/cm

(b) Leading edge of the output pulse 
vertical: 0.5 v/cm
horizontal: 2 0 ns/cm

FIGURE 11. ELECTROSTATIC PROBE OSCILLOGRAMS.
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the 10% and 90% points) was 12 nanoseconds and the rise time of the 

output pulse was 16 nanoseconds. With the 2.0 volt input pulse the 

emitter follower efficiency was 92.5%. The output pulse had a 10% 

droop in amplitude between the leading and trailing edge due to in

sufficient capacitance for the 0.1 millisecond pulse width. This was 

not important because'the leading edge was the only region of interest. 

The characteristics of the circuit for a negative 2.0 volt input pulse 

were about the same as stated above, except for the output rise time 

which was 2 0 nanoseconds.

It should be stated at this point that all the diagnostic 

handling equipment (except for the electrostatic probe and the photo

multipliers) were enclosed in a Faraday Cage. The Faraday Cage used 

was a Shielding Inc. stock #8201-706079 Electromagnetic Shielding En- 

closer fabricated for electronic test purposes. The Cage consisted of 

two layers of copper screening, a radiation tight door and bulkhead 

feed through connectors for diagnostic access. The electrostatic probe 

and photomultipliers were coupled to their associated power supplies 

and data handling equipment via the feed through connectors. The 

Faraday Cage in conjunction with the double shielded coaxial cables 

on the probe and PM outputs served to reduce the possibility of radia

tive pickup from the power supply spark gaps.



CHAPTER III 

DATA ANALYSIS

A. Wave Speed Analysis 

As mentioned in the previous chapter, the wave speed data was

recorded as a series of voltage pulse heights that are proportional

to the time interval required for the wave to travel from a start 

trigger located 1 . 0 m from the electrode to a stop trigger (z-1 .0 ) 

meters farther down the tube. This data was then put into a computer 

program which calculated the corresponding velocities for the (z-1 .0 ) 

distance intervals. The formulation of the contents of the computer 

program is the subject of the following discussion.

Blais previously demonstrated that the wave velocity has an 

exponential dependence on the distance z along the tube. Based on 

this knowledge, he then proceeded to derive an expression for the in

stantaneous velocity at z. Assuming the time interval t2-ti corres

ponds to the distance Interval Z2-Z1 and the functional dependence of 

velocity with z as

V = V qC (1)

Blais derived a correction factor for changing Az/At into dz/dt. The 

final result was

vfel) - (2 )

32



33

where the effective length L was given by

L = ̂  (e*A=-l) (3)

Blais used graphical techniques to determine 0 which were long and te

dious. In the present work, a theoretical expression for 0 In terms 

of the known Information was sought, In order that the computer could 

do the tedious work. With the start trigger located at zg and as

suming the form of eq. 1 , we have

V . vg e-9(=-zo) (4)

where vg la the Instantaneous velocity at z=zg and t«tg. This can be 

rewritten as

II = v„ (5)

Separating variables and Integrating yields

^0(z-zg) _ 2 + 0Vg(t-tg) (6)

Now, If we let

z = z + Az 

t = t + At 

then substituting Into eq. 6 gives

^B(z+4z-zo) . 1 + 6vo(t+At-t„) (7)

Subtracting eq. 6 from eq. 7 yields

^S(A-zo) . (eCa: _ JJ . (8)

Finally, substituting the right side of eq. 6 for the first term on 

the left side of eq. 8 and rearranging yields

At = (-^ - tg) • (e^^*-l) + (e^^*-l)t (9)
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which Is the form of a straight line given by

At “ mt + b

where

m . - 1

° "

The expression for the slope m can be rearranged to give the desired 

expression for B as,

6 = - (1 0 )

In this experiment Az is the distance interval between successive time 

of flight measurements and was held fixed at 50 cm.

Using the equations derived above, it is now possible to formu

late a computer program that can assimilate the raw data into the in

stantaneous velocities at each position z along the tube. The computer 

program consisted of: coded calibration curves for the TPHC, which

converted the voltage pulse heights into raw times; normalization of the 

raw times by subtracting the first time Interval from successive in

tervals; formation of the delta times by subtracting the preceding 

normalized time from the following time; a linear regression of the 

delta times versus the normalized times; calculation of B from equation 

1 0 and the slope of the linear regression plot; calculation of the ef

fective length from eq. 3 and the calculated value of B; and the cal

culation and printing of the velocities at each z for eq. 2 and 4 and 

the necessary print statements. The complete program is given in Appen

dix C and a sample data run is illustrated.
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B. Determination of Electric Field

The electric field of the wave front was measured using the 

electrostatic probe described In Chapter II. The probe actually mea

sures the potential of the charge concentration created by the Ioni

zing wave front. Furthermore, the electric field of Interest Is In 

the z direction along the axis of the tube but the probe views the 

radial component of the field from the side of the breakdown tube. 

Therefore, It was necessary to determine an experimental relationship 

between the probe voltage and the electric field at the front of 

the wave. This wasaaccompllshed with the aid of a mock-up version of 

the breakdown tube. The mock-up constructed to facilitate the cali

bration ofthe electrostatic probe Is illustrated In Figure 13 and a 

detailed description Is given below. The apparatus consisted of a 

coaxial ground array, a 1.5 meter long Pyrex tube with a 5 cm Inner 

diameter, and two wooden end pieces to support the assembly. The ma

terials of construction and the geometrical dimensions, except for the 

length, are the same as the breakdown tube. A 300K low Inductance car

bon resistor was connected between the ground array and a fait faced 

cylindrical conductor Inserted halfway Into the Pyrex tube. A high 

voltage power supply was coupled to the apparatus through an actuating 

spark gap attached to the cylindrical conductor. The power supply 

consisted of a 0.5 yf capacitor that was charged through a 5M resistor 

by the 50KV Power Pak described earlier. The power supply voltage 

was adjusted by the spark gap and measured by a Shallcross model 760 

D.C. KUovoltmeter connected across the capacitor.

The first step In the calibration procedure was to properly
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FIGURE 13. MOCK-UP OF BREAKDOWN TUBE.
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position the electrostatic probe on the side of the breakdown tube and 

the mock-up apparatus. The axial positions were determined from the 

electrostatic probe voltage profile curves discussed below. The break

down tube voltage profile of Figure 14 was made with an applied vol

tage of +20 BW on nitrogen gas at a pressure of 1.6 torr. The probe 

was moved along the side of the tube with the zero reference point at 

the initiating electrode. The voltage was measured on the flat por

tion of the probe voltage signal. As the distance from the electrode 

was increased, the probe voltage climbed sharply to a peak at 7.5 cm 

and then dropped off sharply until a constant value was reached at 

about 40 cm. The peaking of the voltage was caused by the 0-ring 

coupling joint used to fasten the electrode assembly to the Pyrex tube. 

The nylon clamping material assumed the potential of the Pyrex tube 

and effectively increased its radius at that point. From the break

down tube voltage profile curve, the axial position for the electro

static probe was chosen to be 50 cm from the electrode. The voltage 

profile curves of Figure 15 were made on the mock-up apparatus with an 

applied voltage of + 6  KV and the zero reference point located at the 

flat face of the cylindrical conductor. Two cylindrical conductors 

were used with outer diameters of 2.858 cm and 4.920 cm. The profiles 

have an inflection point occurring at the face of the conductors with 

the voltage decreasing to the left and increasing to the right With 

the maximum voltage at +5 cm for the 2.858 cm conductor and at +15 cm 

for the 4.920 cm conductor. The distance between the 10% and 90% 

points for the 4.920 cm conductor is approximately 28 cm which results 

in a 28 nanosecond rise time for a wave traveling at a velocity of
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FIGURE 15. PROBE VOLTAGE PROFILE CURVES FOR THE MOCK-UP APPARATUS.
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10^ cm/sec. Thé axial position for the electrostatic probe was chosen 

to be +25 cm on the mock-up apparatus.

