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ABSTRACT 

An investigation of laser triggered switching using 

a 1.06 y NdrYAG laser to trigger a uniform field gap 

filled with 800 Torr of N2 has been performed in the fol

lowing triggering geometries: 1) Transverse not striking 

electrodes, 2) Coaxial not striking electrodes, 3) Coaxi

al striking target electrode, and 4) Coaxial striking re

cess in target electrode. Streak photography, time 

resolved spectroscopy, and current measurements reveal 

great differences in the breakdown processes for the 

various geometries. The major differences are attribut

able to laser field interaction with the incipient arc 

channel. All breakdown processes except types 2 and 3 

look quite similar to an overvolted breakdown. Diagnos

tics of type 2 triggering have shown a laser assisted 

streamer propagating from the laser fireball to the oppo

site electrode. Streak photography shows the streamer 

precursor of the breakdown channel initially proceeds 
3 

across the gap at a few times 10 cm/sec, but slows to 
7 

about 2X10 cm/sec as it advances in the focal cone to 

regions of lower laser intensity. The laser interaction 

with the streamer produces a uniform, high conductivity 

channel which emits intense continuum light once ohmic 

heating raises the channel temperature. When delay is 

V 



greater than the laser pulse length two distinct regions 

can be detected in the arc channel; one, laser assisted, 

showing the abrupt,uniform continuum luminosity, and the 

other not laser assisted, appearing much like a weakly 

overvolted breakdown process, exhibiting a glow discharge 

stage followed by thermalization proceeding from the ends 

of the glow region towards the middle at 10 cm/sec. 
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CHAPTER I 

INTRODUCTION 

Objective 

Many high power devices, including fusion machines, 

weapons systems, and high energy physics apparatus re

quire switches capable of handling very high voltages and 

currents with nanosecond precision. Accurate timing is 

especially crucial in these devices; some multi-element 

systems can quite literally be destroyed by timing errors 

of only a few nanoseconds. Traditionally the switch best 

suited to the harsh environment of high power machinery 

has been the spark gap switch. Trigatron and field dis

tortion gaps have been used for many years as high power 

switches, but they usually do not offer the temporal per

formance required in the latest devices. Another type of 

spark gap switch developed in the middle 1960's, the 

laser triggered spark gap (LTSG), shows great promise for 

meeting the stringent switching requirements of ever 

greater precision operation. The terminal characteris

tics of these switches have been thoroughly investigated 

by many people (see, for example, the review articles by 

Guenther and Bettis 1971, 1978), but the internal 



processes involved in initiation of the switching event 

have not been investigated in detail, and are inadequate

ly understood. The goal of the work about to be 

described herein has been to investigate and model the 

physical processes occuring in the initiation phase of 

the switching of a gas filled laser triggered spark gap. 

Background 

The first demonstration of laser triggered switching 

(LTS) was performed in 1963 by Guenther and Griffin. 

Subsequently Pendelton and Guenther (1965) began an in

vestigation of the switching characteristics of LTS 

resulting in the first publication concerning this de

vice. They reported switching tens of kilovolts in a 

1/2 cm gap on the nanosecond time scale with a Q-switched 

ruby laser as the trigger source. The transverse 

triggering geometry which was first used is illustrated 

in Figure 1-la, and will be referred to as raid-gap 

transverse laser triggering. The investigators noticed 

that actually striking the charged cathode reduced the 

switching time (delay), and soon the standard configura

tion for laser triggered gaps became the coaxial geometry 

shown in Figure 1-lb, in which the laser impinges direct

ly onto one of the electrodes. A third configuration is 

that of Figure 1-lc in which the coaxial geometry is 
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Figure 1-1. Standard LTSG configurations: a) transverse 
not striking electrodes, b) coaxial striking target elec
trode, c) coaxial not striking electrodes. 



employed with hollow electrodes so that the laser is 

focused in the gas rather than on an electrode. 

Woodworth, Frost, and Green (1982) report that this third 

configuration is currently being incorporated into the 

Particle Beam Fusion Accelerator system at Sandia 

National Laboratory, a very large scale application. 

The coaxial laser triggering geometry in which the 

laser is incident on the target electrode has been the 

type most thoroughly investigated. Beginning in 1966 a 

flurry of publications appeared revealing data on switch

ing delay time, (generally defined as the time between 

arrival of the laser pulse and the beginning of current 

conduction) and jitter (variation of the switching delay 

time shot to shot), as a function of gap parameters. 

Parameters of interest were: charging voltage, polarity, 

laser power, gas type, gas pressure, electrode material, 

and focal point in the gap. Typical data from these ex

periments are shown in Figure 1-2. 

Following these quantitative studies of switching 

characteristics, demonstrations of switching in condi

tions not previously investigated were reported: Zigler -

overvolted liquid dielectrics (1966), Strickland - solid 

dielectrics (1969), Bettis - megavolt switching (1957), 

McKnight - 50 pps switching (1967), all with Guenther. 

These new switching configurations soon became well 
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Figure 1-2. Typical data from previous research (after 
Guenther and Bettis 1971). 



parameterized, though their operating mechanisms were not 

completely described. Very few of the investigations to 

the present date actually had as the main goal an under

standing of the processes involved in the breakdown 

event. Those few that were so directed, Ujihara (1968), 

and Brumme (1974), did not address all of the pertinent 

questions. 

Ujihara observed the development of the spark chan

nel in an air gap, triggered by a ruby laser, using a 

shadowgraph technique. A second ruby laser exposed the 

film to form the shadowgram with a temporal resolution of 

about 60 ns. However, his apparatus had time constants 

much longer than the duration of the interesting initial 

phases of laser triggered breakdown. His gap exhibited a 

5 ys delay, and a current rise time of 5 ys, when trig

gered by a 100 ns, 7 MW ruby laser. The results of this 

study are not clearly related to nanosecond switching 

events. 

Brumme attempted to understand laser triggered 

breakdown through image converter framing photography. 

His thesis (1974), and a later work in collaboration with 

Lindner, Rudolph, and Fischer (1975), give accounts of 

this research. The image converter camara used in this 

study had a 20 ns exposure time. The 4.8 mm gap was 

triggered with a 50 ns, 10 MW ruby laser in a standard 



air environment. Growth of the arc channel over a period 

of 100 ns was recorded, presumably beginning from the top 

of the metal vapor jet which occured as a result of the 

triggering laser beam striking the electrode. Brumme ob

served a constant delay of 70±5 ns between the appearance 

of a prechannel and an indication of current flow on his 

di/dt probe. A bright spot in the prechannel 2 mm from 

the target electrode was observed if the laser was still 

on after the prechannel was formed, and Brumme hy

pothesized that the arc developed from this spot. He 

also noticed that formation of the metal vapor jet from 

the target electrode was arrested when the charging volt

age was near the self breakdown value. Both of these 

points are addressed in this work. 

The works of Uj ihara and Brumme are among the few 

reports of optical diagnostics of coaxial laser triggered 

breakdown. As previously mentioned, neither had the fa

cilities to study events in the very fast breakdown re

gime. The intent of the research discussed in this 

thesis is to provide definitive answers to questions con

cerning the gas breakdown process in laser triggered 

switching, particularly in the short delay (<15 ns), low 

jitter (<1 ns) triggering regime. 

The apparatus that was designed and built to study 

laser triggered switching will be discussed, followed by 
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a brief introduction to the diagnostic equipment used in 

the experiments. A description of the individual experi

ments (current, light, and spectral measurements, as well 

as streak photography) and the results obtained will be 

reported. A discussion of the inter-relationship between 

the experiments will point out important details. An 

in-depth analysis of the breakdown process will be made 

based on the experimental data and the results of previ

ous related investigations. A model of the laser trig

gered process in which the laser is coaxially incident on 

a target electrode will be proposed. This leads to an 

understanding of laser triggered switching in the coaxial 

striking electrode geometry at a level previously un

available . 



CHAPTER 2 

APPARATUS 

A study of the physical processes involved in LTS 

requires a LTSG system which is well characterized, and 

which has a minimal influence from characteristics such 

as large capacitance or inductance on the breakdown pro

cess being recorded. The considerations important in 

design of the experimental apparatus, and the system 

which was subsequently assembled for the purpose of the 

experiments, will be described. In addition, a brief re

view of the diagnostic equipment will be provided to fa

miliarize the reader with the devices which were used in 

the study and which may be referred to later. 

Spark Gap Assembly 

Several requirements were placed on the enclosure 

around the LTSG electrodes. First, viewing access was 

necessary for optical diagnostics, thus several windows 

were necessary. A second requirement was that the enclo

sure must contain a known atmosphere in the gap region; 

therefore, the container was required to be gas tight, 

monitorable, and controllable. It was considered desir

able to provide for pumping the gap assembly to very low 
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pressures in order that pure gases could be put into the 

gap with minimal contamination. For this reason the 

spark gap apparatus was based on a Varian, copper-

gasket-sealed, six-way cross, custom manufactured to our 

specifications as shown in Figure 2-1. 

Probably the most important consideration in the 

LTSG design was that the arc formation not be capacitive-

ly or inductively limited. The rise time observed in the 

current pulse should ideally be attributable entirely to 

the formative time of the arc, rather than to the induc

tance of the LTSG or its source/load circuit. In addi

tion, the impedance of the source and load should be well 

known so that voltage measurements across the load could 

be used to determine the arc impedance. For these rea

sons a 50 ohm transmission line energy storage system 

consisting of several meters of RG-8/u coaxial cable was 

employed. Various length cables could be utilized to 

produce constant amplitude pulses of differing durations. 

The cable was charged from the end opposite the spark gap 

through a 50 megaohm current limiting resistor. 

No electrical feedthroughs were commercially avail

able to handle the voltage to which we wished to charge 

the gap, so we had to design our own. Corning Macor 

ceramic was chosen as the insulator material because of 

its good machining characteristics and good vacuum 
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Figure 2-1. Copper-gasket-sealed cross junction on which 
spark gap assembly was based. 
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properties. Macor is claimed to be impermeable to heli

um, so it was not expected to outgas significantly. Ini

tially the plan was to match all joints to maintain a 

50 ohm impedance throughout the LTSG assembly. This 

resulted in pieces which were quite difficult to fabri

cate, so in the final design no attempt was made to accu-

ratly match the feedthroughs to the cable impedance. 

Electrical feedthroughs were constructed as detailed in 

Figures 2-2 and 2-3, and sealed with viton o-rings very 

lightly coated with Dow Corning High Vacuum sealing 

grease. The electrodes were threaded onto the supports 

so adjustment of gap spacing was a simple matter of 

changing spacing rings. The electrodes could be con

veniently replaced, or electrodes of different material 

inserted. All electrodes were of the same shape, approx

imately a revolution of the Rogowski profile with an 

electrode outer diameter of 40.6 mm and a flat central 

region of 15 mm diameter. The upper electrode was 

penetrated by a 2 mm diameter hole and relieved internal

ly in a conical shape to allow passage of the focused 

triggering laser beam. A lens of 75 mm focal length was 

used. 

The switch connected the energy storage transmis

sion line to a matched 50 ohm load. The load was re

quired to have a minimal inductive impedance, so 
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resistors were chosen carefully. The load which was 

designed consisted of 24 2-watt carbon composition resis

tors, each of 320 ohms, arranged in a double series-

parallel configuration. Resistors made by TRW were used 

since they have a solid metal cap on each end of the 

resistive composition, as opposed to other brands which 

only bend the lead in a loop which is embedded in the 

resistive element. The TRW construction technique is 

thought to minimize internal arcing in the resistor and 

provide lower inductance (Martin 1981). Measurement of 

the current in the gap was by a divider arrangement in

corporated into the load circuitry as shown in Fig

ure 2-4. The load resistors are known to be non-linear 

at high voltages. The characteristics which we measured 

for these particular resistors are shown in Figure 2-5. 

