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ABSTRACT 

This thesis describes the design and construction of a highly, 

sensitive, optical, multichannel spectrographic facility for the 

study of laser-triggered gas discharges. In addition, the results of 

an experiment designed to determine electron densities from 

measurements of Stark-broadened spectral profile in laser-triggered 

discharges in hydrogen are presented. Temporally- and spatially

resolved electron densities were obtained, including evidence of a 

shockwave. 
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CHAPTER I 

INTRODUCTION 

This thesis describes the design and construction of a general 

purpose vacuum/pressure cell and the development of a high-sensitivity, 

optical, multi-channel spectroscopic facility for the study of laser

triggered spark gaps. In addition, preliminary results from an 

experiment which exhibits the capabilities of the facility are also 

included. 

Today, the technology for research into science and associated 

areas of engineering often requires the use of high voltage and large 

currents. These typically must be switched on very rapidly with high 

pulse rates. By far the device most successful in meeting these 

requirements has been the spark gap. 

For many years ultraviolet radiation has been used in conjunction 

with spark gaps to overcome the statistical delay in waiting for a 

cosmic ray or other natural electron-producing source, so that rapid 

initiation of breakdown could be achieved. With the advent of lasers, 

laser-triggered spark gaps have been developed which have proven to 

possess many advantages over conventional spark gaps. Though the 

fundamental physical processes involved in the breakdown of conventional 

spark gaps is rather well understood, the effects of laser-triggering 

the spark gap have not been thoroughly studied, and, due to the 

increasingly important role spark gaps are playing in the field of 

pulse power, the physical processes of laser-triggered spark gaps are 

of growing concern. As the first step in implementing a reasearch 

program into laser-triggered spark gaps, the spectroscopic facility 
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described in this thesis was developed. The facility possesses 

near-single-photon detectivity, high temporal resolution (40 nsec.), 

and two-dimensional scanning capabilities. 

Chapter II begins with an introduction to spark gaps, emphasizing 

laser-triggered spark gaps (LTSG), and detailing some of the 

accomplishments achieved by other investigators with LTSG. It 

continues with an overview of the experimental techniques which have 

been used to study spark gaps, and concludes with a description of the 

facility developed here. 

Chapter III describ~s in detail the construction and development 

of the spectroscopic facility. 

Chapter IV provides the theoretical background for the first 

experiment using the new facility. This experiment was to measure 

electron densities with temporal resolution, from which an electron 

density decay rate could be determined. The chapter describes the 

method of measuring electron densities from Stark-broadened line 

widths, and gives the basis for extracting emission coefficients from 

intensity spectra. 

Chapter V displays the preliminary results from the experiment, 

including plots of the emission spectra as a function of radius of 

the discharge. 

Chapter VI contains a brief summary and conclusions. 
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CHAPTER II 

LASER-TRIGGERED SPARK GAPS 

The development of high power switches has been given increasing 

impetus over the last several years due to the critical role they play 

in high voltage, high current applications. Spark gaps have come to 

the forefront, being easily capable of handling the large currents 

involved. The advent of lasers has led to an improvement in the 

performance of spark gaps through the development of the laser

triggered spark gap, which has expanded the range of applicability of 

these switches even further. A review of spark gaps and LTSG is 

presented here, followed by the standard techniques for studying spark 

gaps. The chapter cone l udes with a description of the fac i1 i ty 

described in this paper, and a discussion of its advantages over 

previous facilities. 

Conventional Spark Gaps: As stated above, conventional spark gaps 

have come into wide usage, because of their unique ability to handle 

the high currents and voltages common in contemporary research. The 

theory for these spark gaps is rather well known, with the first 

successes achieved by J. S. Townsend around the turn of the century, 1 

and subsequent improvements by Raether, Loeb, Meek, Craggs, and 

others. 2- 5 

Basically, the theory states that an electron is accelerated across 

the gap by the applied field, ionizing atoms by collision. This 

ionization process grows in an exponential manner, termed an "avalanche," 

such that the number of electrons created after the initial electron 

has travelled a distance x is given by 
3 



4 
(2.1) 

where a is Townsend 1 S first coefficient and is the number of ionizing 

collisions per unit length of path in the direction of the applied 

field. The theory was refined by the inclusion of factors accounting 

for other ionizing processes and recombination mechanisms, and the 

streamer theory was developed taking the space charge distortion of 

the fields into account. 

Later, when severely overvolted gaps were investigated, breakdown 

times were observed corresponding to the transit time of a single 

electron. This was much too fast for the avalanche process to account 

for, since breakdown required many cumulative avalanches before a self

sustaining discharge was created. Loeb proposed a photoionization 

process to achieve the observed closure times, wherein hard uv 

radiation was produced in the collisions which subsequently ionized 

neutral atoms ahead of the streamer, bridging the gap rapidly. 

The principle method of rapidly closing a conventional spark gap 

consists of large overvoltages, and/or ultraviolet radiation from 

an external source. Without excessive overvoltages, delay times (the 

time between the production of the initial electron and the eventual 

closure of the gap) are typically on the order of several microseconds. 

However, overvoltages of 50 to 100%, or irradiation of the spark gap 

with intense ultraviolet light, can reduce the delay time to 10 to 

60 nsec., corresponding to one electron transit time. 6 

Laser-triggered Spark Gaps: Certain applications have emerged which 

require switches with stronger restraints olaced on them than just 

high current and voltage handling capabilities. The more common 



requirements involve precise timing with low delay and jitter. 

Included in these applications are the triggering of electro-optic 

shutters for high speed photography, 7 cineradiography, high-resolution 

radar, and others. 8 In addition, the gap switch is considered by the 

Soviets to be the most critical element in the design of high-current 

electron accelerators. 9 Conventional spark gaps are unable to meet 

these requirements. 

Lasers have made possible a new development in spark gaps: the 

laser-triggered spark gap. In a LTSG, a trigger laser replaces the 

intense ultraviolet source. A laser beam is focussed onto one of the 

electrodes, creating the initial photoelectrons necessary for 

development of the avalanche. Since very intense, high powered lasers 

can be focussed onto a very small area, the trigger laser may be kept 

outside the spark gap and introduced into the chamber through an 

entrance window, still providing very short delay times and low jitter. 

Laser-triggered spark gaps have been found to be the most reliable 

method of meeting the special application requirements. 

Due to the high reliability of commercial lasers, LTSG are 

becoming an attractive option in high power situations, particularly 

when the additional merits of LTSG are considered. LTSG share with the 

more conventional uv irradiated spark gaps the advantage of electrical 

isolation of the switch from the triggering system. 7 Moreover, the 

ease with which the laser beam may be split into several components 

whose optical path (and hence arrival time) ~re readily adjusted, makes 

multigap switching straightforward. 10 Another effect of the laser 

trigger i3 the occurrence of breakdown at voltages less than the static 

de breakdown voltage. These features, combinec with the LTSG proven 

5 



performance in the areas of timing, delay, and jitter, make the 

laser-triggered spark gap the most promising solution to many switching 

problems. 