The second step in the calibration procedure was to find the 

relationship between the probe voltage and the applied voltage on the 

breakdown tube, and compare this to equivalent relationships on the 

mock-up apparatus for the 2.858 cm and 4.920 cm conductors. The data 

for the breakdown tube was taken prior to each data run on both ni

trogen and argon gas and is illustrated in Figures 16 and 17. The 

procedure was to record the applied voltage and probe voltage for each 

data run at all gas pressures and then average the probe voltages taken 

at the same applied voltage separately for nitrogen and argon. The 

data for the antiforce wave (or positive applied voltages) presented 

in Figure 16 represents a linear relationship with a slope of 7.86 x 10 ® 

volts/volt. The proforce wave (or negative applied voltages) presented 

in Figure 17 was linear up to an applied voltage of about 40 KV where 

it began to curve off slightly. The nonlinearity above 40 KV was caused 

by the poor large signal response of the 2N2862 output transistor.

The linear portion of the curve also had a slope of 7.86 x 10  ̂and 

the approximate slope of the nonlinear portion was 6.43 x 10  ̂volt/ 

volt. Equivalent data was taken on the mock-up apparatus for the 

2.858 cm and 4.920 cm O.D. conductors at applied voltages of ± 6 KV,

±9 KV and ±12 KV and plotted on the curves of Figures 16 and 17. The 

data for the 4.920 cm O.D. conductor gives an exact fit with the data 

taken on the breakdown tube and is, therefore, the closest approximation 

to the plasma column.

The third and final step of the calibration procedure was to
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relate the electric field (along the axis of the tube) to the poten

tial at the wave's front. This was accomplished with a 73 cm long elec

trostatic probe inserted into the end of the mock-up apparatus oppo

site the conducting cylinder. The probe was fabricated from a piece of 

50 ohm R6-58/U coax which was inserted into a section of glass tubing 

for rigidity. It was then aligned with the axis of the Pyrex tube as 

illustrated in Figure 13 by means of a styrofoam support. The distance 

from the face of the cylindrical conductor was measured from a centime

ter scale attached to the electrostatic probe and a pointer located at 

the far end of the Pyrex tube. The probe was coupled to the oscillo

scope by an additional 15 meters of RG-58/U coaxial cable without any 

impedance matching circuitry. For this reason, the signal was connected 

directly to the IMeg input impedance of the scope, instead of the 50 

ohm termination used with the probe coupling circuit. The reflections 

introduced at the leading edge of the probe signal due to the impedance 

mismatch were avoided by measuring the voltage at a point 2 ps later 

in time but still on the flat portion of the voltage signal. Based on 

the results of the previous steps only the 4.920 cm O.D. conductor 

was used in the final step of the calibration procedure. The selection 

of a flat faced geometry for the conductor resulted from the assumption 

that the wave front was a sharp discontinuity. The voltage profile 

curves of Figure 18 were taken with applied voltages of + 6  KV, +9 KV 

and +12 KV along the center line of the Pyrex tube. The proportionality 

constant relating the electric field (E%) at the face of the conductor 

to the applied voltage on the conductor was obtained from the curves 

in the following manner. The data points were fit by a French curve
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with the condition that the point of intersection on the voltage axis 

be an inflection point on the French curve and the ratios of the vol

tages at the point of intersection be the same as the ratios of the 

corresponding applied voltages. The constant of proportionality was 

then calculated from the relationship

where

Vo = the voltage at the point of intersection

~  = the slope of the curve at the point of intersection.

The average value of the proportionality constant calculated for the 

three curves was found to be 0.454 cm“  ̂which is 2.24 times larger 

than the theoretical value calculated by Babb. The difference is due 

to the influence of the dielectric constant introduced by the Pyrex 

tube which was not inlcuded in the calculation of Babb. The electric 

field at the front of the wave can now be calculated from the expression

where was the proportionality constant relating the probe voltage 

to the wave voltage and v^ was the probe voltage measured at the point 

of maximum slope change on the leading edge of the detected signal as 

illustrated in the sketch below. The voltage droop at the leading edge 

of the probe signal was caused by collisional damping of the current
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feeding the electric field at the front and was the source of the wave 

speed decrement g. It should be mentioned at this point that all the 

data used In the graphical analysis of the electrostatic probe Is 

presented In tabular form In Appendix A.

C . Experimental Results

Applying the techniques described in the previous sections to 

raw data of argon and nitrogen for both proforce and antiforce waves 

gives the results illustrated in Figures 19 through 22. The Instanta

neous velocities calculated by the computer program of Appendix C are 

plotted against the reduced electric field E/p, where E was calculated 

using equation 2 of section B. The raw data used In these calculations 

Is given In tabular form In Appendix B.

Three features previously reported by Blais are observed In the 

present experiment. First, the pressure dependence of the wave speeds 

is analogous to the Paschen curve, which does not however imply that 

the two phenomenon are related, but only that for a given field strength 

there Is a pressure at which maximum speed occurs. The peak pressure 

for both argon and nitrogen was around 1 . 0 torr, In contrast to a pres

sure of 3.0 torr for helium as reported by Blais. Second, at very low 

pressures In the antiforce case the wave speed approaches a constant 

value Independent of the electric field. Finally, a stepped-leader phe

nomenon was observed In the time of flight measurements which resulted 

In some uncertainty of the wave speeds. This phenomenon was most pro

nounced at pressures below a few torr. It was not specifically Investigated.
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There were three additional effects observed In these experiments. 

First, there is an upper limit for the wave speed on the order of 10^0 

cm/sec. The exact value was not ascertained because of the statistical 

scatter of the data. Second, at low pressures for negative applied 

voltages two progressive phenomena were clearly distinguished by the 

electrostatic probe and the photomultipliers. The second phenomenon 

was easily identified by its sharp front as the strong proforce wave 

described by Shelton. This was preceded by a phenomenon characterized 

by a gradual buildup in potential and light intensity. This may be 

the weak proforce wave postulated by Fowler^^ (based on a previous ob- 

versation by this author) or a Townsend avalanche of electrons. It is 

quite possible that above the Shelton initial velocity this phenomenon 

always undergoes transition to the strong proforce wave at some point in 

time which may occur too early at higher pressures to be observed. For 

positive applied voltages only one phenomenon was observed which is con

sistent with the Sanmann theory that denies the existence of strong an

tiforce waves. Finally, there was a distinct difference in the range 

of pressures for which wave initiation occurred in argon and in nitro

gen. The pressure range for argon was from 0.1 torr to 100.0 torr in 

the antiforce case and from 0.3 torr to 1 0 0 . 0  torr in the proforce 

case. The range for nitrogen was from 0.03 torr to 30.0 torr in the 

antiforce case and 0.16 torr to 10.0 torr in the proforce case. In 

the proforce case, the minimum pressure was the lowest pressure at 

which strong waves could be recognized in this apparatus.
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D. Comparison to Theory 

A relationship between the velocity and the reduced electric 

field can be found In the Shelton and Sanmann theories and compared to 

the experimental results obtained for argon and nitrogen. The expres

sion from both theories Is

^  ^  ( "  

where k Is a dlmenslonless parameter and Is the electron collision

frequency of the gas. The term (Kj/p) Is Independent of pressure for 

the range of velocities under consideration, and Is found from tables 

by Jayroe^^ to be a constant value of 8.28 x 1 0 ® sec”^torr“  ̂ for argon 

and 8.94 x 10® sec“^torr”  ̂ for nitrogen. Plots of Eq. 1 are Illustra

ted 6n the experimental curves by the dashed line.