The measurement was performed by recording the cable re

flections of a 1 lis pulse when a 52 ohm cable was 

discharged through the spark gap at varying voltages. 

Since the gap in its final form. Figure 2-6, was not 

strictly a 52 ohm system, it was important to character

ize it as carefully as possible. Quite important were 

the capacitances of the electrodes and supports and the 

inductance of the resistive load. The capacitance of the 

upper electrode in the feedthrough section was calculated 

to be 30 pf. For the lower electrode the estimate was 
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Figure 2-4. Resistive load and voltage divider for meas
urement of gap current. All resistors are 2 watt except 
50 ohm, 1/2 watt termination on end of RG-58/u cable. 
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Figure 2-6. Diagram of complete gap assembly. 
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also 30 pf, with an inductance in the feedthrough of 

10 nh. The inductance of the load was estimated to be 

5 nh. An equivalent electrical schematic of the LTSG 

system is shown in Figure 2-7 with appropriate constants. 

Optical access to the cell was necessary from 

several directions. First, the laser was usually required 

to enter the gap along the axis of one electrode. For 

this reason, the upper electrode has a hollow support 

with a quartz window at the bottom as shown in Fig

ure 2-2. Secondly, optical observations of gap events 

would be the main analytical technique applied, so a 

large 100 mm quartz window was chosen for the front of 

the cell. Transverse to the observation axis were two 

40 mm windows to allow probing laser beams to enter and 

pass through the gap, as well as to allow entrance of a 

transverse triggering beam for study of the transverse 

triggering geometry. 

The LTSG was normally operated near atmospheric 

pressure, with a static gas fill, but provision was made 

for pumping to pressures as low as 1X10 Torr to achieve 

pure fill conditions. A clean pumping system consisting 

of two sorption pumps and an ion pump was used. This en

sured that no pumping oils entered the LTSG to effect ob

servations. 
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Diagnostic Equipment 

The laser used for triggering the gap was a DCR-1 

Quantaray Nd:YAG laser . This laser exhibited an output 

pulse length of 10-30 ns, depending on flashlamp energy, 

with useful output energy of 50 mj to 800 mj per pulse at 

1.06 u. The shorter pulses occured at the higher ener

gies. Angular divergence of the beam from the unstable 

resonator cavity varied from 0.5 mrad to greater than 

1.0 mrad, again depending on flashlamp energy, with the 

most well collimated beam exhibited during high power 

operation. The laser operated at pulse repetition rates 

as high as 20 per second. 

A fast photodetector to time the arrival of the 

laser pulses was built using a Hewlett-Packard 5082-4220 

photodiode. The circuit used is shown in Figure 2-8, and 

was built on a small printed circuit board with a 50 ohm 

stripline running to the BNC output connection. Response 

time has been measured as better than 1 ns. 

Spectral measurements of the breakdown event could 

be made using either of two optical multichannel analyzer 

(OMA) systems. The first was a PAR 1254 silicon intensi

fied target (SIT) vidicon detector coupled to a Jarrel-

Ash half-meter polychromator. This instrument enabled 
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23 

spectra in any 20 nm interval to be measured with tem

poral resolution to 40 ns, and provided one dimension of 

spatial resolution if care was taken to compensate for 

astigmatic aberrations. The second was a PAR 1420 inten

sified reticon detector mated with a Spex half-meter po

lychromator. This allowed temporal resolution to 5 ns, 

and extended spectral response into the UV to 210 nm, but 

did not provide the spatial information available with 

the 1254. 

A fast vacuum photodiode with a 10 mm diameter ac

tive area was available for measurements of spectrally 

and spatially integrated light emission from the arc. 

The Hamamatsu R1328ux-02 vacuum photodiode had a Cs-Sb 

photocathode displaying an S-5 spectral response from 

185-650 nm. The pulse rise time of 100 ps was much 

faster than the capabilities of the oscilloscope used in 

conjunction. 

The oscilloscope used throughout these experiments 

was a Tektronix 7834 with 7A19 and 7A26 vertical ampli

fiers. Rise time using the 7A26 dual input amplifier was 

2 ns, while 1 ns performance was possible with the 7A19 

amplifier. The 7B80 horizontal sweep generator allowed 

display of events down to 1 ns per division. 

The primary method of investigation has been streak 
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photography. The streak camera that was used in this 

research, a Hamamatsu C979 Temporal Disperser, was a 

micro-channel plate intensified unit with a light gain of 

3000. The operation of this camera is explained in Fig

ure 2-9. Temporal resolution is governed by input slit 

width, which was lOOy in all experiments unless noted 

otherwise. This slit width yielded a temporal resolution 

of 2% of the total streak duration. 

Streak data acquisition was possible by either of 

two methods. One was recording of the streak image on 

35 mm film. This allowed the best spatial resolution and 

greatest dynamic range. The other method was to connect 

the Hamamatsu C1330 Temporal Analyzer to the temporal 

disperser. The Temporal Analyzer consisted of several 

components, the two most important being a SIT vidicon to 

acquire the streak image, and a frame digitizer for image 

digitization and storage. This allowed digital analysis 

with a resolution of 64 X 256 pixels in the center 60% of 

the streak image. Dynamic range was 0 to 3010 counts, 

although only 0 to 256 counts (the higher 8 data bits) 

were available as pixel intensity, yielding an effective 

dynamic range of only 256:1. 
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CHAPTER 3 

EXPERIMENTS 

Experimental investigation of self breakdown events 

and of laser triggered breakdown events in the three 

standard geometries were performed with emphasis on the 

coaxial, striking electrode configuration. In addition, 

a short investigation of a fourth geometry of laser trig

gered gap was made in an attempt to separate certain 

laser plasma effects from electric field effects. This 

fourth geometry was produced by drilling a 0.75 mm diame

ter hole 2 mm deep into the target electrode, as shown in 

Figure 3-1. When the laser was focused within this hole 

the plasma so generated was not exposed to the electric 

field of the gap. However, radiation from the fireball 

was still incident on the forming arc channel, and in

cident laser energy density was only slightly decreased 

in the gap region. This last configuration will be re

ferred to as "recessed coaxial triggering". 

The diagnostics performed were: current measure

ments, photodiode measurements of the gap luminosity, 

time resolved spectroscopic measurements, and streak pho

tography. Experiments were performed with all of the 

triggering geometries; however, the impetus for studying 

26 
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Figure 3-1. Configuration for recessed coaxial trigger
ing . 
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the geometries other than the coaxial striking electrode 

case was simply to gain information which might be ap

plied towards understanding of the latter case. The ex

perimental methods and results will be presented in de

tail in the next pages. Very brief comments regarding 

interpretation of the data will be made where appropri

ate, but most comments and discussion of the results will 

be reserved for the following chapter. In all experi

ments the gap spacing was 5 mm and the gas fill was 

800 Torr of nitrogen, unless specified otherwise. The 

percentage of the self breakdown voltage (%SBV) to which 

the gap was charged is noted in the figure captions where 

applicable. A minus sign (-) indicates negative polarity 

on the target electrode, and a plus (+) indicates posi

tive polarity. The laser operated best at higher output 

energies than were generally useful for the experiments; 

therefore, a glass plate 1.5 mm thick was used as a beam 

splitter to direct about 10% of the laser energy to the 

spark gap for the lower energy experiments. 

Current Measurements 

Simple measurements of gap current in the LTSG were 

useful for investigations of the breakdown process. 

Quite significant differences were apparent in the 

current growth for different triggering geometries. 
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Several current waveforms of interest will be discussed. 

The first is that of the self breakdown process under 

very slightly overvolted conditions. This is shown as a 

basis for comparison with the laser triggered cases which 

occured under very similar conditions. The leading edge 

of a typical 1 ys long current pulse appeared as shown in 

Figure 3-2. Note that the leading edge of the rise was 

slow, with a well defined plateau prior to final closure. 

This indicated a high impedance discharge channel (about 

100 ohms) for the first 80 ns, prior to the final col

lapse of the gap voltage. The plateau in the rising 

current waveform is particularly striking, probably indi

cating two different processes occuring rather than a 

single one which should show a continuous, probably ex

ponential, rise. This characteristic was invariant to 

charging polarity. 

The second waveform of interest is that of coaxial 

laser triggering on the target electrode. The gap was 

charged negatively on the target electrode to produce the 

current waveform of Figure 3-3. Note the fast rise time 

associated with this event as compared to the self break

down process. Again, the characteristics in the waveform 

looked virtually identical for either charging polarity, 

except for a longer delay when striking the cathode. 

Brass electrodes were in the gap at the time this 
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photograph was taken although the pulse shape was gen

erally invarient with electrode material. The delay may 

show some dependance on electrode material as noted by 

other scientists, but this characteristic was not studied 

in the work reported here. Figure 3-4 shows the measured 

delay to breakdown versus charging voltage on the target 

electrode for both positive and negative potentials when 

stainless steel electrodes were installed. 

A third type of breakdown current was found to exist 

in the case of mid-gap transverse laser triggered break

down. The current characteristic shown in Figure 3-5 was 

observed while transversely triggering the gap with 

200 mJ of laser energy, focused with a lens of 100 mm fo

cal length. This energy was sufficient to produce a 

visible breakdown in the N^ gas. Note that this charac

teristic is reminiscent of the self breakdown process, 

however at early times it evolved on a time scale approx

imately twice as fast as self breakdown. After the ini

tial current rise the evolution followed closely the self 

breakdown characteristic. 

A fourth current characteristic can be attributed to 

the breakdown process that occured in the case of coaxial 

triggering while not striking any electrode surface. 

Such an event is reproduced in Figure 3-6. The charac

teristic shape is not similar to a self breakdown or 
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Figure 3-6. Mid-gap coaxial laser triggered current pro
file. 
[+97% SBV, 800 Torr N^, SS electrodes, 200 mJ laser] 
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coaxial striking electrode process. The initial rise was 

very rapid, but the approach to the final current value 

was slow. 

The fifth current characteristic is associated with 

the breakdown when triggered in the recessed coaxial con

figuration. Figure 3-7 shows that this current was very 

similar to the overvolted case, but with a shorter total 

time of evolution. This measurement was made while an 

experimental load assembly was in place, and the precise 

shape of the waveform may not be entirely accurate. 

With the introduction of these five current profiles 

a short review of the characteristics observed is in or

der. The five temporal evolutions observed appeared to 

divide into two distinct groups. The first group con

sisted of the overvolted, transverse laser triggered, and 

recessed coaxial triggered cases, and was characterized 

by a distinct stepwise current growth. The second group 

consisted of coaxial laser triggering, and coaxial 

triggering not striking the electrodes. Breakdowns trig

gered in these latter two configurations showed no evi

dence of a two process growth behavior in the current 

such as the others exhibited. The current rose almost 

instantaneously through the gap. The temporal delay and 

jitter of the breakdown relative to the introduction of 

the laser are also important. Again the case of 
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Figure 3-7. Recessed coaxial laser triggered current 
profile. The photodiode trace of the laser pulse is 
visible before the current rise. 
[+95% SBV, 800 Torr N^, SS elctrodes, 10 mJ laser] 
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coaxially striking the electrode surface differed signi

ficantly from the other laser triggering cases. When the 

laser was focused on the surface of the target electrode 

a very predictable delay was observed which was dependent 

on laser energy and charging voltage. The jitter in this 

delay was sub-nanosecond. On the other hand, in either 

of the non-striking cases a large jitter of 2-5 ns was 

observed, which was apparently attributable to the jitter 

in the formative time of the laser induced gas breakdown. 