In the closure of a LTSG, the effect of the trigger laser is to 

enhance the breakdown mechanisms of a conventional spark gap, but the 

exact details are not clear. The number of initial photoelectrons N0 
produced by the laser trigger is a strong function of the laser power 

density at the electrode; it was found7 that the variation of N
0 

with 

laser power P goes as P5· 3 or perhaps as P7· 5• The laser power 

6 

density in turn depends on the laser energy, pulsewidth, beam divergence, 

and lens focal length. Generally, laser power increases at the electrode 

increase the initial number of electrons resulting in shorter delay 

times. The current density has been shown experimentally to follow7 

j = K exp (3.5P) (2.2) 

The minimal delay and jitter results achieved by Bettis and Guenther8 

occurred when the laser was focussed one to two millimeters into the 

surface of the electrode. In our work it was found that the best 

results were obtained when the laser was focussed tightly enough to 

produce a 11 fireball.'' This resulted in a small plasma producing 

copious numbers of electrons for the initiation of the discharge. In 

fact, although aluminum electrodes with a work function of 3.5 eV were 

primarily employed, in order to take advantage of the 3.68 eV provided 

by the 337.1 nm radiation from the laser, it was found that for a LTSG 

the choice of electrode material is not very critical when the laser 

is focussed into a fireball. It is therefore possible to control the 

degree of ionization at the electrode surface temporally and quantitively 



by careful regulation of the laser power density at the electrode 

surface. 7 

In addition to the photoionization at the electrode, it has been 

found that, when large quantities of electrons are produced at the 

electrodes, a space charge may develop which increases the effective 

field.
6 

This essentially multiplies the first Townsend coefficient, 

increasing the amplification factor of the discharge and hastening the 

breakdown of the gap. 

7 

When the trigger laser is brought into the gap through a small hole 

in one electrode and focussed onto the other electrode, so that the 

radiation is on-axis, the radiation appears to precondition this path 

so that the arc follows this path very closely.?,S,lO Although the 

laser power is far below that required to break down the gas by itself, 

it appears to weakly ionize the gas in the discharge. In most cases the 

arc was observed to follow this path, restricting itself to a straight 

channel between the point of laser impact on the cathode and the small 

entrance in the anode, until the gap was almost bridged. It diverted 

from this path only when it had almost reached the entrance and had to 

branch off to strike the anode. 

An interesting property of the LTSG is that the breakdown voltage 

is affected substantially by the laser pulse, reducing it in some cases 

to only 50% of the static breakdown voltage. This is very dependent 

upon the laser power and geometry, but in general is attributable to 

the fact that the voltage required to maintain a discharge is less than 

that required for initiation. The laser causes the drop in required 

voltage by the introduction of ionization into the gap volume through a 

multiphoton process, or by the injection of electrons from the plasma 



llfireball ,u effectively decreasing the interelectrode distance. 40 Even . 
without causing actual breakdown, the conductivity of the gap is 

greatly increased and transient current pulses can be observed down to 

32% of the static sparking potential. This reduction in the breakdown 

allowed operation in our experiment with an applied voltage of only 80% 

of the static breakdown potential, so that spurious breakdown would not 

occur, yet the gap still triggered very reliably. 

With the advantages detailed above, LTSG have achieved a wide 

range of outstanding successes. Laser-triggering of spark gaps is 

attainable in a broad spectrum of situations, including de charged 

gasses, liquids, solids, and vacuum. Gaps have been triggered with a 

maximum voltage in excess of 3 MV, and with delay times on the order of 

8 

one electron transit time, or about 10 nsec. One of the most remarkable 

achievements has been the reduction of jitter to 0.1 nsec. Furthermore, 

risetimes of less than 300 psec. have been attained for impressed 

voltages greater than 10 kV. Also, repetition rates of up to 50 pps 

have been attained. 8' 10 

In order to design a facility to study these remarkable devices, 

some knowledge of the experimental techniques used to study spark gaps 

is necessary. The standard techniques for studying spark gaps are 

reviewed here. 

One of the earliest methods of studying spark gaps was the cloud 

chamber, pioneered by Raether. 11 Cloud chambers are good for studying 

weak, invisible ionization processes, such as electron avalanches. 

Typical results include spatial resolution of the discharge and 

velocities of propagation, including the streamer transition. 

Unfortunately, a cloud chamber is a rather specialized device, and is 



not readily compatible with other investigative techniques. 9 

Another common technique is to study the voltage collapse across the 

gap and the current through the gap on an oscilloscope. 12 , 13 This 

reveals several stages of spark formation, and has been widely used 

in studying time lags. Also, individual electron avalanches may be 

seen in current traces. 

Most other techniques involve optical measurements. The simplest 

of these is the suppressed or arrested discharge, in which the discharge 

is stopped prior to complete breakdown, usually by removing the applied 

field. 11 , 14 The resulting arrested discharge is photographed, providing 

spatial and temporal resolution of the visible spark. Kerr cells have 

also been used for spatial and temporal resolution.ll,lS-l? Streak 

cameras have been applied to the investigation, 11 sometimes as a 

supplement to shutter cameras 18 and monochromator-PMT arrangements. 19
, 20 

The most widely used technique is perhaps the PMT coupled with a 

h 21,22 . h . d. 'f' 23,24 monoc romator or w1t an 1mage converter an 1ntens1 1er. 

These techniques have revealed the lines involved in the spark 

mechanisms, and also their lineshapes, from which electron densities 

and temperatures have been determined. 

A recent innovation has replaced the PMT with an optical 

multichannel analyzer (OMA). 25 When an OMA is coupled to a spectrometer, 

it is capable of digitizing a portion of the spectrum from the 

spectrometer grating all at once, resulting in much faster acquisition 

of data. Furthermore, the OMAhas two-dimensional scanning capabilities, 

permitting resolution along the spectrometer entrance slit direction. 

The OMA is easily gated to provide time resolution of up to 40-50 nsec., 

and is one of the most sensitive instruments available, being able to 



detect even one or two photons. 10 

Due to the impressive capabilities of the spectrometer-OMA 

combination, it was decided to develop a spectrographic facility 

employing an OMA. Its high temporal resolution and great sensitivity 

were ideal for time-resolved spectroscopy, and the two-dimensiona1 

scanning would allow spatial resolution along the length of the spark 

very easily. Moreover, the OMA alone could be used for high resolution 

optical photography. Thus the spectrometer-OMA combination promised to 

be a very versatile and powerfu1 experimental tool. 



CHAPTER III 

CONSTRUCTION OF THE SPECTROSCOPIC FACILITY 

In developing a research facility of any sort, it is always in the 

interest of the investigators to create a highly flexible system which 

will allow pursuit of the problem along several different approaches. 

This is particularly true for a research project in the early stages of 

development, for projects with loosely structured goals, or for projects 

covering extended periods of time. In such projects early 

experimentation may reveal approaches to the problem which were not 

considered in the incubation period before the construction of the 

facility. A well-designed facility would still allow approaches 

tangential to the original plan without requiring major component 

changes in the system. 