Since Eq. 1 Is Independent of pressure the best fit with the 

experimental data should occur around 1.0 torr. The large disagree

ment In nitrogen Is because the theories do not account for energy loss 

In the rotational vibration modes of molecules. Reasonable agreement 

Is achieved with argon which Is off by only a factor of two, which can 

easily be accounted for by the uncertainty In the location of the wave 

front on the rise time of the probe signal as Illustrated In Figure 15. 

The point of maximum slope change on the leading edge of the probe 

signal was arbitrarily chosen for ease of measurement. Therefore, the 

factor of two agreement Is quite good.

The remaining pressure dependence of the experimental curves 

must be explained by analysis of the theory and experiment together. 

First, the presence of the Pyrex tube wall requires that the collision
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frequency of the gas (K^) be replaced by an effective collision fre

quency of the gas and wall. From Shelton's theory we have

KjX = V (2)
where X Is the mean free path of the gas and v Is the electron drift 

velocity In the wave front. Since the electron drift velocity will 

remain unchanged with the introduction of the tube wall, Eq. 2 can be 

rewritten as

KjX' = V (3)

where X' Is the effective mean free path of the gas and wall combina

tion and can be approximated as

f  = (4)

Substituting Eq. 4 Into Eq. 3 and rearranging gives

Kj = Ki + 2.4 ^  . (5)

Now, replacing Kj by K| In Eq. 1 and solving for Eg yields

li  ̂  JL Æ
p eK '• p

The drift velocity is expressed In terms of the electron temperature

as
3kTe
m

and the electron temperature Is related to the wave velocity by

(7)

- TT ' (»)

Combining Eqs. 7 and 8 yields

V  => /3b Vfl (9)

where b = 0 . 2 for proforce waves;

b » 0 . 6 for antiforce waves.
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Finally, inserting Eq. 9 into Eq. 6 gives

- A Vo + (|)V§ (10)

where

A -

2.4m/3bB = esK

The second term of Eq. 10 introduces a pressure dependence below 1.0 

torr where the mean free path of the gas becomes comparable with the di

mensions of the tube, but does not account for the high pressure region. 

There is no modification to the theory that can be made to account for 

the high pressure dependence, therefore, it must be assumed that the 

error is not in the theory but lies in the experiment itself.

It is a well known fact that a plasma column constricts with 

increasing pressure but none was noted during the probe calibration 

procedure. The plasma column appeared to fill the tube at all pres

sures which is inconsistent with the known facts. In the calibration 

procedure the droop in the probe signal at high pressures was initially 

assumed to be a result of increased plasma resistance. The flat re

gion of the signal was thought to be when the quasineutral region be

hind the front had attained the potential of the electrode. In retro

spect, it was probably a result of electron diffusion capacitively charg

ing the glass wall to the potential of the constricted plasma. The 

charged tube then shielded the plasma potential from the probe and pro

duced a higher probe voltage by effectively increasing the radius of 

the inner conductor. This explains why the 4.920 cm O.D. conductor on
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the mock-up fit perfectly with the breakdown tube data for all pres

sures. Based on this analysis, a technique was sought to recover the 

pressure dependence of the electric field from the experimental data.

This was accomplished by drawing a line through the experimental data 

at a constant velocity of 10^ cm/sec and plotting the value of E/p ob

tained from each curve as a function of pressure. For argon this re

sulted in a pressure dependence for E/p of p ^ instead of p"^ which would 

have been the case if E were independent of pressure. Using this method, 

the pressure dependence of the electric field due to plasma constric

tion was found to be

(11)B - Bob
h

At this point it is simpler to incorporate Eq. 11 into the theoretical 

expression of Eq. 10 than it is to recalculate the electric fields of the 

experiment. The final expression then becomes

fek . (iz)

The expression gives good agreement for the proforce case of argon at 

all pressures for A = 2.53 x 10“® cm^torr * B “ x 10”^®

and Pc = 1.0 torr. In the antiforce case there is good agreement at 

high pressures but still not for pressures below 1.0 torr. This strong 

pressure dependence below 1 . 0 torr was also observed (but not measured) 

for the weak proforce wave. The pressure dependence in this region is 

apparently more complicated than this simple correction term predicts. 

Also, the theoretical expression does not predict the curvature or 

maximum velocity of the experimental results.



CHAPTER IV 

CONCLUSIONS AND SPECULATIONS

This experiment has been successful in resolving the major dis

crepancies between experiment and theory for the propagation of break

down waves in atomic gases. The high pressure dependence of the experi

mental results was found to be caused by constriction of the plasma co

lumn. The constriction introduced a pressure dependence into the obser

vations which was previously overlooked by Blais and Haberstich. Agree

ment in the unconstricted low pressure region was improved by incor

porating an additional term in the theory to allow for the Influence of 

the confining tube. The energy of the electrons in the wave is de

creased as a result of electron collisions with the tube wall. The 

additional term in the theory was derived by assuming a collision fre

quency for the electrons with the tube wall in order to account for 

the energy lost in this process.

The experiment also revealed an upper limit in the wave speed of 

approximately one-third the speed of light. The theories do not predict 

this upper limit in the speed \diich is perhaps a relativistic effect not 

included in the simplified theories. Also the curvature of the wave 

speed data at low velocities is not predicted by the current theories, 

probably because they use thermal production of ionization only.
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The scatter In the wave speed data at low pressures was a re

sult of the wave appearing to speed up and then slow down between suc

cessive distance Intervals during a data run. A possible explanation 

for this phenomenon Is the leader effect which was proposed by Blais.

This fluctuation might be reduced by Increasing the distance Interval 

used In the wave speed measurements. An alternate method would be to 

reduce the size of the glass tube by a factor of two which would have 

the effect of doubling the length of the entire apparatus. Better still 

might be the use of Image converter studies of the wave speed.

In conclusion, It can be stated that the one dimensional theo

ries of Shelton and Sanmann are good central approximations of the 

breakdown process which give excellent agreement for atomic gases. Mole

cular gases will require a modification of the theory which allows for 

the energy lost to rotational vibration modes of the molecules. ad

dition, It Is concluded that contamination levels of a few tenths of a 

percent have no effect on the propagation of the breakdown wave.



BIBLIOGRAPHY

1. F. Hauksbee, Philosophical Transactions of the Royal Society XXV

(Issue 307), 2277-2282 (1706).

2. G. W. Paxton and R, G. Fowler, Phys. Rev. 128;993 (1962).

3. A. Haberstich, "Experimental and Theoretical Study of An Ionizing

Potential Wave In a Discharge Tube", Ph.D. Dissertation, Uni

versity of Maryland (1964).