In these cases, once the laser caused a visible ioniza

tion in the gas the electrical breakdown began with no 

detectable delay or jitter. Recessed coaxial triggering 

exhibited the greatest delay to current onset of all the 

triggering configurations", about 40 ns, even at high 

charging voltages. 

Photodiode Measurements 

Observations of optical radiation emitted during the 

breakdown process were made using a Hamamatsu vacuum pho

todiode exposed to radiation from the entire gap region. 

Observations were generally consistent with the events 

observed during the current measurements. 

In the case of a self-breakdown event, the spectral

ly and spatially integrated light waveform of Figure 3-8 
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Figure 3-8. Self breakdown photodiode trace 
[600 Torr N^, brass electrodes] 
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was observed. This can be contrasted with the waveform 

of Figure 3-9 which occured as a result of a coaxial 

striking electrode triggering event. Figures 3-10 and 

3-11 correspond to observations of coaxial and transverse 

non-striking events respectively. Probably the most sig

nificant information can be gained by comparing the 

differences in Figures 3-8 and 3-9. 

The first peak in the light intensity of Figure 3-8 

occured coincidentally with the first rise in the current 

waveform which was shown in Figure 3-2. Spectral filters 

inserted into the path between the diode and the gap in

dicated that this was UV emission, most likely in the C-B 

band of the N^ emission spectrum. As the light emission 

died out, the current remained steady. Then, a second 

burst of light occured, and the gap current rose further. 

Superficially this second rise in light emission showed 

little spectral structure, and appeared to be a continu

um. 

The light form of Figure 3-9 shows none of the 

characteristics observed during a self breakdown event. 

The light burst from the triggering laser impact on the 

electrode, not visible in this trace because of a long 

delay, was followed by a period of darkness which ended 

abruptly in intense optical emission with a rise time of 

less than 10 ns. 
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Figure 3-9. Coaxial laser triggered photodiode trace. 
[+98% SBV, 600 Torr N^, brass electrodes, 10 mJ laser] 
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Figure 3-10. Mid-gap coaxia l l a se r t r i g g e r e d photodiode 
g 

trace. [+97% SBV, 800 Torr N^, SS electrodes, 200 mJ laser] 
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2' 

triggered photodiode trace 
[+98% SBV, 600 Torr N^, brass electrodes, 150 mJ laser] 
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The light waveform shown in Figure 3-11 shows that 

the initial bright flash from the ionization of the N^ in 

the mid-gap region by the laser was much brighter than 

the arc itself. On the falling edge of the spike can be 

seen a small bump, possibly due to emission during the 

glow stage of the breakdown, followed by the rising lumi

nosity of the bright arc. 

Figure 3-10 exhibits the luminous characteristics of 

the switch when coaxially triggered in mid-gap. Two time 

constants are visible in the rising edge, the fastest 

probably due to the growth of ionization by the laser, 

the other due to the rise in luminosity as the current 

increased. 

Spectroscopic Measurements 

The gas primarily used in this investigation was ni

trogen. Nitrogen has a well characterized emission spec

trum, and therefore the origins of spectral features ob

served in the course of this work were easily identified. 

Additionally, this gas is commonly used in spark gap ap

plications. An energy level diagram of N2 is shown in 

Figure 3-12. It should be noted that many of the excited 

states in N^ are metastable. All vibrational levels of 
Am 

the ground electronic state are nonradiative, and the 
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Figure 3-12. Energy level diagram for N2. (after 
Bond et. al. 1965) 
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first electronic state, h^i^ ,is metastable with a low 
u 

pressure lifetime of two seconds (Suchard 1976). The 

ground vibrational state of A is at an energy of about 

6.2 eV which is almost half of the ionization energy of 

N2. The vibrational levels of the A state extend all the 

way up to about 9 ev, above the B̂ n electronic state. 
g 

Molecules in the B state are metastable on the time scale 

of fast breakdown events since the lifetime of B is 7 ys. 

A third electronic state of interest is the C-̂n state. 
u 

This state has an allowed radiative transition to the B 

state, and displays a low pressure lifetime of about 

40 ns. The pressure dependence of the lifetime due to 

quenching is given by Wagner (1964) as: 

T = 36 * (1 + P/60 Ibrr)"-"-

At the pressure of 800 Torr at which these experiments 

were carried out the lifetime was only about 2.5 ns. Any 

C-B emission which lasted longer than 2.5 ns could be as

sumed to be continuously excited. The C-B transitions 

are among the most strongly radiating in ii^. 

Various mechanisms are possible for the formation of 

excited states during the breakdown event. Absorption of 

UV photons from the laser-produced plasma on the target 

electrode could significantly effect excited state popu

lations at early times. Electron avalanches could also 

be expected to populate the electronic states of N^, 
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either in a stepwise manner or directly. Collisional 

cross sections for population of some of the electronic 

states are shown in Figure 3-13. Note that most of these 

cross sections are of appreciable amplitude only for 

electron energies greater than 6 eV. 

Temporally resolved spectroscopic measurements of 

the arc were made using the PAR 1420 reticon detector 

mounted to the Spex 1870 polychromator. All data were 

acquired using 5 ns exposure times. Since the fast 

breakdown associated with high charging voltages and 

laser power is completed within 5 ns, these data were ac

quired at a reduced voltage of 90% of the self breakdown 

voltage, and at a laser energy of 8 mJ. This resulted in 

delays to breakdown of about 30 ns with the laser in

cident on a slightly eroded stainless steel electrode. 

Examples of the spectra obtained at various times 

during and after the laser triggered arc are shown in 

Figures 3-14, 3-15, and 3-16. The data acquired during 

the experiment have been reduced to the information plot

ted in Figure 3-17, which is a graph of the intensity of 

continuum emission and N2 molecular C-B emission at 

380 nm versus time in three regions of the gap; near the 

target electrode, mid-gap, and near the entrance elec

trode. Note that when spectrally integrated the continu

um intensity is actually many orders of magnitude 
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Figure 3-14. Spectra of arc near mid-gap when 
triggered with 8 mJ laser energy at +90% SBV. 
acquired 15ns after beginning of laser pulse. 
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Figure 3-15. Spectra of arc near mid-gap when coaxially 
triggered with 8 mJ laser energy at +90% SBV. Spectrum 
acquired 45ns after laser pulse. 
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Figure 3-16. Spectra of arc near fireball when coaxially 
triggered with 8 mJ laser energy at +90% SBV. Spectrum 
acquired lus after laser pulse. 
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Figure 3-17. Relative intensity of C-B emission and con
tinuum emission versus time. a) near target electrode, 
b) mid-gap, c) near entrance electrode. The relative in
tensity between graphs is not significant. 
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brighter than the C-B emission. The graph illustrates 

the relative magnitude of the continuum in the vicinity 

of the C-B line, not the magnitude of the spectrally in

tegrated light. Relative magnitudes between the three 

graphs are not significant. More will be said of the 

spectroscopic properties of the discharge after the in

troduction of the streak photographs in the next section. 

Streak Photography 

More useful information was obtained from streak 

photography than from any other diagnostic technique em

ployed in this research. Many different configurations 

of the streak apparatus were possible, allowing acquisi

tion of spectrally integrated streaks, spectrally 

resolved streaks either with a monochromator or spectral 

filters, and streak spectra. These four configurations 

were all employed in the course of this research. 

Having just left the topic of spectral analysis, 

perhaps the first example of streak photography which 

should be presented is a streak spectrum. This shows, 

with excellent time resolution, the temporal dependence 

of spectral features in the discharge. Rather than imag

ing the arc directly onto the slit of the streak camera, 

the image was formed on the entrance slit of a 



54 

polychromator, and the exit plane of the polychromator 

was imaged onto the 100 y wide entrance slit of the 

streak camera, with the length of the slit in the direc

tion of wavelength dispersion as shown in Figure 3-18. 

The vertical position of the lenses, polychromator, and 

streak camera determined the portion of the arc which was 

examined. 

The polychromator used in this experiment was a 

Jarrel-Ash model 82415, quarter-meter, monochromator 

operated without the rear slit. This device has a very 

large aperture (f/4) so that a bright image was formed at 

the output plane. A pair of 50 mm focal length photo

graphic lenses were used, one for imaging the arc onto 

the monochromator entrance slit, and the other for imag

ing the output onto the streak camera slit. The length 

of the input slit in the streak camera limited the por

tion of the spectrum which could be investigated in each 

breakdown event to a 9.0 nm segment. Calibration was 

performed with a mercury spectral lamp as a source. 

Some streak spectra appeared as shown in Fig

ure 3-19. Two features in the C-B emission band of N2 

were visible before the emission became a continuum. 

Spectra taken at other wavelength intervals revealed 

similar characteristics. This type of structure in the 

streak spectra was only apparent in the radiation emitted 
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Figure 3-19. Streak spectrum near entrance electrode. 
[+83% SBV, 800 Torr N2, SS electrodes, 15 mJ laser] 
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from the region near the laser entrance electrode. At 

all other positions a continuum and interspersed nitrogen 

atomic emission lines occured simultaneously, without any 

well defined, temporally separated, molecular emission. 

The continuum emission presumably arose from free-free or 

free-bound transitions in the gas prior to total collapse 

of the field in the gap. 

Another experiment required only that the streak 

camera be rotated 90 degrees and that the exit slit be 

replaced in the monochromator. With the exit slit of the 

monochromator optically aligned with the entrance slit of 

the streak camera spectrally resolved streak records of 

the arc formation could be made. Spectral resolution of 

the monochromator was about 1 nm with the 0.15 mm slits. 

Image quality in this configuration was compromised by 

the astigmatism which inherently arises in monochromators 

due to the off axis positioning of spherical optics. 

Since the image of the entrance slit at the exit plane of 

the monochromator was not a straight line, but rather an 

arc, different vertical positions in the output slit 

corresponded to slightly different optical frequencies. 

Nonetheless, some interesting spectrally resolved streak 

records were obtained. Figure 3-20 shows a streak photo

graph of laser triggered breakdown at 399.8 nm, 

corresponding to one of the C-B emission frequencies. In 
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Figure 3-20. Spectrally resolved streak at 406 nm. Ac
companying diagram indicates that part of the arc imaged 
[+99% SBV, 800 Torr N , SS electrodes, 15 mJ laser] 
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this instance the SIT camera recorded the streak image, 

and the face of the video monitor was photographed. The 

bright area at the bottom of the image is identified pri

marily as molecular emission because-it was observed only 

when the monochromator was tuned to a wavelength identi

fied with C-B transitions. Note that in this, and all 

subsequent streak photographs, the image was inverted by 

the optics so that Figure 3-20 actually shows an area ex

tending from the upper, laser entrance electrode, to 

about 1 mm above the target electrode as depicted in the 

drawing next to the photograph. Additionally, with 

higher sensitivity the pictures showed the presence of a 

weak luminous front crossing the gap from the target 

electrode to the entrance electrode. Such a process was 

evidenced by the weak light visible above a diagonal line 

which could be drawn from the beginning of the laser 

plasma to the beginning of the region of emission on the 

other side of the gap as shown in Figure 3-21. The light 

was very weak, and it was necessary to integrate the pic

ture over about 100 shots to observe this detail. 