A preliminary investigation of LTSG was first undertaken, using 

electrodes already at hand in easily constructed arrangements. After 

the completion of the rather crude experiments, plans were made for 

the construction of a more refined facility which would make possible 

carefully-controlled experiments (Fig. l). The primary components of 

the facility were a spark chamber, electrical system, an optical system 

and a system for data analysis. The construction of these components 

is described. 

In a facility to investigate gaseous breakdown, the primary 

flexibility of the system must be concerned with the actual spark 

apparatus. The most important parameters involved are the potential 

applied to the electrodes, the shape and secaration of the electrodes, 

and also their material and conditicr.. Further, the type and pressure 

11 
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13 of the gas in which the spark occurs is obviously of fundamental 

importance also. For maximum flexibility, therefore, the spark 

apparatus must allow for the variation of these parameters, and also be 

accessible to whatever means of investigation are being used to study 

the arc. This typically involves electrical connections for 

oscillographic studies, ports for inserting plasma probes, and optical 

windows. 

In order to study the effects of gas and gas pressure in the spark, 

it is necessary to have an enclosed chamber for the electrodes. For the 

facility described in this thesis, therefore, the spark ·cell (Fig. 2) 

consisted of a stainless-steel cross joint, and endplates designed and 

fabricated to bolt onto the cross joint with 0-ring seals. All such 

seals were designed to withstand pressure on either face, so that a 

pressure range from approximately one micron to pressures greater than 

atmospheric could be accommod~ted. The lower pressure range was limited 

by the use of 0-ring seals and organic components in the cell. 

Lucite electrode mounts were placed on two opposing endplates, 

extending into the cell so that the electrodes would be positioned in 

the center of the chamber, and to insulate the electrodes from the 

spark chamber walls. One of the electrode mounts was hollow, serving 

as an entrance for the trigger laser, while the other electrode mount 

was constructed from solid Lucite rod. Several solid electrode mounts 

were made in varying lengths, and spacers were made for the hollow 

electrode mount, in order that electrode separation could be varied. In 

this manner it was possible to obtain electrode separations ~rom a few 

millimeters to several centimeters. 
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Fig. 2. Spark chamber. 



The electrode mounts were two inches in diameter so that fairly 

large electrodes could be used. A wide range of electrode shapes could 

thus be easily accomodated, from planar electrodes to points. These 

electrodes simply screwed into the solid mount, or bolted onto the 

hollow mount, so that the electrode material and the shape of the 

electrode could be easily varied. The electrodes constructed for the 

work described in this thesis were made from aluminum and given 

Rogowski profiles26 to provide a uniform electric field between the 

electrodes. One contained a small hole through the axis to allow 

passage of the laser trigger. 

The endplate through which the laser trigger was introduced 

contained a 1.5 inch hole for the passage of the laser. A CaF
2 

window was bolted with 0-ring seals over the laser entrance. CaF
2 

was used because of its good transmission properties at the nitrogen 

trigger wavelength, 3371 A. Both the endplates also housed a high-

voltage electrical feedthrough which extended into the chamber and 

connected to the electrode. These feedthroughs were originally 

constructed of Lucite tubing with a metal rod inner conductor soldered 

to a high-voltage connector. Vacuum seals were obtained by liberally 

using Torr-seal compound between the rod and Lucite and between the 

Lucite and endplate. This was found to be unsatisfactory, however, 

because the brittleness of the hardened Torr-seal could not withstand 

the stresses placed on the feedthroughs, especially the high voltage 

feedthrough. This problem was overcome by replacing the Lucite tubing 

with nylon tubing, and using 0-ring seals to seal both the inner

c~nductor-tubing spacing and the tubing-endplate s~acing. At this 

point the chamber, evacuated and valved off, was found to leak up at a 

15 



rate of about three microns per minute. 16 

Another problem encountered with the electrical feedthroughs was 

arcing from the feedthrough to the walls of the spark chamber. This 

occurred at the end of the insulator, and was eventually solved by 

constructing a nylon sleeve to shield the end of the inner conductor, and 

making the connection to the electrode with strips of copper sheet which 

could be run very close to the electrode mount. 

The third endplate housed another CaF2 window for viewing the 

fluorescence from the discharge. This 1.5 inch diameter window was 

recessed into the chamber so that a smaller window could be used while 

still allowing a useful viewing angle. The fourth endplate covered the 

remaining port, which was not used in this work, but which could be 

used to insert plasma probes by simply drilling small ports. 

The chamber also had a small, 0.375 inch opening perpendicular to 

the four major ports, which was used for a gas inlet and vacuum 

gauge connection, and a larger, 1.75 inch port on the opposing side 

which was connected to a two-stage Edwards vacuum pump. 

The laser used to trigger the discharge was a pulsed Molectron 

UV-400 Nitrogen Laser operating in the ultraviolet at 337.1 nm. It 

has a peak power of 400 kW, a repetition rate up to 100 pps, and a pulse 

width of 10 nsec. Jitter in the time delay from the trigger was 

specified at less than 4 nsec., and was measured to be less than 

10 nsec. The energy per pulse going into the spark chamber was measured 

to be 3.5 mJ. 

Electrical System: To achieve breakdown in a spark gap a voltage 

potential must be applied across the electrodes in order that the 

initiating electrons can be accelerated by the field, resulting in 



eventual avalanche conditions and the closure of the gap. The voltage 

is an important parameter and should be known accurately, and for this 

reason a regulated power supply was used. The Alfred power supply 

provided voltages up to 5 kV, in either polarity. This was connected 

to the electrical feedthrough via a 1.7 M~ charging resistor and a 99 

meter length of RG-8U transmission cable, which served as a capacitor 

and was charged prior to breakdown. The RG-8U cable had a capacitance 

per unit length of 95.7 pF/m, resulting in a total capacitance of 

9.47 nF. As is explained in the section on the data acquisition 

system, the slowest computer-controlled repetition rate for breakdown 

was about 14Hz., corresponding to a period of about 70 msec. 

Therefore, the resistor was chosen so that the charging time constant 

would be much shorter than 70 msec. to insure that the cable would be 

fully recharged before the next trigger pulse. For the values chosen 

the time constant is 16 msec., and the spark gap was observed to 

break down very reliably at 14Hz. 

The propagation velocity of RG-8U cable is 66% that of light, so 

that a 99 meter length of cable has a propagation time in one direction 

of 0.500 ~sec. Thus, with the closure of the gap, the transmission 

cable dumps its energy into the discharge, and the reflection from the 

open circuit results in a rectangular current pulse one ~sec. long 

being sustained in the discharge. 27 This was a very uniform current 

pulse of about 55 amps, constituting a large improvement over the 

preliminary system which provided an irregular current pulse only 

250 nsec. long. A constant current eliminates the effect of varying 

current in the discharge which would mask the effects of the processes 

of interest in the breakdown. For the same reason, the load seen by 

17 



the gap was carefully impedance matched at the output electrical 

feedthrough to 50~ cable to eliminate reflections which caused 

18 

spurious current overshooting in earlier versions of the electrical 

system. This was accomplished by trial and error matching of impedance, 

monitoring the current pulse on an oscilloscope. It was found that a 

5.4 ~ resistor was needed for proper impedance matching. 