4. G. A. Shelton, "An Investigation Into the Structure of Electron

Fluld-Dynamlcal Waves", Ph.D. Dissertation, University of Ok

lahoma (1967).

5. E. Sanmann, "Antiforce Electron Dynamical Waves", Ph.D. Disserta

tion, University of Oklahoma (1974).

6 . R. Blais, "The Electrical Breakdown of Helium", Ph.D. Dissertation,

University of Oklahoma (1971).

7. I. D. Latimer, J. I. Mills and R. A. Day, J. Quant. Spectrosc. Radlat.

Transfer 10:629 (1970).

8 . G. E. Copeland, "Lifetimes of Excited Electronic States of Chemi

cally Active Gases", Ph.D. Dissertation, University of Okla

homa (1970).

9. S. E. Babb, Jr., private communication.
10. R. G. Fowler, Adv. In Electronics and Electron Phys. 35:53 (1974).

11. R. Jayroe, Adv. In Electronics and Electron Phys. 35:64 (1974).

58



APPENDIX A

This appendix presents in tabular form the raw data used in the 

calibration of the electrostatic probe. The data is illustrated in 

graphical form in Figures 14 to 18 of Chapter III. The tabulated form 

of the data is included in the dissertation to aid in any future analy

sis of the experimental results.
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Distance
from

electrode
(cm)

0 5 7.5 1 0 12.5 15 2 0 30 40 50 60

Probe
voltage
(volts)

3.72 3.9 4.3 3.9 3.56 3.47 3.3 3.23 3.2 3.2 3.2

TABLE 1. PROBE VOLTAGE VERSUS POSITION ON 
THE SIDE OF THE BREAKDOWN TUBE.

Applied
voltage
(volts)

Probe voltage 
for nitrogen 

(volts)

Probe voltage 
for argon 
(volts)

19.72 1.55 1.60

Îo 40.60 3.35 3.40
•H4JC 61.48 4.92 4.93

76.56 6 . 0 0 6 . 2 0

19.72 1.55 1.60
0):o 40.14 3.04 3.15

2PM 61.25 4.55 4.47

77.14 5.65 5.40

TABLE 2. BREAKDOWN TUBE APPLIED VOLTAGE VERSUS 
PROBE VOLTAGE AT Z-50 cm.
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Position 
on side 
of tube 

(cm)
- 2 0 -15 - 1 0 -5 0 +5 + 1 0 +15 + 2 0 +25

Probe
voltage
(volts)

0.14 0 . 2 0 0.36 0.60 0.90 1.15 1.35 1.45 1.45 1.45

TABLE 3. PROBE VOLTAGE VERSUS POSITION ON SIDE OF MOCK-UP 
RELATIVE TO THE FLAT FACE OF THE CONDUCTOR.

Applied
Voltage
(KV)

Probe voltage for 
1.125" conductor 

(volts)

Probe voltage for 
1.937" conductor 

(volts)

±6 0.40 0.56

±9 0.60 0.75

± 1 2 0.75 1.03

TABLE 4. APPLIED VOLTAGE VERSUS PROBE VOLTAGE 
ON THE MOCK-UP AT z=25 cm.
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Distance
from

conductor
(cm)

Probe v( 
for app]

6 KV

)ltage ii 
Lied voll

9 KV

I volts 
:ages of
12 KV

0.5 0 . 2 1 0 0.320 0.410

1 . 0 0.175 0.242 0.330

1.5 0.140 0 . 2 0 0 0.270

2 . 0 0 . 1 2 0 0.170 0.230

2.5 0 . 1 0 0 0.150 0.203

3.0 0.085 0.125 0.175

3.5 0.074 0 . 1 1 0 0.150

4.0 0.063 0.095 0.135

4.5 0.056 0.086 0.116

TABLE 5. ELECTRIC FIELD PROPORTIONALITY 
CONSTANT DATA FOR 1.937” O.D. 
CYLINDRICAL CONDUCTOR.



APPENDIX B

ELECTRIC FIELD AND WAVE SPEED RAW DATA FOR NITROGEN AND ARGON

The table below presents the raw data for the electric field and 

wave speed measurements in the form of probe voltage (in volts) and 

normalized elapsed time (in nanoseconds) as a function of the position 

z along the tube. The normalized time intervals were calculated in 

the computer program by subtracting the first time interval from all 

successive intervals. The probe voltages were recorded directly from 

a Tektronix dual beam oscilloscope. Unless otherwise indicated, the 

start trigger for the wave speed measurements was located at the 1 . 0  

meter viewport. The probe voltages of ±20 KV, ±40 KV and ±60 KV for the 

1.6 torr pressure and of ±20 KV and ±40 KV for the 1.0 torr pressure 

of nitrogen were measured with the unattenuated mode of the E.S. probe 

and have a different value for A^ at 1.17 x 10~** volts/volt. All other 

probe measurements were taken on the 2 to 1 attenuation mode at the E.S. 

probe and use the A^ constant stated in the text.
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Press
(torr)

Volt
(KV) Item z (meters) -»■

1.5 2 . 0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6 . 0 6.5

1 0

-60 PROBE 1.5 1.3 1 . 1 0.7 0.5 0.5
TIME « — 0 69.1 178.6 347.0 820.5 1601.0

—80 PROBE — 2.4 1 . 8 1.5 1 . 2 1 . 0 0.7 0 . 6 0 . 6

TIME — 0 33.2 90.6 159.3 292.0 542.7 1013.0 1654.0

4 -40 PROBE 2 . 0 1.5 1 . 1 0.9 0.7 0 . 6 0.5 0.4 0.3
TIME 0 24.5 64.7 105.0 188.7 285.2 488.7 726.3 1169.6

1 . 6

- 2 0 PROBE 1.48 1.06 0.97 0.81 0.81 0.63 0.49 0.45 0.4
TIME 0 54.7 96.7 183.9 334.8 536.8 853.1 1434.0 —

-40 PROBE 5.17 4.63 3.83 3.11 2.58 2 . 0 1.7 1.5 1.3 1 . 2 1 . 1

TIME 0 20.9 40.4 64.1 87.4 1 2 1 . 1 142.5 185.9 237.2 290.2 354.2

—60 PROBE 8 . 0 7.5 7.0 6.5 6 . 0 5.5 5.0 4.0 3.6 3.2 2 . 8

TIME 0 1 0 . 1 18.5 29.4 41.5 53.2 6 8 . 2 83.7 89.5 126.3 143.6

—80 PROBE 5.6 5.2 5.0 4.8 4.4 4.0 3.6 3.2 2 . 8 2 . 6 2.4
TIME 0 7.2 14.4 2 0 . 2 30.3 37.5 44.7 53.4 60.6 76.4 —

1 . 0

- 2 0 PROBE 1.9 1.5 1.3 1 . 1 0.9 0 . 8 0.7 0 . 6 0.5 0.46 0.4
TIME 0 40.7 65.3 95.2 142.4 188.6 263.4 359.9 455.6 598.2 812.1

-40 PROBE 4.8 4.6 4.2 3.8 3.5 3.2 3.0 2 . 6 2.4 2 . 0 2 . 0

TIME 0 14.9 2 2 . 8 32.9 44.4 64.6 68.7 8 6 . 0 94.6 120.5 143.6

a\



Nitrogen - Proforce
Press Volt Item z (meters) -»■
(torr) (KV) 1.5 2 . 0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6 . 0 6.5