Better spatial resolution and higher image intensity 

were possible without the monochromator in the optical 

path, so a dielectric coated bandpass filter of 10 nm 

passband centered at 400 nm was used to replace the mono

chromator. This filter increased the contrast of the 
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Figure 3-21. Faint evidence of streamer is visible above 
the diagonal line. Bright marker at upper left is not 
part of the streak image. This picture was integrated on 
film for 100 shots. 
[+97% SBV, 800 Torr N^ with 50 Torr Ar, SS electrodes, 
15 mJ laser, 380 nm] 
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399.8 nm C-B emission relative to the continuum emission 

enough that regions of weak molecular emission could be 

recorded simultaneously with the strong continuum inten

sity, without requiring the presence of the monochromator 

and its associated distortions. Figure 3-22 shows a high 

quality streak record of a laser triggered breakdown 

event observed through the 400 nm filter under conditions 

equivalent to those existing during the previous pictures 

taken through the monochromator. Note the formation of 

the plasma on the electrode surface, followed by abrupt 

illumination of almost the entire arc length. Near the 

entrance electrode a short burst of molecular (C-B) emis

sion is evident, followed by closure of the dark space 

from both the top and bottom. 

At higher laser energies the laser plasma on the 

target electrode surface became much more visible. In 

fact, the plasma filled a large fraction of the gap 

length when the laser pulse energy was 100 mJ. However, 

it appeared that there was an interaction of the laser 

beam with the arc prechannel when voltage was applied to 

the gap which resulted in significant absorption of laser 

energy in the arc channel arresting the growth of the 

plasma on the target electrode surface. Figure 3-23 

shows a series of streak photographs of the laser pro

duced plasma as the applied field was increased. These 
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Figure 3-22. Streak photograph of breakdown using 400 nm 
bandpass flter. 
[+99% SBV, 800 Torr N2, SS electrodes, 20 mJ laser] 
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Figure 3-23. Streak photographs showing absorption of 
laser energy in arc channel: a) 54% SBV, b) 81% SBV, 
c) 98% SBV. 
[800 Torr N^, brass electrodes, 100 mJ laser] 
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digitized images were photographed from the face of the 

monitor and show clearly the individual pixels. Overflow 

of the intensity counters is visible as dark areas sur

rounded by light. Note that when the gap was charged the 

growth of the plasma on the target electrode surface 

stopped at the same time that another bright spot was 

forming in the mid-gap region. It is believed that this 

was the result of absorption of the laser energy via an 

inverse-bremstrahlung process at a hot spot in the laser 

focus once a threshold level of ionization was present in 

the arc channel. Note that the arc channel was quite dim 

relative to the bright spots, and is not visible in these 

pictures. If the laser energy was raised to 100 mJ many 

bright spots were visible in the arc channel as exempli

fied by the photograph in Figure 3-24. Some of the 

bright spots varied in position on successive shots, and 

some were relatively constant. Those that did not vary 

in positon shot to shot are believed due to inhomogeneity 

in the laser focus caused by aberrations in the focusing 

lens and poor mode quality of the laser. Others may be 

due to fluctuations in laser power or particulate matter 

in the gap. 

It was observed that raising the lens so that the 

focal point of the triggering laser beam was in front of 

the target electrode increased the time to breakdown, and 



65 

^i-7.^ 
- ¥i. -m 

\\ 

5ns 
^ 

Figure 3-24. Streak photograph 
energy absorption points in arc^channel. 
[+98% SBV, 800 Torr N^, 

demonstrating numerous 

brass electrodes, 150 mJ laser] 



66 

caused the formation of a bright spot in the arc at the 

laser focus very consistently. This bright spot became 

visible well before the arc was formed as shown in Fig

ure 3-25, and may have occurred after the passage of a 

streamer head through the focal point. Varying the ver

tical position of the focus by moving the lens caused the 

bright spot to move in time and position as one would ex

pect if it indicated the passage of a streamer. That is, 

moving the focus nearer the entrance electrode resulted 

in a longer delay before the bright spot appeared. The 

bright spot was not formed when the gap was charged to 

lower voltages, or not charged at all. The results of 

the experiments could not be considered conclusive, how

ever, because varying the lens position varied other fac

tors as well, including laser power density incident on 

the target electrode, and laser intensity at all posi

tions in the gap. 

Acquiring streak photographs of the streamer itself 

was quite difficult as the camera design did not allow 

photography of dim events followed by bright events. The 

accelerator grid in this particular streak tube is not 

normally gated, so that the camera accepted light at all 

times, not just during a streak recording. This mode of 

operation resulted in washout of the faint image that was 

recorded during the streak by light which came 
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Figure 3-25. Streak photograph showing laser interaction 
with the streamer causing a bright flash prior to arc 
formation. 
[+99% SBV, 800 Torr N2, SS electrodes, 50 mJ laser] 
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afterwards. The post-streak light released electrons 

from the photocathode of the streak tube which then scat

tered off the wall of the tube and into the microchannel 

plate intensifier. A more severe problem was the arc 

afterglow which was imaged on the screen during the sweep 

retrace. An attempt was made at using a gating generator 

connected to the accelerator grid to blank the tube dur

ing the retrace; however, the gate generator had a fairly 

slow risetime, so that light which struck the tube before 

blanking generated stray electrons inside the tube some 

of which hit the microchannel plate intensifier and still 

resulted in image degradation. The solution to the prob

lem was to prevent the occurance of the bright light in 

the first place by arresting the arc formation. This was 

partially accomplished by installing a short charging ca

ble which had a discharge time constant of a few 

nanoseconds. The onset of the bright part of the 

discharge looked very similar in this circumstance to the 

onset when a long cable was in place, so it is felt that 

the initial streamer conditions were unchanged also. 

Figure 3-26 shows two streak photographs of the 

streamer phase of the breakdown when using the very short 

cable, for different laser powers. Quite interestingly, 

the streamers appeared to decelerate as they crossed the 

gap rather than accelerating as normally observed. At 
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Figure 3-26. Streak photographs of intial streamer with 
short discharge cable: a) 10 mJ laser, b) 20 mJ laser. 
[+97% SBV, 800 Torr N^, SS electrodes, 400 nm filter] 
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20 mJ laser energy the streamer had an initial velocity 

of about 5X10 cm/sec, but slowed to about 1X10^ cm/sec 

as it approached the opposite electrode. Also evident 

was the fact that the streamer velocity was higher under 

the conditions of higher laser power. Streak photographs 

acquired under the condition of lower charging voltage 

looked as shown in Figure 3-27. It is apparent in this 

case that there were at least two luminous waves crossing 

the gap, one that traveled at 7X10 cm/sec, and another 

more intense wave which moved more slowly, at about 

1.5X10 cm/sec. Any inital wave occuring within a few 

nanoseconds of the laser impact was too dim to be seen; 

however, one probably existed. These results at lower 

voltages should be accepted cautiously, since the entire 

process lasted much longer than the discharge time of the 

cable. 

Further streak records of the arc channel formation 

are shown in Figure 3-28 in which the photograph depicts 

the width of the arc channel as a function of time. The 

faint prechannel is clearly visible prior to the very ra

pid expansion of the channel as it was heated. This pho

tograph shows the channel width at a point about 2 mm 

above the target electrode. Mo light was visible at this 

point if the voltage was not applied to the gap during 

the triggering laser impact. 
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Figure 3-27. Streamers visible at very low voltages with 
short discharge cable. 
[+64% SBV, 800 Torr N^, SS electrodes, 10 mJ laser, 
400 nm filter] 
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Figure 3-28. Streak showing width of arc channel 
above target electrode. 
[+97% SBV, 800 
400 nm filter] 

Torr N 2' SS electrodes, 10 mJ 

1. 5 mm 

laser, 



73 

Another experiment also yielded very interesting 

results. This experiment was streak photography of the 

bright features of the breakdown as a function of the gap 

charging voltage. The pictures in Figures 3-29 and 3-30 

show some of the results of this study for the cases of 

positively and negatively charged target electrodes 

respectively. These pictures were recorded through the 

400 nm bandpass filter, but with a very wide slit (2 mm). 

The wide slit insured that the entire length of the arc 

was recorded even if the arc position wandered near the 

entrance electrode. This necessarily resulted in the 

loss of some temporal resolution. Strictly the temporal 

resolution fell to about 10 ns, but practically the reso

lution is considered to be better than 5 ns because the 

arc never appeared to wander more than 1 mm. The distor

tion visible on the right of each of the streak images is 

due to accelerator grid blanking during the streak. Note 

the definite change in luminous behavior as the voltage 

was varied over a wide range. The characteristics ob

served in these pictures will be discussed in detail in 

the following chapter. 

Streak images of transverse triggered breakdown are 

shown in Figure 3-31. The pictures were taken through 

the 400 nm bandpass filter, with the 100 y slit of the 

streak camera partially blocked to eliminate input of 
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Figure 3-31. Streak photographs of transversely trig
gered breakdown. Stop in center of slit blocked light 
from laser plasma in mid-gap 
[92% SBV, 800 
400 nm filter] 

Torr N 2' 
SS electrodes, 135 mJ laser, 
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light from the laser induced gas breakdown which was 

quite bright. In these pictures, a diffuse glow lasting 

for 8 ns is evident. As this glow died out, bright emis

sion became evident closing towards the center of the gap 

from both electrode surfaces. Note that this type of 

structure is similar to that observed by Doran (1968) in 

self breakdown events, as will be discussed later. The 

hot plasma in the center of the gap appeared to have lit

tle effect, other than providing a trigger for the break

down. 

Another streak record, shown in Figure 3-32 is that 

of the case of coaxial triggering while not striking any 

electrode surfaces. The features in this case were sig

nificantly different than those observed in other situa

tions. Several bright spots were formed in the vicinity 

of the laser focus, as well as less intense secondary 

bright spots. These spots were much brighter and prob

ably much hotter than the rest of the arc channel. The 

spots were invariably in the region which the laser 

traversed prior to reaching the focus, never past the 

focus, indicating that very little of the laser energy 

penetrated the intial plasma. The region between the 

laser focus and the opposite electrode displayed a much 

dimmer illumination in the arc channel. The arc channel 

itself was only faintly visible because of the intensity 
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Figure 3-32. Streak photographs of coaxial mid-gap trig
gered breakdown. 
[+92% SBV, 800 Torr 
400 nm filter] 

N 2' SS electrodes, 135 mJ laser. 
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of the hot spots, but it appeared that the channel was 

completely formed at about the time that the bright re

gion appeared at the anode. When the focal point of the 

laser was moved so that the focus was very nearly in the 

plane of the electrode surface the streak photographs 

looked very similar to the case of striking the target 

electrode, however, displaying a brighter arc channel 

over the entire length. 

The case of recessed coaxial laser triggering is il

lustrated by the streak records shown in Figure 3-33 for 

both positive and negative target electrodes. Note the 

similarity of these photographs to those of a transverse 

mid-gap triggered event, particularly in the case of the 

positive target. Closer examination of the leading edge 

of the breakdown was possible by using a shorter charging 

cable, so that the bright part of the arc was not allowed 

to form. The streak photograph in Figure 3-34 shows the 

propagation of a luminous front which bridged the gap in 

the time between laser impact on the target anode and the 

formation of the glow discharge portion of the breakdown. 

The glow discharge stage appeared to be very large in di

ameter. Scanning the image across the slit on the streak 

camera proved this to be true. Open shutter photographs 

of this breakdown were also made, and show the glow stage 

to encompass a volume about 3 mm in diameter. 
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Figure 3-33. Streak photographs of recessed coaxially 
triggered breakdown, for both polarities: a) positive, 
b) negative. 
[95% SBV, 
filter] 

800 Torr N^, SS electrodes, 15 mJ laser, 400 nm 
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Figure 3-34. Streak photograph of luminous front cross
ing from anode to cathode in recessed coaxial triggered 
case. 
[+95% SBV, 800 
400 nm filter] 

T o r r N 2' SS e l e c t r o d e s , 15 mJ l a s e r . 