Optical System: Since the primary means of investigation is 

spectroscopic, a good optical system is fundamental to the facility, 

and indeed comprised a large portion of the complete system. The 

primary optical components of the system were a Jarrell-Ash half meter 

spectrometer and a Princeton Applied Research ~~or~A 211 optical 

multichannel analyzer. 

The spectrometer-OMA combination proved to be an excellent 

arrangement. The spectrometer provided easy control of the portion of 

the spectrum to be investigated, and the OMA provided many other 

advantages, including excellent sensitivity, high temporal resolution, 

two-dimensional scanning capabilities, and computer control. 

The OMA was very sensitive, possessing near-single-photon 

detectivity. Moreover, the unit was mounted in a PAR Model 1212 Cooled 

Housing, which provided for the use of dry ice to cool the target, if 

desired. Cooling the target results in a very low dark count; 

however, the target also retains charge longer and is harder to erase, 

making cooled operation more difficult. Hence, cooled operation is not 

employed except when a low dark count is nec2ssary. 

Temporal resolution was provided by operation in a gated mode. In 

this mode the detector is controlled by a hi;h voltage pulse from a 

gate generator, making a 40 nsec. resolution a"ai13ble. 



19 
The system has a fully-implemented two-dimensional scan capability, 

allowing it to be used for spatially-resolved spectroscopy. Further, 

all aspects of the system were under computer control, making the 

system very versatile. 

The monochromator employs a grating with 1200 g/mm, providing a 

dispersion in the visible of 16 A/mm. The spectral operating range of 

the monochromator was from 1731 ~ to 8458 ~. In order to interface the 

monochromator to the optical multichannel analyzer, the monochromator 

was modified by placing a turning mirror in front of the output slit, 

which directed the fluorescence through a passage cut in the walls of the 

spectrometer housing (Fig. 3), and onto the multichannel analyzer 

detector. 

The optical multichannel analyzer was rigidly attached to the 

monochromator so that the port from the monochromator was aligned with 

the OMA, and positioned so that the fluorescence would be refocussed 

onto the detector target. Care was taken to ensure that no extraneous 

light entered at the interface. 

The target could be resolved into 512 by 512 channels, of which 

500 by 500 were usable. With the monochromator grating used, the OMA 

could detect a single fluorescence spectrum approximately 200 ~wide, 

resulting in a resolution of about 0.4 ~per channel. 

In addition to the alignment of the OMA housing with the interface 

to the monochromator, the detector target also had to be carefully 

aligned so that the vertical channels were parallel with the spectrometer 

entrance slit; otherwise, the spectrum would appear to be broader than 

it actually was (Fig. 4), since the detected spectrum was obtained by 

summing each vert i ca 1 channe I, 3nd any :ni sa 1 i gnment waul d cause the 
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adjacent channels to receive some of the fluorescence erroneously. 22 

As previously stated, the optical multichannel analyzer was capable 

of operating in two different modes. In the normal mode, the incident 

light strikes a photocathode, producing photoelectrons which are 

accelerated by the intensifier section of the detector until they strike 

the diodes which compose the target, so that all incident light is 

detected (Fig. 5). The intensifier section has a high shutter ratio 

(10
6
),

25 
so that when it is off no photoelectrons strike the target. 

Hence, in the gated mode of operation the intensifier is normally shut 

off, but is gated on by the application of a high-voltage pulse. By 

controlling the delay and width of the high-voltage pulse, almost any 

temporal portion of the discharge may be studied (Fig. 6). We could 

achieve delays from zero to one millisecond, and also pulse widths, and 

hence time resolution, as narrow as 40 nsec., with a PAR Model 1211 

High Voltage Pulse Generator. At the shortest pulse widths, non

linearity of the gating pulse due to the rise and fall times of the pulse 

caused a defocussing problem, degrading the performance of the system 

for pulse widths of 40 to 50 nsec. This led to the use of a 100 nsec. 

gating pulse under normal experimental circumstances. 

The gating option is controlled by a high-voltage switch inside the 

OMA housing. Changing the gating mode thus required removal of the 

electron tube which scans the target to read the charge stored on the 

diodes, so for convenience a glass rod extension was attached to the 

switch so that it could be changed with greater ease. 

After the optical system was completely aligned, the resolution 

was checked by observing the 337.1 nm laser radiation, for which a 

width of 1.79 ~was measured (Fig. 7). Molectron specifies t~e 1 ine 
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to be narrower than 1 A. 25 

The temporal resolution of the system was obtained also by 

observing the nitrogen laser line. Since the laser pulse has a width of 

10 nsec., it was used to check the temporal resolution by looking at the 

laser line with a 50 nsec. window, which was delayed in 10 nsec. 

increments until the laser line was no longer seen. The line was seen 

for five spectra, falling off sharply on either side, corresponding to 

a window of 50 nsec. (Fig. 8). 

Data Analysis System: After the OMA has scanned and counted the charge 

stored on the diodes of the target, this information is sent to the data 

analysis system. The major components of this system are the PAR Model 

1216 Multichannel Detector Controller, and a Tektronix 4051 minicomputer. 

The detector controller provides complete control over the optical 

multichannel analyzer, and is itself under computer control from the 

Tektronix 4051. This combination results in a very efficient 

experimental system, because almost all aspects of an experiment can be 

controlled from the Tektronix 4051, and standard experimental sequences 

can be programmed for rapid implementaion. 

The remaining components of the data analysis system were an 

interface between the Tektronix and the PAR equipment, and a plotter and 

hard copy unit for the Tektronix. The interface was required because the 

Tektronix minicomputer and the PAR equipment used incompatible words; 

the data from the PAR equipment was in a 16-bit word format, while the 

Tektronix used an 8-bit format. Moreover, the Tektronix could not 

accept the data as fast as it was provided by the PAR system, so the data 

had to be stored in an intermediate memory, and then read out to the 

Tektronix in an 3-bit word format.
28 
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The Tektronix 4662 plotter is a computer-controlled plotter 

compatible with the 4051, and the Tektronix 4631 hard copy unit 

provided paper copies of the CRT display on the Tektronix 4051. 
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The detector controller governs the OMA, providing control over 

almost all the parameters involved in the system. In addition to 

directing all aspects of the scanning process (except the width and 

delay of the scan, which are controlled by the pulse generator in the 

gated mode), the detector controller also provides external triggers for 

other devices. This trigger is used as an input to the nitrogen laser 

trigger to achieve synchronization of the trigger-laser and the 

scanning of the 0~~. 

Among the parameters of the scanning process controlled by the 

detector controller are the number of times the target is read (the 

number of frames per scan), the length of each frame, and the portion 

of the target scanned. First, from one to fifteen preparatory frames 

may be specified. The purpose of these frames is to read and thereby 

erase the target so that all charge is removed and no spurious signal is 

detected. Next, up to 4095 experimental frames may be specified. These 

frames scan and count the charge from the light incident during the 

experiment, and constitute the data. Alternatively, an extended 

delay mode may be selected, in which any specified number of exposure 

frames occur before scanning takes place, so that the light may 

accumulate charge on the target before it is scanned. This permits the 

detection of very weak signals. 