PROBE 4.6 4.4 4.2 4.0 3.6 3.4 3.2 3.0 2 . 8 2.4 2 . 2—ou
TIME 0 1 2 . 2 17.6 24.3 32.5 46.9 51.2 58.4 64.2 75.8 85.61 » u

—80 PROBE 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6
TIME 0 1 2 . 2 14.2 18.9 29.5 39.6 42.5 51.1 54.0 65.6 71.3

on PROBE 1.35 1 . 2 1 . 0 0.9 0.9 0.85 0.75 0.65 0.65 0.65 0 . 6—Zv
TIME 0 27.4 50.3 73.3 1 0 2 . 1 128.0 145.3 168.0 192.1 2 2 2 . 2 252.4

0.35 PROBE 3.3 3.2 3.1 3.0 2.9 2 . 8 2 . 6 2.4 2.3 2 . 2 2 . 0—4U
TIME 0 13.5 2 0 . 1 28.8 40.3 57.6 67.7 73.3 90.6 1 0 2 . 1 • •

—60 PROBE 4.8 4.6 4.4 4.2 4.0 3.8 4.0 3.8 3.4 4.0 3.8
TIME 0 1 0 . 1 16.9 25.7 34.4 43.0 50.2 57.5 63.2 74.8 78.9
PROBE 1.5 1.3 1.3 1 . 2 1 . 2 1 . 2 1 . 1 1 . 0 1 . 0 1 . 0 1 . 0—zu
TIME 0 34.6 69.1 103.6 129.0 171.2 195.3 219.4 237.5 261.6

0.16 PROBE 3.2 3.2 3.2 3.2 3.1 3.0 3.0 2 . 8 2 . 6 2.5 2 . 8—4U
TIME 0 2 0 . 2 31.7 43.2 54.7 6 6 . 2 77.7 89.3 1 0 0 . 8 126.3 138.4

-60 PROBE 4.8 4.8 4.8 4.7 4.7 4.6 4.2 4.2 4.2 4.0 4.2
TIME 0 17.3 23.0 34.6 48.9 60.5 6 6 . 2 74.9 80.6 92.1 -

cr>Oi



Nitrogen - Antiforce
Press
(torr)

Volt
(KV) Item 2 (meters) i

1.5 2 . 0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6 . 0 6.5

30 +80 PROBE 3.2 2 . 8 2 . 2 1 . 8 1 . 6 1.3 1 . 1 0.9 —
TIME 0 93.5 181.6 314.2 464.2 701.8 1025.5 1471.4 •• -,

1 0

+60 PROBE 3.9 3.2 2 . 6 2 . 2 1.9 1 . 6 1.4 1 . 2 1 . 1 1 . 0 0.9
TIME 0 2 1 . 6 43.3 69.2 1 0 2 . 1 139.6 206.0 284.4 374.9 482.2 601.1

+80 PROBE 4.6 4.0 3.2 2.4 2 . 2 1.9 1.5 1.3 1 . 2 1 . 1 1 . 0

TIME 0 16.9 31.5 77.6 90.4 136.4 171.0 225.9 298.3 382.7 502.2

4.0 +40 PROBE 2.7 2.3 1.9 1.7 1.5 1.3 1 . 1 1 . 0 0.9 0 . 8 0.7
TIME 0 18.8 36.1 60.4 86.3 117.9 161.1 217.1 277.4 337.8 421.7

1 . 6

+ 2 0 PROBE 2.3 1 . 8 1.7 1 . 6 1.4 1 . 2 1 . 1 1 . 0 0.9 0 . 8 0.7
TIME 0 31.7 67.4 1 1 1 . 1 163.3 224.8 300.8 406.2 526.2 646.2 724.7

+40 PROBE 6 . 6 6 . 0 5.2 4.8 4.3 4.0 3.6 3.2 3.1 2.9 2 . 6

TIME 0 17.3 33.7 44.3 77.1 8 8 . 6 105.9 131.8 150.8 174.4 199.7

+60 PROBE 9.5 8 . 8 8 . 2 7.5 7.0 6.5 6 . 0 5.5 5.0 4.5 4.0
TIME 0 8.7 13.3 2 2 . 2 32.3 42.7 53.2 66.4 72.2 1 1 0 . 8 124.0

+80 PROBE 6 . 0 5.8 5.4 5.2 5.0 4.7 4.4 4.0 3.6 3.2
TIME 0 7.2 16.6 23.8 28.8 38.9 46.1 56.2 63.4 75.0

1 . 0 + 2 0
PROBE 2 . 2 2 . 0 1 . 8 1 . 6 1.5 1.4 1.3 1 . 2 1 . 1 1 . 0 0.9
TIME 0 47.6 67.6 90.6 130.9 166.9 209.1 251.4 299.6 353.9 408.2

a\O'



Nitrogen - Antiforce
Press Volt Item z (meters)
(torr) (KV) 1.5 2 . 0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6 . 0 6.5

+40 PROBE 5.3 5.1 4.9 4.6 4.3 4.0 3.6 3.5 3.5 3.2 3.0
TIME 0 16.2 27.1 41.5 53.0 76.1 8 6 . 0 103.3 103.3 134.9 155.1

+60 PROBE 4.8 4.6 4.4 4.2 4.1 3.8 3.6 3.5 3.5 3.2 3.01 «U
TIME 0 1 2 . 2 2 1 . 6 31.9 43.4 60.7 65.1 76.6 76.6 103.8 112.4

+80 PROBE 6 . 0 6 . 0 5.7 5.2 5.1 5.2 4.8 4.6 4.6 4.2 3.6
TIME 0 11.5 18.3 28.3 38.4 51.4 57.2 67.3 67.3 88.7 97.3

+ 2 0 PROBE 1.4 1.3 1.25 1.15 1.15 1 . 1 0 1.05 1 . 0 1 . 0 0.95 0.95
TIME 0 48.9 86.4 123.8 160.9 209.1 257.4 305.6 305.6 389.8 449.2

0.35 +40 PROBE 3.3 3.2 3.1 3.0 2.9 2 . 8 2.7 2 . 6 2 . 6 2.5 2.5
TIME 0 30.3 59.1 92.0 118.0 143.9 174.7 2 1 0 . 8 235.0 271.2 307.3

+60 PROBE 5.0 4.6 4.8 4.6 4.6 4.5 4.2 4.1 4.1 4.0 4.0
TIME 0 27.4 53.4 77.7 103.6 129.5 152.5 183.6 207.7 237.8 280.1

+ 2 0 PROBE 1.45 1.4 1.4 1.3 1.3 1.3 1.3 1.3 1.25 1.3 1.25
TIME 0 86.4 154.4 238.9 311.2 370.7 453.9 537.1 620.3 715.3 846.6

0.16 +40 PROBE 3.4 3.4 3.3 3.3 3.3 3.3 3.2 3.1 3.1 3.1 3.1
TIME 0 6 6 . 2 135.3 183.5 267.9 340.3 405.7 477.0 548.2 631.4 702.7

+60 PROBE 5.0 5.1 5.0 4.9 5.0 5.0 4.8 4.8 4.8 4.8 4.8
TIME 0 57.6 83.5 176.9 225.2 297.5 357.9 405.3 476.6 547.9 619.2

ov-si



Press
(torr)