CHAPTER IV 

ANALYSIS OF DATA 

Introduction 

In an effort to understand and model the laser trig

gered switching process in which the laser is coaxially 

incident upon the target electrode, a great many 

parametric experiments have been performed, including 

some on configurations not of the principle configura

tion. A description of the experiments and a summary of 

the results obtained have been presented in the previous 

chapter. Figure 4-1 illustrates the main observations of 

the various experiments in compact form. From this fig

ure it is quite clear that there are great differences 

apparent in the breakdown processes for the various 

triggering geometries. 

Two cases, transversely triggered and recessed coax

ially triggered, appeared very similar to self breakdown. 

In the first part of this chapter we wish to firmly es

tablish the similarity of these two processes to the self 

breakdown case in order that two key points be elucidat

ed: first, that the plasma in the mid-gap region in the 

case of transverse triggering has little effect on the 

82 
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Figure 4-1. Summary of photodiode data, streak photo
graphs, and current profiles respectively for: a) self 
breakdown, b) transversely laser triggered, c) recessed 
coaxially triggered, d) mid-gap coaxially triggered, and 
e) coaxially triggered. Streak photographs are "nega
tives". Laser energy about 100 mJ for b and d, 10 mJ for 
c and e. 
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breakdown process, in particular that thermalization does 

not start in this region of highest electron density and 

propagate towards the electrodes; and secondly, that in 

the case of recessed coaxial triggering the light from 

the laser-produced plasma and the laser beam does not 

prepare a channel adaquate to form a breakdown signifi

cantly different than self breakdown. However, the com

bined features of these two cases do significantly affect 

the breakdown as demonstrated by the improvement in 

switching speed in the case of coaxial triggering not 

striking the electrodes. Coaxial triggering while strik

ing the electrodes is a further improvement on the latter 

case due to the lower laser energies required, even fast

er current rise, and easily regulated delay. 

Before proceeding with the discussion one very im

portant point should be made with regard to the streak 

photographs. The correct interpretation of streak photo

graphs is not always obvious. A luminous event that ap

pears to cross the gap at some particular velocity may in 

fact not represent the propagation of anything physical. 

It may not represent anything more than the rise of some 

luminosity above the detection threshold of the imaging 

device. A non-uniform heating may appear to be an ioniz

ing front. One must be wary of the fact that a luminosi-
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ty may last much longer, or occur much later than the 

event which caused it. 

The discussion in this chapter will first center on 

the self breakdown process, in order to demonstrate that 

the behavior which was observed in the experiments is en

tirely normal, and similar to the results of others. We 

will then establish that the two cases of laser triggered 

breakdown which appeared similar to self breakdown were 

indeed similar, and therefore that the laser channel and 

the laser plasma alone have little impact on the break

down process. The case of coaxial mid-gap triggering 

will then be presented which combines the laser plasma 

and the laser beam along the field direction resulting in 

a different, faster type of breakdown demonstrating that 

synergistic effects greatly influence the breakdown pro

cess. Next, the principle case of interest, coaxial 

triggering on the electrode surface, will be presented. 

This is an enhanced version of coaxial triggering. The 

many unique features of this triggering configuration 

will be discussed, followed by a description of the model 

which has been created to explain the observed behavior. 

Finally, a discussion of the current results in relation 

to previous work will be presented. 
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Self Breakdown 

When the voltage applied to the spark gap was slowly 

increased to the point at which a breakdown occured, the 

characteristics observed were those summarized in 

Figure 4-la. The current demonstrated a marked two step 

growth characteristic, and the light emission had two 

distinct peaks. The first peak was associated with emis

sion in the C-B band of the molecular emission spectrum 

and lasted about 40 ns. The second peak was associated 

with the continuum emission. The current characteristic 

was well correlated with the luminous phenomena: the 

current rose to about half of the final value at the be

ginning of the molecular emission stage and then ap

proached the final value as the continuum light became 

visible. No streak photographs of this process were 

recorded due to the difficulty of synchronizing the cam

era system with the random time of the breakdown, but the 

current characteristics and the luminous phenomena 

recorded by the photodiode agree well with the data re

ported by others, so it will be assumed that the streak 

photographs we would have acquired would be similar to 

those other investigaters have published, as discussed 

next. 

Doran (1968) has observed the self breakdown process 

in weakly overvolted N^ gaps using streak photography and 
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photomultiplier tubes. He observed several generations 

of avalanches which culminated in the production of a 

large area glow discharge across the gap which lasted 

about 100 ns. The glow stage released emission primarily 

in the molecular C-B bands. After the cessation of the 

glow an intense continuum emission became visible at both 

electrodes and closed towards the center at a speed of 

6 7 

about 2X10 increasing to 1X10 cm/sec, somewhat faster 

than the electron drift velocity of about 5X10 cm/sec. 

This continuum emission marked the formation of the ther-

malized arc. His streak photographs indicated that the 

breakdown looked similar to the summary drawing in 

Figure 4-la. Doran's current measurements indicated that 

initially the current rose synchronously with the forma

tion of the broad glow, fell slightly, and then finally 

rose again as the bright fronts appeared closing towards 

the gap center. The luminous characteristics as observed 

with the photodiode, and the current characteristics 

measured, indicated that the events in the self breakdown 

were very similar to those observed by Doran, although 

the evolutionary time was a factor of two to three less 

in our experiments. This is accounted for by the differ

ences in experimental conditions. Doran conducted exper

iments at 300 Torr in a 20 mm gap, while the results 

presented in this study occured at 600 Torr in a 5 mm 
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gap. As a general rule, formative times are shorter at 

higher pressures (Kekez et. al. 1970). 

Chalmers and Duffy (1971) also investigated the self 

breakdown process in nitrogen throughout a range of over-

voltages because the data of previous workers could not 

be made consistent under different overvoltage condi

tions. They performed streaked photographic measurements 

of discharges in a fifty ohm coaxial system. Their ob

servations at low overvoltages concur with the data re

ported previously, but at high overvoltages the arc 

growth was shown to have a different behavior as shown in 

Figure 4-2. In this circumstance the avalanche grew to 
Q 

the critical size for streamer formation (about 10 elec-
— 6 3 

trons in 10 cm ) in mid-gap, and weak luminous fronts 

then propagated from this point towards both electrodes. 

They state that these fronts were the streamers observed 

by Wagner (1966) in his experiments, but contrary to the 

statements of Wagner, these streamers did not initiate 

the discharge. Rather the discharge was formed at a 

later time beginning near the point at which critical 

density occured, and displayed intense luminous fronts 

propagating towards both electrode surfaces. The veloci

ty of these fronts was similar to that of the fronts 

which propagated from the electrodes to the middle of the 
7 

gap in the case of weak overvoltage, about 10 cm/sec. 
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Figure 4-2. Streak photographs of overvolted breakdown 
a) slightly overvolted, b) highly overvolted (after Chal
mers and Duffy 1971). 
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This point seems to deny the significance of the cathode 

spot formation in leading to the bright arc stage as sug

gested by Cavenor and Meyer (1969). 

Kekez et.al. (1970) mention that the first glow 

phase is critically dependent on the electrode geometry, 

and that the glow is quite prominent with large elec

trodes and almost non-existant with point electrodes. 

They also point out that the duration of the glow phase 

appears to be dependent on the value of the current lim

iting resistor; for large values of this resistance the 

glow duration is longer than for small values. It is 

worth mentioning that in all of the works mentioned 

herein the discharge system was of a 50 ohm coaxial type. 

Of further significance is the observation by Kekez 

et.al. that stable stepwise current growth was not prom

inent for an atomic gas such as krypton. However, 

Cavenor and Meyer (1969) did observe stepwise growth in 

hydrogen, another molecular gas. In this instance they 

observed that the diffuse glow exhibited all the features 

one would expect in a glow discharge: the positive 

column, faraday dark space, and negative glow were all 

discernable. They further surmized that the onset of the 

bright continuum emission which closed towards the center 

was related to the formation of cathode and anode spots. 

Stritzke, Sander, and Raether (1977) performed 
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spectroscopic studies on streamer discharges in a pulsed 

overvolted uniform field gap at 300 Torr in N2 and found 

that ionization grew during the glow stage of C-B emis

sion from 10 to 10 electrons/cm^. In the present 

study the observed 100 ohm resistance of the 3 mm diame

ter glow channel indicates an electron density of 

15 3 

10 /cm if a value of 400 is used for the electron mo

bility. After the glow phase dissociation of the 

molecules and ionization of the atoms took place yielding 

a strong continuum intensity and emission of atomic and 

ionic lines. 

In view of the data reported by others concerning 

the stepwise current growth we might speculate that the 

later stages of the weakly overvolted self breakdown 

correspond to: 1) volume ionization of N^ with moderate 

current flow, 2) heating of the N^ gas at about the same 

current which was flowing earlier since no new charges 

are being produced, and finally 3) dissociation and ioni

zation of the nitrogen atoms with a concomittant increase 

in current. The latter step is probably dependent on a 

reduction in N^ density during the heating phase to in

crease the reduced field so that further ionization can 

occur. This description is supported by the observation 

of Kekez that the glow stage is not readily apparent in 

krypton discharges. One would not expect much energy 
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storage in a mono-atomic gas without many low-lying ener

gy levels. 

We can calculate the electrical energy deposited in 

the gap during the arc formation from the current profile 

which was shown in Figure 3-2. Since the characteristics 

of the electrical system are well known, the gap voltage 

can be found from the current as: 

gap ~ charge "* T-line load 

where R„ ,. + R, ^ = 104 ohms. The instantaneous T-line load 

electrical power deposited in the gap is then calculated 

as: 

P = V *I gap gap gap 

The total electrical energy expended in preparation of 

the arc channel is the integral of the instantaneous 

power, and in this case amounts to 37 mJ. 

A rough calculation of the amount of energy required 

to singly ionize all atoms in the arc channel yields an 

energy expenditure of 42 mJ. This number was calculated 

by adding the energy necessary to form nitrogen ions from 

the nitrogen molecules in the process described as: 

N^ > N^+ > N+ + N > N+ + N+ 

15.6eV 7eV 14.5eV 

in a channel 1/3 mm diameter and 5 mm long at 800 Torr. 

Full single ionization of the 7X10 molecules in the 
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channel required 18 mJ, 8 mJ provided the energy for dis

sociation, then another 16 mJ ionized the remaining neu

tral atoms after dissociation. Although the calculated 

energy expenditure depends strongly on the assumed chan

nel diameter, it nonetheless serves as a useful benchmark 

with which to compare the laser triggered events. 

To briefly review, we and others have found that 

weakly overvolted breakdown displays a glow phase which 

lasts about 40 ns, and which depends on electrode 

geometry and circuit impedence. During the glow stage 

the emission consists of lines from the molecular spec

trum. During the glow the charge density grows from 10 

16 3 
to 10 electrons/cm . The glow stage leads to a bright 

continuum emission which begins near both electrodes and 
7 

propagates at about 10 cm/sec towards the middle of the 

gap. 

Transverse Triggered Breakdown 

The mid-gap transversely triggered type of laser in

itiated breakdown showed a great similarity to self 

breakdown events. The glow stage of the breakdown began 

within 2 ns of the first detectable light from the laser 

plasma, and lasted about 8 ns in the brightest stage. 

Photoionization of impurities in the gap could account 
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for the rapid and relatively uniform onset of the glow 

all across the gap, as was shown in Figure 3-31, as the 

photoionzed electrons avalanched in the applied field. 

Alternativly, streamers could have originated at the 

cathode surface and/or at the laser plasma. Timm (1973) 

has shown the existance of very fast streamers occuring 

in gaps triggered transversely by multiphoton charge gen

eration in mid-gap, but his experiments were at very high 

overvoltages in neon. At the lowest overvoltage he in

vestigated, the streamer velocity approached the expected 
g 

electron drift velocity of about 10 cm/sec. At high 

overvoltages the streamer velocities were as much as 
9 

10 cm/sec. In the case of transversely triggering in 

nitrogen it would take about 25 ns for the glow to form 

if the charge was required to drift at an electron drift 
7 

velocity of 10 cm/sec. Since the observed formation 

time was less than 5 ns we might conclude that the ini

tiating charges were produced throughout the gap in small 

quantities by photoionization. 