The length of these frames is determined by the amount of time 

spent scanning each of the 500 channels, which is also under computer 

control and may be set from 20 to 140 wsec. Thus the slowest 
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repetition rate for the system is 500 channels x 140 ~sec./channel = 
70 msec. 

Lastly, any two-dimensional portion of the target may be 

selectively scanned by specifying horizontal and vertical windows. 

When the discharge from the spark gap is imaged onto the detector 

target, this feature allows an experiment to be limited to a particular 

vertical region of the discharge, providing spatial resolution as well 

as the temporal resolution provided by the gating option. This spatial 

resolution is limited somewhat by the spatial reproducibility of the 

discharge. If the arc does not follow the same path each time, 

different parts of the arc will be imaged onto the spectrometer slit, 

leading to a worst-case situation of one-experimental-frame, shot-to-

shot scans. 

The data is directed by the detector controller through the 

interface to the Tektronix 4051, where it can be stored on magnetic 

cartridges and analyzed. 

A BASIC program was used to control the detector controller and 

accept the raw data. 29 This program sets the parameters for the scan 

and controls the acquisition of the data into the computer, allowing 

for background scans as well as data scans. The program then subtracts 

the background from the data and plots the resulting spectrum, a hard 

copy of which can then be obtained from either the plotter or the hard 

copy unit. The full computational power of the 4051 is, of course, 

available for computational manipulation of the data. 

Experimental Procedure: To give a complete view of the facility 

(Fig. 1) and to better display how the individual components cf the 

system interact, the general experimental procedure will be out:~ned here. 



The spark chamber is first prepared by fitting it with the 29 

electrodes of the desired material and shape, and the spacing between 

the electrodes is adjusted. The spark chamber is filled with gas to 

the desired pressure, and a de potential is applied to the electrodes 

which is somewhat less than the static breakdown potential (80% Vsb). 

The spectrometer grating is tuned to the wavelength of interest, and 

the optical multichannel analyzer is set to either the gated or ungated 

mode. 

The BASIC program is used to set the detector controller 

parameters of target viewing area, channel time, and the selected 

number of preparatory, exposure, and experimental frames. Operation in 

the normal or delayed exposure mode is also selected. 

When a scan is initiated from the computer, each frame of the scan 

produces a trigger pulse from the detector controller which is fed 

into the nitrogen laser trigger, triggering the nitrogen laser. The 

laser is then focussed axially into the spark chamber through the 

hollow electrode onto the surface of the other electrode, causing the 

breakdown of the gap. With the closure of the gap, the energy stored 

in the transmission line is dumped into the discharge, causing a one 

~sec. current pulse. The fluorescence from the discharge exits the 

chamber and is focussed onto the entrance slit of the monochromator, 

where it is dispersed by the grating so that a 200 ~ spectrum is 

refocussed onto the OMA target, thereby charging the diodes. These 

diodes are scanned, either continuously or according to the gating 

pulse provided by the PAR pulse generator. The generator itself is 

triggered by an external trigger from the detector controller, or 

possibly by the current pulse from che discharge. The data acquired by 



the OMA is then sent to the interface, where it is stored until called 

for by the computer. When the computer has the data, it may be 

plotted immediately, or stored for more detailed analysis later. 

In this manner the facility was capable of acquiring a spectrum, 

with the background subtracted, and storing it on magnetic tape within 

minutes. 
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CHAPTER IV 

ELECTRON DENSITY IN A HYDROGEN ARC 

The first test of the new facility was an experiment designed to 

measure the electron density in a hydrogen arc. Electron density was 

determined by measuring the Stark widths of the atomic beta line. By 

gating the OMA, temporal resolution of the electron density was 

obtainable) revealing the electron density decay. The electron 

densities were determined at times corresponding to the beginning and 

end of the discharge current pulse, and estimated at other times 

throughout the life of the discharge using a simpler procedure. 

Electron Density: Electron density is a good place to start in 

analyzing gaseous discharges. As was previously stated, the primary 

mechanism involved in the breakdown of a spark gap is the formation 

of a conducting path bridging the gap. This path consists of electrons 

and ions produced when a small number of initial electrons are 

accelerated across the gap by the external field, colliding with neutral 

atoms and creating an exponential growth of charged particles, called 

an avalanche. Hence a knowledge of the density and distribution of the 

electrons in the gap would provide information of great importance in 

understanding the fundamental processes involved in gaseous breakdown. 

Knowledge of electron density decay also has an immediate 

application in the design of spark gaps. The rate at which the 

electron density decays is a factor in determining the maximum 

repetition rate which the spark gap can achieve. The electron density 

is an indicator of the state of ionization in the gap. and a 1ow state 

of ionization signifies that the gap has returned to its ini:~3l state 
31 



before the initiation of the discharge. Hence the time required 

between pulses, and thereby the repetition rate, is given by the 

rate of decay of the electron density. 

32 

Stark Broadening: The electric fields produced in gaseous discharges 

lead to Stark broadening of the emission lines from the breakdown. 

Usually this broadening is negligible, being masked by Doppler and 

other broadening mechanisms for most gasses. For hydrogen, helium, and 

a few of the other light elements, however, the Stark broadening is often 

the dominant mechanism. This is verified by a calculation of thE 

Doppler width, which is the most competitive broadening mechanism which 

might contribute to the line profile. This broadening may be 

calculated from30 

2 !-:: 6AD = A0*(8kT ln2/Mc ) 2 

where 6AD is the full width at half maximum, 

k is Saltzman's constant, 

T is the temperature, 

M is the mass of the radiating system, and 

Ao is the line center. 

( 4. 1 ) 

For hydrogen beta at a temperature of 25000 °K, this gives a full width 

of 0.55 A, much smaller than the Stark broadening, so that other 

broadening mechanisms are negligible. 

In particular, hydrogen is subject to a large linear Stark effect, 

and it has been possible to relate the Stark broadening to ion 

concentrations. 31 - 33 The most complete theoretical analysis has been 

performed by Griem et.al. ,34 which included the effects of Stark 

splitting due to quasi-static ion fields, and electron shielding and 

ion-ion corre 1 ations in the ion fielc strength distribution function. 



From their studies it was found that the electron density could be 33 

written as: 35 

where is the full Stark width, and 

C(Ne,T) is a constant depending on the atomic line. 

This constant is a weak function of the electron density and the 

temperature, and has been tabulated. 36 Thus, by measuring Stark widths 

the electron density can be easily determined. This method is accurate 

to within 20% for most lines, but for hydrogen and helium an accuracy of 

10% is attainable; for the atomic beta line, due to its high sensitivity 

to the Stark effect, an accuracy of 5% is justified. 35 

Care must be taken in making these measurements, of course, to 

avoid additional error. Half widths should be measured to within a few 

percent, and other sources of broadening should be ruled out as above. 