Volt
KV) Item z (meters) -*■

1.5 2 . 0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

0.3

+ 2 0 PROBE 1.5 1.5 1.4 1.4 1.4 1.4 1.4 1.4
TIME 0 273.3 475.3 739.5 962.4 1185.4 1408.4 1631.3

+40 PROBE 3.3 3.3 3.2 3.2 3.1 3.1 3.0 3.0 2.9
TIME 0 225.8 463.4 677.3 978.0 1173.1 1396.0 1674.7 1925.5

+60 PROBE 4.9 5.0 4.8 4.8 4.8 4.7 4.6 4.5 4.4
TIME 0 235.2 438.2 640.2 916.3 1055.6 1306.5 1585.1 1836.0

o\00



Press

1 0 0

Volt
(KVI Item z (meters)

1,5 2 , 0 2.5 3. 0 3.5 _ 4.0 4.5 5.0 5.5 6 . 0 _&.5
-40 PROBE 2 . 8 2 . 6 2.5 2.4 2.3 2 . 2 2 . 0 1.9 1 . 8 1.7 1 . 6

TIME 0 1 0 0 . 8 220.5 305.2 447.8 590.4 733.0 937.8 1105.0 1272.2 1606.6

-60 PROBE 4.0 3.8 3.6 3.4 3.4 3.2 3.2 3.0 3.0 2 . 8 2 . 8

TIME 0 48.9 106.5 161.4 221.7 294.1 354.4 425.8 509.0 580.3 663.5

—80 PROBE 5.1 5.0 4.8 4.8 4 .6 4.6 4.2 4.1 4.0 3.9 3.8
TIME 0 33.2 70.4 107.9 139.5 182.9 225.1 267.4 315.6 363.8 399.8

30

- 2 0 PROBE 1 . 2 1.15 1 . 1 1.05 1 . 0 0.95 0.9 _

TIME 0 228.7 585.2 981.0 1204.0 1538.4 1928.5 _ —

-40 PROBE 2.7 2.7 2 . 6 2.5 2.5 2.4 2.3 2 . 2 2 . 2 2 . 1 2 . 0

TIME 0 40.3 83.5 141.1 203.4 251.6 311.9 360.3 431.6 491.0 586.0

-60 PROBE 4.2 4.0 3.9 3.8 3.7 3.6 3.6 3.5 3.4 3.4 3.2
TIME 0 23.1 49.0 76.2 105.0 133.8 156.8 188.7 224.9 261.1 297.2

1 0

- 2 0 PROBE 1 . 0 0.9 0 . 8 0.75 0.7 OJ65 0.65 0 . 6 0.55 0.5 _

TIME 0 1 2 1 . 1 265.9 421.2 575.6 767.7 990.6 1325.1 1603.7 1882.4 —

-40 PROBE 3.0 2 . 8 1.7 2 . 6 2.5 2.4 2.4 2 . 2 2 . 1 2 . 1 2 . 2

TIME 0 28.8 58.9 1 0 2 . 1 139.5 188.7 224.9 273.1 309.3 357.6 38Ï.8

-60 PROBE 4.3 3.8 3.5 3.4 3.2 3.1 3.1 3.0 219 2 . 8 2.7
TIME 0 23.1 40.4 64.7 87.7 1 1 0 . 8 133.8 162.6 194.5 230.6 260.8

a»VO



Argon - Proforce
Press Volt Item z (meters)
(torr) (KV) 1.5 2 . 0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6 . 0 _ 6.5

- 2 0 PROBE 1 . 0 0.90 0.75 0.70 0.65 0.55 0.50 0.46 0.44 0.42 0.40
TIME 0 33.2 86.3 132.3 211.4 307.9 368.2 463.5 606.1 724.9 945.3

Pure PROBE 3.1 2 . 8 2.5 2 . 2 2 . 0 1 . 8 1 . 6 1.4 1 . 2 1 . 2 1 . 0

2 . 6
—4U

TIME 0 11,5 24.5 38.9 54.8 71.9 89.2 1 1 2 . 2 126.6 143.9 177.5

-60 PROBE 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2 . 6 2.4 2.3 2.3
TIME 0 11.5 2 1 . 6 31.7 40.4 49.0 60.6 70.5 82.0 96.4 107.9

- 2 0 PROBE 1 . 0 0.85 0.75 0.70 0.65 0.60 0.56 0.48 0.44 0.42 —,
0 .2 2 2 %

N2 TIME 0 34.6 90.6 136.7 203.6 288.1 360.4 491.6 586.6 705.5 —

-40 PROBE 3.1 2 . 8 2.5 2 . 2 2 . 0 1 . 8 1 . 6 1.4 1 . 2 1 . 2 1 . 0Z.b
TIME 0 11.5 26.0 40.4 54.8 67.6 84.9 107.9 125.2 148.2 179.0
PROBE 1.25 1.15 0.95 0.85 0.75 0.70 0.60 0.60 0.55 0.50 0.45—ZU
TIME 0 2 0 . 2 43.3 69.2 93.5 122.3 156.8 193.9 230.1 278.4 314.5

1 n PROBE 3.1 3.0 2 . 8 2 . 6 2.4 2 . 2 2 . 0 1 . 8 1 . 8 1 . 6 1.5JL.U —4U
TIME 0 13.0 23.1 34.6 43.3 54.8 63.5 76.2 87.7 99.3 1 1 0 . 8

cm PROBE 4.4 4.0 4.0 3.9 3.8 3.6 3.6 3.4 3.4 3.3 3.2—OU
TIME 0 8.7 14.4 24.5 31.7 40.4 46.1 53.4 60.6 67.8 76,2

■vio



Press
(torr)

Volt
(KV) Item z (meters) ->

1.5 2 . 0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6 . 0 6.5

0.3

- 2 0 PROBE 1.5 1.4 1.35 1 . 2 0 1 . 2 0 1 . 1 0 0.90 0.95 0.90 0.90
TIME 0 14.4 31.7 44.7 63.2 80.5 92.0 106.4 126.6 143.8

-40 PROBE 3.4 3.0 2.9 2 . 8 2.7 3.0 2.9 2 . 8 2.7 2.7
TIME 0 11.5 24.5 30.3 41.8 49.0 56.2 6 6 . 1 77.6 86.3

-60 PROBE 4.8 4.8 4.6 4.8 4.6 4.8 4.8 4.6 4.6 4.6 4.6
TIME 0 1 0 . 1 18.8 27.4 36.1 46.1 50.5 46.2 63.5 71.9 80.5



Press

1 0 0

Volt Item z (meters) -+
1.5 _ 2 . 0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6 . 0 6.5

+40 PROBE 3.1 3.0 2.9 2.7 2.7 2 . 6 2.5 2.4 2.4 2.3 2 . 2

TIME 86.4 190.1 298.6 406.0 513.0 643.7 762.5 943.5 1082.9 1278.0

+60 PROBE 4.6 4.4 4.2 4.2 4.2 4.0 3.9 3.8 3.8 3.6 3.6
TIME 40.3 83.5 129.6 182.1 236.4 290.7 351.0 398.8 470.1 529.5

+80 PROBE 6 . 0 5.8 5.7 5.5 5.4 5.3 5.1 5.0 4.9 4.8 4.7
TIME 24.5 51.9 82.0 113.6 148.2 182.7 2 1 2 . 8 249.0 298.2 333.4