Close inspection of the streak photographs in Fig

ure 3-31 reveals an asymptotic approach of the glow to 

the mid-gap region from the anode direction. The pic

tures appeared identical for both positive and negative 

charging polarities, which was somewhat puzzling, since 

one would expect a process that showed a polarity 
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preference to appear inverted when the polarity was re

versed. The pictures are believed to show a real effect 

since the slope changed when streak speed was changed. A 

possible explanation may be that the glow formation was, 

in fact, symetrical about the laser plasma, but the re

gion of interest on the upper half of the photograph was 

occluded by the stop in the center of the slit as shown 

in Figure 4-3. The initial lack of luminosity close to 

the plasma is unexplained. The glow lasted approximatly 

as long as the laser pulse. A very weak emission was 

visible at this same time if the voltage was not applied 

to the gap, but it is not clear whether the effect ob

served was actually photoionization of the gas in the gap 

at a distance from the laser plasma, or whether the 

luminescence was simply light scattered into the camera 

from the plasma region. 

One might expect that in the transversely triggered 

case thermalization should start in the middle of the gap 

and progress outwards, as observed by Chalmers and Duffy, 

since the elecron density must be above the critical den

sity for streamer formation in the vicinity of the laser 

produced plasma. That this does not happen may be a 

symptom of the gap not being overvolted. In either in

stance, the important point is that the gross features of 

this breakdown appear very similar to those of self 
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breakdown despite the large plasma in the center of the 

gap. It should be noted that in this case the duration 

of the C-B glow stage was shorter than the 40 ns observed 

in the overvolted breakdown case, but the observed velo

cities of the final intense fronts agreed well with the 

velocities reported by others. The electrical energy 

deposited in the arc channel prior to complete arc forma

tion was 50 mJ in this case. This is in reasonable 

agreement with that value obtained experimentally in self 

breakdown, and with the calculated number. 

Recessed Coaxial Triggered 
Breakdown 

Recessed coaxial triggering also showed a similarity 

to self breakdown. In this instance the glow stage had a 

duration of about 10 ns. This was very close to the 

length of time that the glow lasted in the case of 

transverse mid-gap triggering, but in this case the glow 

onset was delayed by up to 35 ns, so that the laser was 

no longer present during the glow, leading to the conclu

sion that the laser was probably not important in deter

mining the duration of the glow stage in the former case. 

The large diameter of the glow discharge was demonstrated 

by the open shutter photographs which showed a clear 3 mm 

diameter columnar channel in an arrested discharge with a 

short charging cable. In the case of striking the anode 
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the electrical energy expenditure prior to completion of 

the arc formation was 27 mJ. 

It is also interesting to note that the formation of 

the arc was slightly different for the case of striking a 

recessed cathode, than for the case of striking a re

cessed anode. Striking the cathode resulted in a less 

obvious glow stage, with more rapid and nonuniform clo

sure from both electrodes towards the center, perhaps in

dicating that the electrons drifted directly out of the 

hole initiating an avalanche or a streamer. Striking the 

anode resulted in a discharge which looked more like self 

breakdown. There was a delay observed between the laser 

pulse and the formation of the glow stage. Streak photo

graphs using high sensitivity as in Figure 3-34, showed a 

luminous front crossing the gap before the glow was 

formed. This front had an initial velocity of about 

10 cm/sec, very close to the electron drift velocity of 

7 7 

1.4X10 cm/sec, and accelerated to about 2X10 cm/sec 

just before reaching the cathode. The luminous front did 

not begin concurrently with the laser pulse, but rather 

up to ten nanoseconds afterwards. In the case of strik

ing the anode the development might have begun by either 

of two processes. Charged particles could have been pro

duced near the top of the hole and initiated the break

down, or electrons could have been liberated at the 
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cathode by photoelectric emission caused by UV from the 

plasma within the anode. In the case of photoelectric 

emission the light may have just become visible after the 

avalanche released from the cathode reached the anode and 

started a cathode directed streamer. Wagner (1969) has 

proposed a very similar process to explain events ob

served in trigatron gaps. However in the laser triggered 

case, the cathode directed streamer is observed to start 

sooner than an avalanche leaving the cathode should reach 

the anode. It should take about 35ns for the initial 

avalanche to reach the anode at an electron drift veloci-

7 

ty of 1.4X10 cm/sec, rather than the 10 ns observed ex

perimentally. Thus it appears more likely that ions 

which were formed near the top of the hole caused a 

streamer to propagate. Whatever the form of the initia

tory process, the later stages again looked quite similar 

to self breakdown, although with a slightly higher clo

sure velocity of the bright fronts than transverse 

triggering showed. 

Coaxial Mid-gap Triggered 
Breakdown 

The case of coaxially triggering the spark gap with 

the laser focused in mid-gap and passing through both 

electrodes showed many differences from the case of 
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transversely triggering with comparable energy. The 

current characteristic showed a fast risetime, but with a 

slow approach to the final value. The electrical energy 

necessary to form the arc channel was quite small in this 

case, amounting to only 5 mJ. This should not be 

surprising since a large part of the laser energy ap

parently went into the arc channel also. 

Very little imformation could be gained with the 

streak camera for this type of breakdown because of the 

drastic differences in intensity of the various features. 

Figure 3-32 is representative of the streak photographs 

obtained under these conditions. Note that there were 

many bright spots in the channel where laser interaction 

with the channel heated the gas. The process by which 

the laser interaction happened will be discussed in de

tail in the next section. The presence of many hot spots 

in the beam should not be considered unusual. Spherical 

aberrations in the focusing lens can easily account for a 

non-monotonically increasing intensity function near the 

focal point. Aaron, Ireland, and Morgan (1974) have 

described the effects of spherical aberrations on the in

tensity distribution near the focus of simple lenses. 

The aberration function they calculate for a lens similar 

to the laser focusing lens in the present study is 

about 4.5. This should result in a focal point intensity 
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lower than one would calculate from the simple formula 

w = 0f 

where w is the beam waist size, 9 is the beam divergence, 

and f is the focal length of the lens. The length of the 

region of maximal intensity is also more distributed than 

simple calculations predict, and extrapolation from their 

data indicates that a region of maximal intensity may be 

as long as 2-3 mm. To further complicate the intensity 

structure, the laser used in this LTS study used an un

stable resonator configuration, and the beam was most 

certainly not Gaussian. 

It is important to note here that none of the bright 

spots were visible in the channel beyond the focal point 

of the laser, possibly indicating an absorption of the 

laser energy. When the laser focus was very near the 

lower electrode the breakdown appeared very similar to 

the case of striking the electrode, and in fact the 

processes occuring were quite similar as will become 

clear later. But when the laser focus was in midgap or 

higher a large part of the spark channel did not experi

ence any laser interaction. Hence the breakdown was 

probably very similar to the case of transversely trig

gered breakdown in the region beyond the focal point. 

This was, however, not visible in the streak photographs 

because sufficient gain could not be utilized in the 
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presence of the other bright spots. The current profile 

did show the slow approach to final current value which 

one might expect if the breakdown was not laser assisted 

over part of the length. 

Comparing the breakdown event in this case to the 

events seen in transverse triggering and recessed coaxial 

triggering demonstrates the necessity of both forming the 

plasma in the region exposed to the field, and having the 

laser incident along the field direction. Coaxial mid-

gap triggering effectively combines the features of re

cessed coaxial triggering and transverse triggering to 

form a breakdown unlike either of the individual cases or 

self breakdown. Unfortunatly the large jitter in this 

instance does not make this a practical switch configura

tion when using an infrared trigger laser. Woodworth and 

Hargis (1982) have, however, obtained excellent perfor

mance by using a UV laser to initiate charge production, 

followed by an IR laser for heating. 

Coaxial Triggered Breakdown 

Observations 

Most of the research work was concentrated on obser

vations of the breakdown process which occured when the 

laser was coaxially incident on the target electrode 
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surface. In this configuration the breakdown evolved in 

a manner vastly different than in the other cases. The 

laser was observed to create a small fireball on the tar

get electrode surface from which a streamer appeared. 

The streamer velocity was initially very high, a few 
q 

times 10 cm/sec, but decreased with distance traveled 

across the gap. This is quite the opposite of normal 

streamer propagaton in uniform field gaps in which the 

streamer is observed to accelerate with distance as 

demonstrated by the streamer documented in the case of 

recessed coaxial triggering. Streak photographs of the 

cross section of this discharge indicated a very small 

prechannel, about 0.2 mm in diameter, rather than the 

3 mm diameter prechannel which existed in self breakdown 

and those laser triggered cases which were similar. 

Spectroscopic data taken at the early times indicated 

that this streamer emitted light in the C-B band of the 

molecular emission spectrum, as in the other cases. 

Further the current rise was atypical of the other 

geometries, showing a continuous rise on the leading edge 

rather than either a stepwise or decreasing rate as all 

other cases showed. Variation of the delay to breakdown 

with charging polarity was evident in this case, but not 

in the others in which the discharge was triggered in 

mid-gap. This indicates the importance of processes near 

the electrodes, probably in this case the formation of 
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positive and negative streamers, which are observed to 

have different speeds of propagation. 

The streak photographs showed a very abrupt increase 

in continuum light emission throughout most of the length 

of the gap, rather than fronts propagating from the elec

trodes inwards. The streak photographs which were taken 

at varying gap voltages indicate that the discharge can 

be divided into two different regions based on this 

characteristic. In one region the luminous onset is uni

form and atypical of self breakdown, and in the other the 

luminous onset is quite similar to self breakdown, even 

demonstrating the glow region and the closure from the 

ends towards the middle. Furthermore, an interaction of 

the laser with the prechannel was demonstrated which led 

to the localized heating of the gas to the extent that a 

bright spot was observed prior to spark formation. Much 

of the laser energy could apparently be coupled into the 

channel, yet the sum of the electrical energy deposited 

prior to full current flow (4mJ), and the laser energy 

(12mJ), is much less than the energy which was expended 

in the other cases to form the channel. Another in

teresting feature, particularly from the device stand

point, is that the current rose very suddenly in this 

configuration. No sign of a two step growth characteris

tic was present. 
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The Model 

This latter type of laser triggered breakdown pro

cess can be modeled in the following way: The incident 

laser energy initiates a small plasma on the metal elec

trode surface which expands into the surrounding gas. 

Near the tip of this plasma the field intensification is 

so high that a streamer may be launched directly; there 

is no need to proceed through an avalanche stage of 

growth to form the streamer. The streamer is acted upon 

by the laser in such a way that the speed is enhanced, 

and the direction is guided. Furthermore, the part of 

the gap which has been spanned by the streamer now has an 

initial electron density which can be heated by an 

inverse-bremstrahlung process to produce further ioniza

tion in the channel. Decreasing intensity of the laser 

in the direction of the streamer propagation results in 

weaker interaction as the streamer progresses. Finally, 

at some distance across the gap determined by charging 

voltage, laser power, focusing geometry, and laser pulse 

duration, the interaction ceases to exert any influence. 

From this point onward the streamer slows, and the 

remaining part of the prebreakdown channel appears very 

similar to a self breakdown channel. When the screamer 

reaches the entrance electrode current begins to flow and 

the more luminous features of the breakdown become 
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visible due to ohmic heating. At this point the two dis

tinct regions of the arc representing the laser assisted 

breakdown and the self breakdown are clearly visible. 