Also, corrections must be made for the variation of the electron density 

along the line of sight. The first of these precautions is easy to 

achieve, since the Stark widths are typically quite large. Further, 

variation of the electron density along the line of sight is eliminated 

by taking an Abel transform of the spectrum (next section). 

As a preliminary experimental investigation into the feasibility 

of this approach for determining electron densities, the Balmer series 

lines were observed using the system in the normal, ungated mode. As 

expected, the lines showed marked broadening, particularly the atomic 

beta line, for which full widths were observed on the order of 150 ~. 

Moreover, the system was able to de~ect the first four lines of the 



Balmer series, even though the delta line was rather weak. 34 

On the basis of these results, showing the extreme sensitivity of 

the beta line, an experiment was undertaken to measure the Stark widths 

of the atomic beta and alpha lines. This was a time-resolved study 

extending over the duration of the current pulse and into the afterglow 

of the discharge, until the lines could no longer be observed. The 

pulse length from the gating generator was 100 nsec., and in this 

experiment the generator was triggered directly from the detector 

controller. This procedure introduced considerable jitter into the 

time resolution, due to the jitter in the arc formation within the spark 

gap, necessitating taking pictures of the current trace on the 

oscilloscope for each scan. Typical spectra from this study are shown 

in figures 14-19, and figure 20 is an estimate of the electron density 

decay based on these results. 

Abel Transforms: Unfortunately, electron densities calculated from the 

previous results serve only as estimates of the actual densities, since 

the Stark widths should properly be measured from the emission profiles, 

and not from the integrated intensities as was done in this case. In 

order to obtain emission coefficients from the intensity spectrum of a 

discharge, it is first necessary to perform an Abel trnasform. 37 

Figure 9 shows a cross-section of a discharge which is assumed to be 

cylindrical. It is also assumed that the emission coefficients are a 

function of radius only. Looking transversely at the discharge along a 

line a distance x from the center of the discharge, the actual intensity 

obtained is seen to be an integration over the emission coefficients 

along the line, i.e. 
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I (x) 
2)~ - X 

dy s( r) = 
ro 2 

2fx dr s(r)*r/(r 2)~ - X 

(4.3) 

In order to extract the emission coefficients themselves from the 

spectra, it is necessary to perform an integral inversion, well-known 

in optics: 

s(r) =- l Jrodx I'(x) 
'IT r /;2 2 x -r 

(4.4) 

which requires the derivative of the intensity over the width of the 

discharge. The procedure for using this inversion integral involves 

obtaining a set of about thirty spectra (in our case, 200 ~wide), over 

the spatial width of the discharge. This yields intensity as a function 

of wavelength (due to the Stark broadening) and the distance x. The 

function I(x) is then least squares fitted with Chebyshev polynomials 

so that the derivative may be accurately obtained, and so that rapidly 

varying changes in the derivative due to random errors in the data will 

be minimized. The inversion (4.4) is then performed independently for 

each set I(x) (of which there are 500), resulting in 500 sets of emission 

as a function of radius r and (Stark braodened) wavelength. Then, 

looking at s(A) for each radial point r, the Stark widths, and hence 

electron densities, may be obtained. 

Chebyshev polynomials were used in the least squares fit for 

several reasons. First, they are valid over a limited range, from 

-1 to 1, which is easily adaptable to the finite width of the discharge. 

Further, coefficients are very easy to calculate, since they are obtained 

by a simple summation 



N 
a = 2: T (x.) *f (x.) 
n i=l n 1 1 
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(4.5) 

where the X; constitute a cosinusoidally-spaced set of N data points, 

and f is the function being least squares fitted. Lastly, Chebyshev 

polynomials are the only orthogonal polynomials which have a simple 

functional expression, namely 

-1 Tn(x) = cos(n*cos x) 

whereas all others must be evaluated by performing summations. 

(4.6) 

Due to the large numbers of Abel inversions which must be performed, 

it was necessary to obtain an efficient method of performing the 

inversion. Noting that 

I'(x) 
M 

= 2: a *T '(x) n n n=O 

(4.4) becomes, taking the integral inside the summation, and 

incorporating (4.5), 

s(r) 1
M N r 2 2 1 

=-- 2: L T (x.)f(x.)J 0 dx(x -r )y~ '(x) 
rr n=O i =1 n 1 1 r n 

l M N 
= L L J(n,i)f(i)~(r,n) 

rr n=O i=l 

so that 

E = § * I * f 

( 4. 7) 

(4.8) 



where ~ is RxM matrix of (see Appendix 
38 an the integral A) ' 

I is an MxN matrix of the Chebyshev polynomials, 

f is a cosinusoidally-spaced data vector of N points, 

R is the number of radial points between 0 and ro 
M is the highest order of Chebyshev polynomial used, and 

N is the number of data points. 

The cosinusoidal distribution of data points was required to correct 

for the weighting factor of (l-x2 )-~ in the Chebyshev polynomial when 

calculating the coefficients. In practice, this set of data was 

obtained by interpolation from the G original, regularly-spaced data,~' 

using an NxG interpolation matrix I: 

f = I * .9.. ( ZL 9) 

resulting in 

E = 6 * I * l * .9.. = ~ * ~ (4.10) 

The matrices may be calculated and multiplied together, so that each 

emission coefficient vector s can be obtained simply by multiplying the 

resultant matrix ~ by each data vector, _g_. 

The least squares fitting procedure was tested by fitting a function 

which was comprised of a linear combination of Chebyshev polynomials. 

The program retrieved the proper coefficients for the polynomials used, 

with the remaining coefficients being on the order of l0- 13 , the 

accuracy of the computer. A parabolic function was also tested, 
-7 generating coefficients in error by no more than 10 . 



The procedure for taking the Abel transform requires large amounts 

of data, for a complete spectrum must be obtained at points ranging 

across the entire diameter of the discharge. It was found that about 

thirty spectra had to be taken to assure an accurate polynomial fit, and 

then these had to be manipulated through the Abel transform procedure. 

The ensuing large quantities of numbers taxed the limited memory of the 

computer, but also provided a large amount of information in return. 

The Stark broadened emission spectrum, and thus the electron density, 

could effectively be determined at any point throughout the radius of 

the discharge. 

In this manner data was taken to determine the electron density 

at two times in the discharge: at the beginning and end of the current 

pulse. This data was taken for the atomic beta line, and the results of 

these measurements are given in the next chapter. 
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CHAPTER V 

RESULTS OF THE EXPERIMENT 

The previous chapter indicated how measurements of the widths of the 

Stark broadened profiles in a hydrogen arc could be used to determine the 

electron density. In this chapter, the results of the experiments 

performed to resolve these electron densities are displayed. Also 

included are the results of some preliminary experiments. 

Preliminary investigations: To introduce ourselves to the study of spark 

gaps and to obtain familiarity with the associated data taking 

techniques, a number of simple, preliminary experiments were conducted. 

These were performed before the construction of the spectrographic 

facility described in chapter three. They consisted of a spark gap 

composed of various electrodes, where breakdown was obtained by over

voltage with a Velonix pulse generator, or by triggering with a 

Molectron UV-400 nitrogen laser in the case of the under-volted gaps. 