30

+ 2 0 PROBE 1.25 1 . 2 1.15 1.15 1 . 1 1 . 1 1 . 1 1 . 1 1 . 1 —
TIME 180.9 383.7 597.6 822.1 1072.9 1295.9 1574.5 1853.2 — —

+40 PROBE 3.2 3.2 3.1 3.0 3.0 2.9 2 . 8 2 . 8 2.7 2 . 6 2.5
TIME 31.7 70.4 105.0 145.8 195.0 237.2 279.4 327.7 381.9 411.6

+60 PROBE 4.8 4.7 4.6 4.5 4.4 4.3 4.2 4.1 4.0 3.9 3.8
TIME 17.3 34.6 51.9 70.5 90.6 107.9 128.0 151.1 174.1 2 0 0 . 2

1 0

+ 2 0 PROBE 1 . 1 0.9 0 . 8 0.75 0.70 0.65 0.65 0 . 6 0.55 0.50 0.5
TIME 83.5 195.8 322.5 459.3 661.3 809.9 1005.0 1283.7 1562.4 1952.6

+40 PROBE 3.2 3.0 2 . 8 2 . 6 2.4 2 . 2 2 . 0 1 . 8 1 . 6 1 . 8 1 . 6

TIME 2 0 . 2 43.3 64.7 87.7 116.5 145.3 176.4 206.5 242.7 278.9

+60 PROBE 4.9 4.8 4.8 4.8 4.7 4.6 4.4 4.3 4.2 4.0 4.4
TIME 14.4 28.8 41.8 56.2 73.3 87.7 1 0 2 . 1 119.4 136.7 148.7

-NiN



Press
(torr)

Volt
(KV) Item z (meters)

1-5 2 . 0 2.5 3.0 3.5 4.0 4.5 5.0 5.6 6 . 0 6.5

2 . 6

+ 2 0 PROBE 1 . 1 1 . 0 0.9 0 . 8 0.75 0.65 0 . 6 0.55 0.55 0.5 0.45
TIME 34.6 64.7 107.9 155.4 215.7 276.0 348.4 432.8 491.6 562.9

+60 PROBE 4.8 4.8 4.6 4.5 4.3 4.2 4.0 3.8 3.4 3.8 3.8
TIME 11.5 2 0 . 2 28.8 38.9 47.6 57.7 66.3 73.3 84.9 93.5

0 .2 2 2%
N2

2 . 6

+ 2 0 PROBE 1 . 1 1 . 0 0.9 0 . 8 0.75 0.65 0 . 6 0.60 0.55 0.5 0.5
TIME 33.2 6 6 . 1 103.5 153.9 2 0 2 . 2 262.5 334.9 383.2 466.4 549.6

+40 PROBE 3.4 3.2 2.9 2.7 2 . 6 2.4 2 . 2 2 . 0 1 . 8 1 . 6 1.4
TIME 11.5 26.0 34.6 49.0 62.0 76.2 90.6 105.0 128.0 145.3

1 . 0

+ 2 0 PROBE 1.4 1.25 1.15 1 . 1 1 . 0 0.95 0.9 0.85 0.80 0.75 0.7
TIME 2 0 . 2 44.7 69.0 92.0 118.0 143.9 172.7 2 1 0 . 8 247.0 283.2

+40 PROBE 3.4 3.3 3.2 3.1 2.9 2 . 8 2 . 6 2.4 2 . 2 2 . 1 2 . 0

TIME 11.5 24.5 37.5 49.0 60.6 73.3 84.9 96.4 1 1 0 . 8 125.2

+60 PROBE 5.2 5.2 5.0 4.8 4.8 4.8 4.6 4.6 4.6 4.4 4.4
TIME 8.7 18.8 28.8 37.5 46.1 54.8 63.5 73.3 84.9 96.4

w



Press
(torr)

Volt
(KV) Item z (meters) •>

1.5 2 . 0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6 . 0 6.5

0.3

+ 2 0 PROBE 1.5 1.45 1.35 1.3 1.3 1.25 1 . 2 1.15 1 . 1 1 . 1 1 . 1

TIME 37.5 67.6 105.0 136.6 173.7 209.9 246.1 276.3 18.5 360.7

+40 PROBE 3.5 3.3 3.3 3.3 3.3 3.2 3.1 3.1 3.1 3.1 3.0
TIME 26.0 40.4 82.0 105.0 133.8 153.9 182.7 2 1 2 . 8 236.9 327.4

+60 PROBE 5.5 5.2 4.8 5.0 4.9 5.0 4.9 4.8 4.8 4.7 4.4
TIME 23.1 44.7 71.9 94.9 117.9 141.0 164.0 190.1 — —

0 . 1

+ 2 0 PROBE 1 . 6 1 . 6 1 . 6 1 . 6 1 . 6 1 . 6 1 . 6 1 . 6 1 . 6 ' 1 . 6 1 . 6

TIME 92.1 189.8 298.4 276.1 459.3 542.5 625.7 720.7 837.8 921.4

+40 PROBE 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5
TIME 86.4 177.5 280.0 358.1 441.3 512.6 607.7 690.8 797.8 899.3

+60 PROBE 5.0 5.2 5.2 5.2 5.2 5.1 4.8 5.0 4.8 4.8 4.8
TIME 80.6 158.6 230.9 309.3 351.6 434.8 494.2 553.6 636.8 696.2



APPENDIX C

COMPUTER PROGRAM FOR WAVE SPEED ANALYSIS

The computer program for the analysis of the wave speed raw 

data is presented in this appendix. The program was written in "BASIC" 

language for operation by an ASR-33 remote teletype in conjunction 

with the IBM-370-158 (ITF) computer. The program was written by Dr. 

William C. Paske.
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WAVE SPEED SAMPLE DATA RUN

ENTER THE NUMBER OF TAG SCALES USED 
? 5ENTER THE TAG RANGE USED (IN NSEG) AND THE NUMBER OF DATA POINTS IN THIS DATA RANGE 
? 100,2 ENTER THE DATA POINTS, P(Z)
? If.2 
? 5.9ENTER THE TAG RANGE USED (IN NSEG) AND THE NUMBER OF DATA POINTS IN THIS DATA RANGE 
? 200,2 ENTER THE DATA POINTS, P(Z)
? If.If 
? 5.8ENTER THE TAG RANGE USED (IN MSEC) AND THE NUMBER OF DATA POINTS IN THIS DATA RANGE 
? 400,2ENTER THE DATA POINTS,
? 4.4
? 6.0 ENTER THE TAG RANGE USED

P(Z)

(IN NSEG) AND THE NUMBEROF DATA POINTS IN THIS DATA RANGE
800,2THE DATA POINTS, P(Z)
4.8
6.8THE TAG RANGE USED (IN NSEG) AND THE NUMBER OF DATA POINTS IN THIS DATA RANGE 

? 2000,1 ENTER THE DATA POINTS, P(Z)
? 4.6

?ENTER
?
?ENTER

THE RAW TIMES ARE 
57.6040 
82.1180 

122.2759 
162.5819 
246.2838 
342.7798 
546.3057 
783.9458 

1227.2532

+/- STD
2.2754
3.2437
6.6640
8.8607
8.7677

12.2030
11.7456
16.8548
19.0224
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NORMALIZED TIMES| T(l) DELTA TIMES T(N-1)-T(N-2)
24.5140 24.5140
64.6720 40.1580

104.9780 40,3060
188.6798 83.7019
285.1758 96.4960
488.7017 203,5259
726.3418 237.6401