These two regions will be designated as type "L" and type 

"S" respectively. Figure 4-4 illustrates this model. 

Model Support 

The first point which must be established is that 

the "fireball" at the laser focus is indeed a plasma com

posed of the constituents of the fill gas in the gap and 

not merely a hot vapor of the electrode metal. It is 

necessary that this be a plasma in order that sufficient 

conductivity be present to cause a shielding effect 

within the plasma to create a field intensification at 

the surface. The spectroscopic data was not conclusive 

on this point. The emission during the early stages of 

the plasma formation was of a continuum nature. No line 

emission associated with metal atoms was observed, but 

any line emission which may have been present was prob

ably broadened beyond any hope of identification. One 

point in support of the existance of a plasma is that the 

observed expansion velocity is quite consistent with ob

served gas plasma growth velocities. 

In the case of coaxial laser triggering, Figure 3-23 

shows the plasma extending into the gap at the rate of 
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Figure 4-4. Schematic streak diagram of the laser trig
gered breakdown process. 
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7.5X10 cm/sec. This velocity agrees quite well with the 

velocity of expansion of a laser produced plasma in a gas 

as given by Ramsden and Savic (1969). They found that 

the velocity of the "optical detonation wave" at the 

leading edge of the plasma expanded according to: 

where S^ is the flux density of the laser radiation in 

2 3 

ergs/cm -sec, and p is the gas density in g/cm . For the 

conditions of Figure 3-23 the laser energy was about 

100 mJ, in a 15 ns full width at half maximum (FWHM) 

pulse. The beam was focused through a lens yielding ap

proximately a 100 urn spot size. Thus the flux density 
17 2 was 8.5X10 ergs/cm -sec. The gas density was 

-3 3 1.3X10 g/cm at 800 Torr of nitrogen, thus the equation 

predicts an expansion velocity of 8.5X10 cm/sec. This 

agrees quite well with the observed plasma expansion 

velocity, and indicates that the plasma is most likely 

composed of the nitrogen particles. 

Refer^^ing to Figure 4-5 the space charge at the top 

of the plasma fireball can be calculated if we assume 

that the electrons in the plasma move rapidly to shield 

the bulk of the plasma from the field. Then the fireball 

can be approximated as a hemispherical conductor in a 

uniform field. The surface charge density on the 
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Figure 4-5. Illustration of field intensification by the 
laser produced plasma which is represented as a hemis
pherical conducting surface on the electrode. 
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hemispherical surface is given by: 

2 
a = 3e^E^cos0 coul/m 

0 0 

as obtained by the method of images (see, for example, 

Jackson 1975). E^ is the applied field, is the permi-

tivity of free space, and is the angular displacement 

from the vertical centerline on the hemispherical plasma 

surface. A peak field intensification of three results. 

The surface charge density can be integrated to yield the 

total charge of: 

2 
Q = 3TTe E a coul 

0 0 

If we assume the plasma fireball has a radius, a, of 

0.25 mm and that the gap is charged to 40 kV/cm, the sur-
q 

face charge totals 1.3X10 charges. Half of the charge 

is in the upper quadrant. This amount of charge in the 

intensified field region is quite sufficient to form a 

streamer directly. In fact, the situation is probably 

more suitable for streamer formation than this calcula

tion shows. The fireball appears to be more the shape of 

a needle than a hemisphere, so the field intensification 

and surface charge are actually higher. 

The speed of propagation of the resulting streamer 

is affected by several factors. The first, and most ob

vious, is the polarity of the streamer. Positive 
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streamers (propagating from anode to cathode) are well 

documented to progress at a rate greater than negative 

streamers (propagating from cathode to anode). A second 

potentially significant factor is the population of ex

cited molecules in the region traversed by the streamer. 

Hartmann and Gallimberti (1975) have observed that the 

presence of excited metastable states of N^ has a guiding 

and velocity enhancing effect on streamer propagation. 

These excited states could be produced by laser interac

tion with the gas, or by the potentially more effective 

UV light from the laser produced plasma. The excited 

states involved do not necessarily have to be metastable 

because the time interval between creation and streamer 

propagation may be only a few to some tens of 

nanoseconds. Many excited states in N^ have lifetimes 

greater than that. Yet another factor which may affect 

the streamer propagation is the laser beam itself. This 

last factor, and the polarity are considered to be the 

dominant influences in coaxial laser triggered switching. 

If the presence of excited states in the gas were an im

portant factor the effects should have been manifest in 

the case of recessed coaxial triggering, since the light 

from the plasma and from the laser were substantially un

changed in the gap region. 

The speed of propagation of a given streamer appears 
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to be determined by the laser intensity incident on the 

streamer channel. Assuming this to be the case. Fig

ure 4-6 illustrates the dependence of the streamer velo

city on the approximate laser intensity for a single pos

itive streamer traveling in a decreasing intensity re

gion such as in the streak photographs of Figure 3-26. 

Note that an exact dependence is very difficult to define 

since mode beating in the laser caused extreme intensity 

fluctuations which occured on the time scale of the 

streamer propagation. Additionally, spherical aberra

tions in the lens may have produced odd distributions of 

laser intensity near the focal region (Morgan 1975). 

Quantitative calculations of the streamer velocity 

in the presence of the laser beam might be performed by 

adapting a computer model of the streamer propagation 

developed by Gallimberti (1972) to include a source term 

in the electron continuity equation to represent the cas

cade ionization by the laser of the avalanches in the 

streamer head. The equations which must be solved in the 

computer program include the continuity equations for the 

charged particles, the energy balance, and Poisson's 

equation. These equations are quite complicated to solve 

so Gallimberti made a simplification by representing the 

series of avalanches near the streamer tip as a single 

equivalent avalanche. Gallimberti then wrote a series of 
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computer programs to calculate the different stages of 

the model quantitativly. 

Rather than rewriting Gallimberti's computer pro

grams we will simply make arguments based on his model 

and results. The concept of the equivalent avalanche is 

demonstrated by Figure 4-7. The many small avalanches 

which actually occur from photoionization ahead of the 

streamer tip can be represented as a single larger 

avalanche which starts at that distance from the tip 

necessary to produce the same final charge as the many 

small avalanches. The velocity of propagation of the 

streamer is given by the distance that the streamer head 

moves (twice the radius of the avalanche tip), divided by 

the time necessary to complete the avalanche ( approxi

mately the electron drift velocity in the enhanced field 

region near the streamer tip divided by the avalanche 

length) . Thus we see that the velocity of the streamer 

is: 

streamer ~ enhanced X (di/dz) 
drift 

The effect of the laser on the developing avalanches 

is to increase the rate of charge multiplication. This 

can be dealt with computationally in a number of ways. 

The first might be to break the avalanche up into many 

small segments and let the avalanche grow for a short 
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Figure 4-7. Diagram of equivalent avalanche for streamer 
propagation (after Gallimberti 1972). 
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time, compute the number of charges generated, then com

pute the growth of this charge by inverse-bremstrahlung 

absorption for a short time, let this increased charge 

avalanche for a short time, and repeat. Charge multipli

cation by inverse-bremstrahlung absorption is discussed 

in detail in the next few pages. A simpler technique 

might be to use the concept of an enhanced field which is 

the superposition of the applied field, the field due to 

the streamer head, and the effective field due to the 

laser. Morgan (1975) shows that the cascade ionization 

of gas by a laser can be considered the same as avalanch-

ing in a DC field by employing the concept of the 

equivalent field, which is given by: 

E = E 
0 

m 

u + w / m 
Where E is the RMS field of the laser beam, ^ is the 

o m 

electron collision frequency for momentum transfer and o) 

is the angular frequency of the radiation field. The 

collision frequency for momentum transfer has been given 
12 

by Kroll and Watson (1972) as approximatly 4X10 /sec 

under the conditions in our gap. The laser frequency is 

about 2X10^^ rad/sec, yielding an effective field of: 

E .. = E^ * .002 
ef f o 

For a 10 MW laser focused to a 100 y spot size the ef

fective field is 4X10^ V/cm, 100 times the DC applied 

field of 4X10^ V/cm. The net result is that the streamer 
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travels faster because the point at which the equivalent 

avalanche must be formed to create a fixed charge on ar

rival at the streamer head is much closer to the streamer 

head: 

di laser ^ dj_ not laser 
d2 assisted " da assisted 

The effective field is much larger in the transverse 

direction than in the axial direction, so the electron 

drift velocity is substantially unchanged. 

The photographs of Figures 3-29 and 3-30 demonstrate 

clearly the long term effects of the laser interaction 

with the streamer. There was a definite variation of the 

length of the discharge which exhibited behavior of the 

type "L" character when the voltage was varied. Fig

ure 4-8 shows the variation of the length of that part of 

the gap which became luminous abruptly as a function of 

gap voltage for both positive and negative cases. Super

imposed on these plots are graphs of delay to breakdown 

versus gap voltage. In both cases it is clear that when 

the delay exceeded the laser pulse width of 15 ns, the 

length of the portion of the arc which showed self break

down characteristics (type "S" behavior) increased. The 

length of the type "L" behavior is interpreted as the 

distance that the ionizing streamer propagated while 

under significant laser influence. The "S" behavior 
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indicates that part of the gap traversed without laser 

interaction. Note that there is always some small dis

tance where the arc must branch from the laser path to 

reach the edge of the laser entrance hole in the upper 

electrode. Thus a small part of the arc must always have 

the form of a self breakdown. At much lower voltages 

this model does not apply since the original streamer 

does not progress far under the laser influence. At 

least two distinct streamers were seen in this instance 

prior to the breakdown, as was shown in Figure 3-27. 

The arrested growth of the laser plasma on the tar

get electrode surface, at the same time as the appearance 

of bright spots in the discharge channel, is a clear in

dication of absorption of the laser energy by the gas in 

the channel. The most obvious means of interaction is an 

inverse-bremsstrahlung, cascade ionization, process. The 

free electrons within the streamer tail are accelerated 

by the laser field and gain energy from the field as they 

collide with the gas molecules. The electrons quickly 

gain enough energy to cause ionization of the gas. 

Calculations of the ionization growth during a cas

cade are tedious and uncertain at best due to the many 

interactive and generally poorly understood processes oc

curing. Each collision of an electron with a molecule 

does not neccessarily result in ionization, but may 
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instead result in vibrational or electronic excitation. 

Specifically, Kroll and Watson (1972) found a dominant 

loss in cascade ionization growth in N^ is electronic ex

citation at 6.7 ev. Data by Cartwright (1978) on elec

tron impact excitation of N^ shows excitation of the A, 

B, and C states at this energy. Loss of energy to elec

tronic excitation is generally considered a hinderance to 

cascade ionization growth because the electron loses its 

energy without causing ionization. The molecule involved 

may have to wait a long time (at low electron densities) 

to undergo another collision. Thus the electron energy 

which went into the excited molecule is lost. However, 

Kroll and Watson point out that photoionization of the 

excited states occurs rapidly, thus the energy may not be 

lost. Multiphoton ionization from the excited states is 

indeed much more likely than from the ground state. The 

C electronic state is at 12 eV, so only a few photons are 

necessary for ionization. Furthermore, the state density 

is high in this region so that resonant multiphoton 

processes are possible ionization mechanisms. Addition

ally, Zel'Dovich and Raizer (1965) state that electron 

impact ionization of excited molecules becomes important 

14 3 

after an electron density of 10 /cm is reached. We ex

pect this density to exist almost from the beginning in 

the streamer channel. 