In all cases, the spark gap was open to air so that experiments 

studying the effects of pressure or the constitution of the gas were 

impossible. 

The data acquired consisted of gap current and voltage as a function 

of time using an oscilloscope, and single channel spectral measurements 

of the emission using a Jarrell-Ash half meter monochrometer and an 

RCA 4837 photomultiplier tube, where the output was recorded on a 

Hewlett-Packard strip chart recorder. 

In the studies of the over-volted gap, one electrode was a flat 

steel plate and the other was a very dull steel point. The point-plane 

geometry was used to spatially localize the arc in 0rder to facilitate 

~0 
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spectral measurements. It was found that the emission in this case 

could be separated into two components, a spectrally continuous component 

extending from the visible to wavelengths below 2000 A, and a component 

consisting of a large number of sharp, discrete spectral lines. Many of 

these lines could be associated with the electrode material. The 

continuum component had the property that it occurred only at the time 

of the initial breakdown of the gap, whereas, the discrete component 

was observed throughout the current pulse. A similar, prompt cant inuum 

component has been observed in the breakdown of gaps containing hydrogen 

and has been attributed to molecular emission. 38 

For laser-triggered breakdown, the gap consisted of two brass 

electrodes with roughly a constant field profile. Using the nitrogen 

laser (500 Kw) with nearly transverse introduction of the beam into the 

gap, it was possible to cause breakdown for gap voltages significantly 

below the static breakdown voltage by focussing the beam onto the 

cathode. When the laser was tightly focussed on either electrode, a 

sma 11 fi reba 11 was produced, accompanied by an aud i b 1 e 11 snap. 11 The 

fireball and 11 Snap 11 disappeared when the laser was defocussed, and it 

was found that under these conditions the gap did not break down, 

indicating that the fireball is required for breakdown to occur. 

Additionally, it was found that when the gap polarity was reversed so 

that the fireball occurred on the anode, laser-triggered breakdown 

occurred, but had a higher threshold and was more erratic. These 

findings are in contrast to those of Bettis and Guenther. 8 Lastly, 

planar magnesium electrodes were used with essentially the same results. 

When the spark chamber was constructed, additional prelimi~ary 

experiments were carried out using the same techniques as bef:re. In 
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this case, however, the spark gap was evacuated to the lowest pressure 

obtainable (about one micron). With the effects of the gas eliminated, 

it was hoped to determine the effect of the trigger laser directly. 

The current traces acquired in these experiments were very 

interesting. Comparing traces where the laser strikes the anode to 

traces where the laser strikes the cathode, it is seen that the current 

pulses from the cathode are less dependent on the focus of the laser 

(Fig. 10). With a sharp focus, however, breakdown is achieved for 

both cases, resulting in current traces which look rather similar in 

gross detail due to the maintenance of the discharge by the energy stored 

in the transmission line (Figs. 11, 12). In both cases approximately 
-6 2xl0 C are transferred across the gap. An interesting difference is 

noticeable, however, in the current trace with the cathode target. A 

small pulse of electrons is visible before the main breakdown of the gap. 

This pulse has a peak value of about 1.2 amps, and contains roughly 

6x10-S Cor 4xlo 11 electrons. Note that only one electron avalanche was 

required to induce breakdown. 

The effect of variation of the impressed voltage was also 

investigated, using hydrogen at a pressure of 250 torr. A typical 

current trace is shown in figure 13. Varying the voltage from 5 Kv 

down to 3.5 Kv (below which breakdown was not obtained) slightly lowered 

the current amplitude of the pulse and introduced longer delays before 

breakdown, but had little other noticeable effect. The undershoot in 

the current pulse is due to an impedance mismatch from the spark chamber. 

After the arrival of the optical multichannel analyzer and the 

completion of the spectroscopic facility, a survey of the spectrum from 

3000 A to 8000 A was undertaken with hydrogen in the chamber. Nothing 
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a) 

b) 

a) Laser strikes cathode. 10 m8 peak current. 

b) Laser strikes anode. 0.35 rnA peak current. 

1 Fig. 10. Defocussed laser current traces. 



12 A peak current. Inset shows expanded view of electron 
pulse. Main current pulse approximately 200 nsec. long. 

Fig. 11. Cathode·current, evacuated chamber. 

10 A peak current. Pulse approximately 200 nsec. long. 

F. 12 Anode current, evacuated chamber. 1 g. . 
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Current trace in hydrogen at 250 torr. 22 
amps peak current. Pulse approximately 200 
nsec. long. Laser strikes cathode. 

Fig. 13. Typical preliminary current trace. 
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NaS observed, however, except aluminum lines from the electrodes and 
46 

the first four lines of the Balmer series in hydrogen. Also, the cooled-

~ode operation of the OMA was exploited (in which the target is cooled 

to dry ice temperatures to minimize dark current) in an attempt to check 

the sensitivity of the facility by observing the Raman vibrational and 

rotational spectra. Since the spacing of the rotational levels is of the 

same order as the resolution of the facility, observing them would 

constitute a hard test of the sensitivity, and we were disappointed, but 

not surprised, when we could not find them. 

Results of the Electron Density Experiment: The next step was to 

conduct a major experiment. After correcting the impedance mismatch 

and incorporating a longer transmission line to provide a one microsecond 

current pulse, sets of spectra were taken of the hydrogen alpha and 

beta lines, each covering the duration of the arc. The Stark widths 

of these lines were then used to infer the electron density by equation 

( 4. 2). 

As previously stated, the coefficient C(Ne,T) in equation (4.2) 

is only a weak function of the electron density and temperature; 

nevertheless, a rough estimate of the temperature is desirable. One 

method of making such measurements involves the measurement of relative 

1 
. . . t . t. 39 1ne-to-cont1nuum 1n ens1 1es. In this case the total intensity cf the 

line is divided by the intensity of a 100 ~band of the continuum 

centered about line-center. This ratio can be compared to theoretical 

ratios having an accuracy of 10% or better (Griem, figure 13-16). 

Measurements were first attempted at the edge of the discharge, so that 

the effects of integrating the emission over a long optical path through 

the discharge (requiring an Abel inversion to ex:ract the needed 



information) would be unnecessary. Unfortunately, thermal drift in 47 

the electron tube of the OMA made accurate measurement of the weak 

signals at the edge of the arc impossible, and a measurement of the line-

to-continuum ratio at the center of the arc had to be used as an 

estimate. This procedure yielded 17000 °K for the alpha line and 

20000 °K for hydrogen beta. 

Figures 14-19 are samples of the intensity spectra obtained at 

various times throughout the current pulse and into the afterglow. 

These figures graphically illustrate the broadening encountered in the 

beta line, indicating the applicability of the method to Stark broadening 

measurements. The data was taken at 350 torr and 5 Kv. The electrode 

separation was 8 mm. 