1169.6492 443.3074
THE LINEAR LEAST SQUARES FIT PARAMETERS ARE AS FOLLOWSTHE INTERCEPT IS 9.4702; THE SLOPE IS 0.3583THE DEVIATION IS ********* THE STANDARD ERROR IS 15.8944

V(0) BETA T(0)4.3532 61..25E-04 11.0752Z(l) V(l)0.0 4.353250.0 3.2048100.0 2.3594150.0 1.7370200.0 1.2787250.0 0.9414300.0 0.6931350.0 0.5102400.0 0.3756450.0 0.2765

THE EFFECTIVE LENGTH IS 58.502 CMEFFECTIVE LENGTH VELOCITIES ARE AS FOLLOWSZ(l) V(l)150.0 2.386200.0 1.457250.0 1.451300.0 0.699350.0 0.606400.0 0.287450.0 0.246500.0 0.132
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00010 REM R P SCOTT 3/10/7500015 REM TIMING CALIBRATION00016 PRINT"ENTER THE NUMBER OF TAC SCALES USED"00017 INPUT M00018 FOR J-1 TO M00020 PRINT"ENTER THE TAC RANGE USED (IN NSEC) AND THE NUMBER" 00025 PRINT"OF DATA POINTS IN THIS DATA RANGE"00030 INPUT L,N00032 PRINT"ENTER THE DATA POINTS, P(Z)"00035 IF L = 50 THEN 50 00040 IF L = 100 THEN 10000045 IF L = 200 THEN 20000046 IF L = 400 THEN 40000047 IF L = 800 THEN 80000048 IF L = 1000 THEN 100000049 IF L = 2000 THEN 200000050 FOR 1=1 TO N 00060 INPUT T(I,J)00065 TCI,J)=T(I,J)*6.76+0.78100066 E(I,J)=T(I,J)*0.0666 00070 NEXT I00075 GO TO 2050 00100 FOR 1=1 TO N 00110 INPUT T(I,J)00120 T(l,J)=T(l,J)*14.42-2.9600121 E(I,J)=T(I,J)*0.0395 00130 NEXT I00140 GO TO 2050 00200 FOR 1=1 TO N 00210 INPUT T(I,J)00220 TCI,J)=T(l,J)*28.79-4.4000221 ECI,J)=TCI,J)#0.0545 00230 NEXT I00240 GO TO 2050 00400 FOR 1=1 TO N 00410 INPUT T(I,J)00420 TCI,J)=T(l,d)*60.31-19.0800421 ECI,J)=T(l,d)*0.0356 00430 NEXT I00440 GO TO 2050 00800 FOR 1=1 TO N 00810 INPUT TCI,J)00820 TCI,J)=T(l,d)*118.82-24.0300821 ECl,J)-TCI,d)*0.0215 00830 NEXT I00840 GO TO 2050 01000 FOR 1=1 TO N 01010 INPUT TCI,J)01020 TCI,J)=TCI,d)*135.64-29.1501021 ECI,J)=TCI,d)*0.0295 01030 NEXT I01040 GO TO 2050 02000 FOR 1=1 TO N 02010 INPUT T(I,J)
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02020
02021020300204002050020600207002500025500256002575025800300003100032000320103202 03205 03210 03220 03230 03250 03270 03280 03290 03295 03300 03310 03320 03330 03340 03350 03360 03370 03380 03395 03400 03405 03410 03420 03430 03440 03450 03460 03470 03480 03490 03500 03510 03520 03530 03535 03540

T(l,J)=T(l,J)*278.69-54.72 E(I,J)=T(I,J)*0.0155 NEXT I GO TO 2050 NEXT J PRINT PRINT"FOR J-1 TO M FOR 1=1 TO 10 IF T(l,J)=0 PRINT USING

THE RAW TIMES ARE +/- STD"

##.####

DELTA TIKES T(N-1)-T(N-2)

THEN 3000 2580,T(I,J),E(I,J)
: ####.####NEXT I NEXT JREM TIME NORMALIZATION TO T(l)PRINTPRINT" NORMALIZED TIMES; T(l)A=T(1,1)FOR J«1 TO M FOR 1=1 TO 10 IF T(l,J)=0 THEN 3270 T(I,J)=T(I,J)-A NEXT I NEXT JREM DELTA TIME CALCULATION B=0FOR d=l TO M FOR 1=1 TO 10 IF T(l,J)=0 THEN 3370 D(I,J)=T(I,J)+B PRINT USING 3350,T(I,J),D(I,J)
; ####,####B=-T(I,J)NEXT I NEXT JREM LINEAR LEAST SQUARES FIT, DELTA T VS NORM. TS=0H-0R-0V«0U»0P-0FOR d=l TO M FOR 1=1 TO 10 IF T(l,J)=0 THEN 3540 IF D(l,J)=0 THEN 3540 P-P+1S-T(l,d)+S U«T(I,J)*T(I,J)+U R«D(I,J)+R V=D(I,J)*T(I,J)+V H»D(I,J)*D(I,J)+H NEXT I

####.####
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03550 NEXT J03560 F"((S*V)-(R*U))/((S*S)-(P*U))03570 G-(R-P*F)/S03580 REM F- INTERCEPT; G= SLOPE03590 REM DEVIATION W, AND STANDARD ERROR Z DETERMINATION 03610 W«H-(F*R+G*V)03620 Z-SQR(W/P)03672 PRINT03675 PRINT"THE LINEAR LEAST SQUARES FIT PARAMETERS ARE AS FOLLOWS" 03680 PRINT USING 3 7 00,F,G 03690 PRINT USING 3710,W,Z03700 :THE INTERCEPT IS ###.####; THE SLOPE IS ###.####03710 :THE DEVIATION IS ###.####; THE STANDARD ERROR IS ###.#### 03720 PRINT 03730 PRINT03750 REM DETERMINATION OF BETA 03760 B=LOG(1+G)/50.03770 REM DETERMINATION OF T(0)03780 C»(T(2,1)-F)/(1+G)03790 REM DETERMINATION OF V(0)03800 0 “ (1/B)*G/(G*C+F)03807 PRINT" V(0) BETA T(0)"03809 PRINT USING 4000,0,B,C03810 REM CALCULATE V(l) VS Z(l)03815 PRINT" Z(l) V ( D "03830 FOR 1=1 TO 10 03835 Q=(l-1)*50 03840 X«0*EXP(-B*Q)03850 PRINT USING 4100,Q,X 03860 NEXT I04000 ;####.*«## ##.##!!1! ####.####04100 : ###.# ###.####04110 PRINT04120 PRINT04121 REM CALCULATION OF EFFECTIVE LENGTH04122 L1=(EXP(B*50.)-1)/B 04125 PRINT USING 4 1 3 4 , LI04130 PRINT"EFFECTIVE LENGTH VELOCITIES ARE AS FOLLOWS"04132 PRINT" Z(l) V ( D "04133 Ql=100.04134 :THE EFFECTIVE LENGTH IS ####.### CM04135 FOR J»1 TO M 04140 FOR 1=1 TO 1004145 IF D(l,J)=0 THEN 4175 04150 0=L1/D(I,J)04155 Ql=Ql+5004160 PRINT USING 4170,Q1,004170 : ###.# ####.###04175 NEXT I 04180 NEXT J 04190 PRINT 04200 PRINT 04300 PRINT 05000 END