Figure 20 is a graph of estimated electron density versus time, 

for the beta line. In this figure, the electron density was calculated 

from the Stark widths of the intensity spectra, and is therefore not 

strictly valid, since an Abel inversion was not performed for this 

data. Although quantitively off, it should give a reasonable estimate of 

the rate of decay of the electron density, pending more exact 

measurements. It is seen that during the arc, the electron density 

remains fairly constant, except for a sharp increase at the onset of the 

current pulse. At the end of the current pulse, the electron density 

begins to exponentially decay. Fitting the latter part of the data, the 

time constant for the electron density decay is found to be 307 nsec. 

From this one can infer a maximum repetition rate of approximately 

106 Hz. Data for the alpha line is qualitatively similar, but has 

overall values 3 to 4 times larger. 
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Fig. 14. Intensity spectra at 240 nsec. 
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Fig. 15. Intensity spectra at 740 nsec. 
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Fig. 16. Intensity spectra at 1.24 ]JSec. 
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Fig. 17. Intensity spectra at 1.44 usee. 
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Fig. 18. Intensity spectra at 1.74 ~sec. 
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Fig. 19. Intensity spectra at 2.24 ]JSec. 
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Fig. 20. Temporally-resolved electron density. 
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It was then decided to obtain data from which emission coefficients 

could be extracted using an Abel inversion. This involved taking about 

thirty spectra ranging across the diameter of the arc. This data was 

taken for the beta line at two times during the arc: at the beginning 

(approximately 120 nsec.; see figure 21) and at the end (1.2 ~sec.). 

The pressure was 400 torr, and the impressed voltage was 5 Kv, with the 

trigger laser focussed tightly on the cathode. Electrode spacing was 

8 mm. 

The Abel-inverted emission spectra are plotted in figures 22 and 23. 

Each spectrum corresponds to a different radial point in the arc, 

proceeding from the center of the arc to the edge in 20 equal increments. 

The increment is given in the figure, with the center of the arc being 

the most intense spectrum, and proceeding outward, with lessening 

amplitude, to the radius, which is zero across the entire spectrum. 

Next, the emission coefficients are numerically integrated to give 

the radial intensity distribution. These results are given in figures 

24 and 25. 

Lastly, the radial electron densities, calculated from the full 

Stark widths of the emission spectra, are shown in figures 26 and 27. 

t Of 20000 OK. These were calculated using a tempera ure In addition, the 

electron densities for the center of the discharge are plotted on 

figure 20 for comparison with the 11 estimated 11 electron densities 

derived from the raw intensity spectra. 

To conclude the presentation of these results, it is appropriate 

to point out some unsolved questions which have arisen from the data. 

First, it is to be noticed in figures 26 and 27 that there is an 

unusual increase in the electron density at the edges of the discnarge. 
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54 amps peak current. Arrows indicate times 
of radial resolution experiments. 

Fig. 21. Typical current trace. 
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Each curve represents a spectrum at equally spaced points 
throughout the radius of the discharge. The most intense 
spectrum corresponds to the center, and each succeeding 
spectrum is 51.6 ~m. further out. 

Fig. 22. /\.bel-inverted spectra at 150 nsec. 
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Fig. 23. Abel-inverted spectra at 1.2 ~sec. 
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63 A tentative explanation has been put forth by Dr. Watson, a visiting 

professor in the Electrical Engineering Department, Texas Tech 

University, that the increase is the result of a shockwave travelling 

through the discharge; shockwaves have been seen in similar discharges in 

h d 19 ' 41 ' 42 Th d' f h k h 1 y regen. e ra 1us o s oc waves t eoretical y have time-

dependence rat~ In our case rat0· 42 so that the data is in general 

agreement with shockwave theory. Additional, more precise measurements 

need to be undertaken, however, to resolve the question. 

Another unexplained result is an apparent shift in the line center 

for the 1.2 ~sec. data. Again, this has tentatively been attributed to 

a decrease in one wing of the beta line while the other wing remains 

stronger, resulting in an apparent "shift" of the line. The physical 

basis for this decrease has not been determined, although it is known 

that the strength of the wings is affected by the electron density, 

and that one wing is stronger than the other. The ultimate outcome of 

this question also awaits further inquiry. 



CHAPTER VI 

SUMMARY AND CONCLUSIONS 

This thesis has described the development of a spectroscopic 

facility designed to study laser-triggered spark discharges. A 

versatile chamber for laser-triggered spark gaps was constructed, and 

a spectroscopic facility was developed containing a spectrometer

optical multichannel analyzer combination. Features of the system 

include high sensitivity, high temporal resolution, two-dimensional 

scanning making spatial resolution and optical photography possible, 

and computer control of most aspects of the experimental procedure. 

As a test of the facility, a preliminary experiment was performed 

which measured the electron density in a hydrogen arc, including an 

examination of the radial variation of electron density at two times 

during the current pulse. These results are presented in figures 26 

and 27, and an estimate of the rate of decay of the electron density is 

shown in figure 20, revealing an exponential decay with a time constant 

of 307 nsec. The results reveal evidence of other events, such as 

shockwaves, which represent promising avenues for future research using 

the facility. 

It is hoped that this thesis has revealed the capabilities and 

potential of the spectroscopic facility. 
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APPENDIX 

ABEL TRANSFORM MATRICES 

In order to facilitate the large numbers of Abel transforms 

required in obtaining emission spectra, an efficient method of 

performing the integral inversion is needed. It is found that the 

integral lends itself readily to matrix methods. Recalling that the 

emission can be written as 

s(r) 

1 M N 
= Z ~ J(n,i)f(i)~(r,n) 

7T n=O i=1 

so that 

Ne see that I has for its elements simply the value of the Chebyshev 

Jolynomial Tn(xi) for the given nand i, and that 

r 2 2 k 
B(r,n) = f 0 dx T • (x)/(x -r ) 2 

r n 

Expressing Tn explicitly as a sum, and taking the derivative, 

de 1 ds 

r dx n l~l . (n-j-1)! 
(n-2j)(2x)n- 2j-1 

B(r,n) = J 0 ~ (-l)J 
r /x2-r2 j=O j! (n-2j) l 
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which simplifies to 

B(r,n) 
(~1 . 

= n 2: (-l)J 
j=O 

(n-j~l)!2n-2j-1 fro n-2j-1 
dx ;:.x :;:::::::;:;--

j!(n-2j-l)! r /;)-rZ 

The integral is expressible also as a sum, resulting in, with 

k - n . 1 
0 = 2 -j-

B(r,n) 
[~] . (n-j-1)! 

= n L: ( -1 ~ ---- 2n-2j-l 
j=O j!(n-2j-1)! 

ko 
L: (2k)! (4r2)ko-k ro2k 

k=O k! 2 

Nhich, using r0=1, simplifies at last to 

(n-j-1)! (Il -j-1) ! 2 . 
2 2n-2J-l 

j! (n-lj-1) 12 

'his is numerically solved to construct the matrix§. 
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The interpolation matrix I was formed by fitting a quadratic to the 

:hree points closest to the cosinusoidal point being interpolated, and 

olving for the coefficients multiplying the intensities of the three 

riginal points. These three coefficients became the elements in the row 

orresponding to the point being interpolated. 
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