Despite the many uncertain processes occuring in the 
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gas. Brown and Smith have shown that a relatively simple 

equation can be used to predict the ionization growth 

under the influence of laser radiaton. The equation they 

used is rewritten here as: 

(laser power)(duration) .5u 
(Spot size) 2 

m e coj $ 
n £. , = n e e final eo 

where e = electronic charge, u = average momentum 
m ^ 

transfer collision frequency, m = electron mass, e = per-

mitivity of free space, c = speed of light, w = laser ra

diation angular frequency, and ^ = ionization potential 

of the gas. This is an entirely classical equation, 

derived from the electron energy in an oscillatory field 

and the electron production equation. It is not obvious 

that a classical equation can be used, but Zel'Dovich and 

Razier have shown that the quantum mechanical result 

reduces to the classical result for hu/e <<1, where hu is 

the photon energy and e is the free electron energy. In 

the case of immediate interest huis about 1 eV and e is 

approximatly the ionization energy of the gas, or about 

15 eV. Brown and Smith find excellent agreement of the 

calculations with the experimental results when using a 

laser of 10 \i wavelength which is clearly within the 

range of validity of the classical approximation. Condi

tions with the 1 y laser used in this study are on the 

borderline of validity, but there are so many other 
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unpredictables that this is expected to be one of the 

smaller sources of error. Since single photon effects 

become much more prominent with increasing photon energy, 

the charge growth with a ly laser might be expected to be 

somewhat greater than the aforementioned equation 

predicts. 

Bearing in mind the unknown intensity distribution 

near the laser focus, and the uncertainty in the actual 

physical processes occuring, we can cautiously estimate 

the cascade ionization growth in the tail of the stream

er. We will assume a square laser pulse of duration 

10 ns, power 5 MW, focused to a spot size of 100 and a 

12 3 
streamer tail of initial ionization density 10 /cm . 

The momentum transfer collision frequency has been given 

12 by Kroll and Watson as approximatly 4X10 /sec. Thus the 

resulting charge density after the laser interaction is 

17 3 estimated to be 10 /cm . 

The actual situation is clearly not this simple 

since the laser power density varies across the gap, and 

the streamer travels across the gap in a time comparable 

to the laser pulse width so that the laser does not act 

equally on all segments of the streamer tail. The charge 

density is extremely sensitive to laser fluence. Dou

bling the laser fluence results in more than complete 

ionization using this simple approach. The uniformity of 
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the luminosity at the current onset can still be account

ed for because the ohmic heating which causes the gap to 

finally collapse occurs primarily at those spots where 

the initial ionization was weakest. After several time 

constants of the ohmic heating the gap is relativly uni

formly ionized. 

Comparison with Other Results 

Lindner, Rudolf, Brumme, and Fischer (1975) believed 

that the laser produced a metal vapor jet from the target 

electrode surface, rather than a plasma composed of the 

constituents of the fill gas as this author believes. 

There is no doubt that the plasma is initiated on the me

tal surface, but the heating occurs at the outer boundary 

of the plasma causing a cascade ionization growth in the 

gas. The plasma appears to advance into the gap more ra

pidly than metal vapor would be allowed to travel. In 

the case of laser triggering. Figure 3-23 shows the plas

ma extending into the gap at the rate of 7.5X10 cm/sec. 

Furthermore, the fact that the growth is arrested at the 

same time that the bright spot which absorbed laser ener

gy was formed in the middle of the gap indicates that the 

growth of the "jet" was supported by the laser. Perhaps 

the "second vapor jet" observed by Lindner et. al. is 

indeed the true metal vapor jet. 
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The interaction of the laser with the arc prechannel 

was also observed by Lindner et. al. although their in

terpretation was different that that which is presented 

here. They observed that at high charging voltages the 

growth of the plasma (they call it a metal vapor jet) at 

the electrode surface was arrested and that a bright spot 

was observed forming in the mid-gap region (they focused 

the laser 2 mm above the target electrode). They hy

pothesized that the breakdown proceeded from this point 

outwards to the two electrodes. They believed that the 

arc was initiated by the presence of the metal vapor jet 

which effectively shortened the gap length and overvolted 

the gap. Such a situation would agree well with the data 

presented by Cavenor and Meyer (1969) on highly overvolt

ed N^ breakdowns in which the avalanche reached critical 

density in mid-gap and bright events propagated towards 

the electrodes. Observations of early mid-gap luminosity 

and arrested growth of the laser plasma have been made in 

the present study, however, with a different interpreta

tion. The growth of this plasma was arrested as shown in 

the pictures of Figure 3-23 when the laser energy began 

to be absorbed in the arc prechannel. If the heating 

continued to the stage at which a visible plasma was 

formed the energy did not appear to reach regions on the 

far side, indicating reflection or absorption of the 

laser power. A single bright spot in the arc channel did 
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not appear to contribute to the breakdown process in any 

important manner, since the streak photographs did not 

show the closure of the gap originating in the region of 

the brightness and progressing outwards. Indeed, 

remember that in the transversely triggered events ther

malization did not begin near the large plasma in the 

middle of the gap. 

Lindner et. al. performed experiments quite similar 

to those performed in the study presented in this thesis. 

Their results were quite similar also, but they lacked 

imaging equipment necessary for complete recording of the 

temporal evoltion of the breakdown process. Due to the 

lack of fine temporal resolution the conclusions drawn 

from their research differed somewhat from those present

ed herein. It is possible that the breakdown process 

they observed was somewhat different than that observed 

in the current study due to the differences in laser 

pulse length, spark gap fill gas, and electrical circui

try, but it is felt that the current results are a more 

accurate description of the breakdown process. 
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CONCLUSION 

A detailed investigation of laser triggered switch

ing has been accomplished. The experimental data have 

been analyzed, and found to shed light on the intracacies 

of the breakdown processes. Several different processes 

are apparent, depending on the triggering geometry, laser 

power, and charging voltage. A model of the breakdown 

triggered by an infrared laser beam coaxially incident on 

a target electrode has been proposed. The model can be 

summarized as follows: The triggering laser beam impacts 

the target electrode initiating the formation of a plas

ma. The plasma expands into the insulating gas at a rate 

given by Ramsden and Savic for expansion of a laser plas

ma in a gas. A high field enhancement exists near the 

tip of the laser-produced plasma, which initiates a 

streamer directed at the opposite electrode. The stream

er travels at a velocity much faster than would normally 

be expected, due to inverse-bremstrahlung absorption of 

laser energy in the local avalanches at the streamer 

head. As the streamer progresses across the gap, advanc

ing in the focal cone, its velocity decreases due to the 

decreasing laser intensity. Near the entrance electrode 

the streamer velocity is nearly the electron drift 

126 
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velocity. Throughout the duration of the streamer 

traversal the laser is acting not only on the streamer 

head to increase the velocity, but also on the tail to 

increase the charge density. The channel thus prepared 

is quite small, particularly when compared to the channel 

which exists in the self breakdown case. The channel is 

heated both by absorbing laser energy, which is a non

uniform, highly localized effect, and by ohmic heating, 

which works preferentially on the portions of the channel 

which have the lowest conductivity. The heating is an 

exponential function resulting in rapid thermalization of 

the main part of the channel. That part of the channel 

near the entrance electrode which had negligible laser 

interaction relies on the normal overvolted breakdown 

process to form, and so the closure towards the middle of 

the glow is evident. The model explains the variation of 

the type "L" and "S" behaviors with applied voltage. 

The model further suggests that the current rise 

time could be decreased by increasing the laser energy 

incident on the formative arc channel. This might be ac

complished (as suggested by A. Guenther) by using a 

cylindrical lens to focus a laser on the formative arc 

channel transversely, while triggering with a less ener

getic beam in the coaxial direction. This configuration 

would minimize wear on the target electrode while 
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enabling a large energy deposition into the arc channel. 

The advantage of this technique over coaxial triggering 

in mid-gap with a large energy is that it circumvents the 

source of jitter when using an infrared laser. Notice 

that an infrared laser is better than a visible or UV 

laser for deposition of energy into the arc prechannel 

because of the inverse square frequency dependance in the 

cascade ionization process. 

One should note that a check of the proposed model 

might be had by performing the streak experiments at a 

fixed charging voltage, while varying the laser pulse 

width. Such an experiment might be realized by overlap

ping a number of nanosecond duration laser beams divided 

and delayed from a single beam. This experiment would 

prove more clearly whether the transition from type "L" 

to type "S" behavior is indeed the product of the cessa

tion of the laser interaction. 
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Alcock A J, DeMichelis C, Richardson M C 
"Breakdown and Self Focusing Effects in Gases Produced 
by means of a Single-Mode Ruby Laser" 
IEEE J. Quant. Elect, QE-11, pp 622-629 (1970) 

Bayle P, Bayle M, Morales E 
"Experimental Determination of the Spatio-Temporal Distri
bution of the Space Charge Field in a Breakdown" 

Journal de Physique C7, _4£, pp 249-250 (1979) 

Bettis J R 
"Laser Triggered Megavolt Switching" 
M.S. Thesis, Air Force Institute of Technology 
Wright-Patterson AFB, Ohio (1967) 

Bettis J R, Guenther A H 
"Subnanosecond-Jitter Laser-Triggered Switching at 
Moderate Repetition Rates" 
IEEE J. Quant. Elect., QE-6, pp 483-491 (1970) 

Bond J W Jr., Watson K M, Welch J A Jr. 
Atomic Theory of Gases 
Addison Wesley, New York (1965) 

129 



130 

Brown R T, Smith D C 
"Laser-induced Gas Breakdown in the Presence of 
Preionization" 

Appl. Phys. Lett., 22, pp 245-247 (1973) 

Brumme G 
"Lasergetriggerter Durchbruch bei definierten Kapazitaten" 
Thesis, Technical University of Darmstadt (1974) 

Cartwright D C 
"Total Cross Sections for the Excitation of the Triplet 
States in Molecular Nitrogen" 

Phys. Rev. A, 2̂ , pp 1331-1348 (1970) 

Cartwright D C 
"Rate Coefficients and Inelastic Momentum Transfer Cross 
Sections for Electronic Excitation of N^ by Electrons" 
J. Appl. Phys., A9_, pp 3855-3862 (1978) 

Cavenor M C, Meyer J 
"The Development of Spark Discharges in Hydrogen" 
Aust. J. Phys., 2^, pp 155-167 (1969) 

Chalmers I D, Duffy H 
"Observations of the Arc-forming Stages of Spark Breakdown 
Using an Image Intensifier and Converter" 
J. Phys. D: Appl. Phys., 4̂ , pp 1302-1305 (1971) 

Cundall C M, Craggs J D 
"Electrode Vapor Jets in Spark Discharges" 
Spectrochimica Acta, 1_, pp 149-164 (1955) 

Davies A J, Davies C S, Evans C J 
"Computer Simulation of Rapidly Developing Gaseous 
Discharges" 
Proc Inst. Electr. Eng., 118, p 816 (1971) 

Doran A A 
"Space Charge Fields in the Development of a Townsend 
Discharage in Nitrogen" 

Australian J. Phys., ̂ , pp 447-452 (1969) 

Doran A A 
"The development of a Townsend Discharge in N2 up to 
Breakdown investigated by Image Converter Intensifier 
and Photomultiplier Techniques" 
Z. Physik, 208, pp 427-440 (1968) 



131 

Dupuy J, Gilbert A 
"Comparison of Point-to-Plane Discharges in Air and SF6" 
J. Phys. D: Appl. Phys., j^, pp 655-664 (1982) 

Finkelnburg W 
"A Theory of the Production of Electrode Vapor Jets by 
Sparks and Arcs" 
Phys Rev., £7, pp 1475-1477 (1948) 

Gallimberti I 
"A Computer Model for Streamer Propagation" 
J. Phys. D: Appl Phys, 5_, pp 2179-2189 (1972) 

Gallimberti I 
"The Mechanism of Long Spark Formation" 
Journal de Physique C7, 4£, pp 193-250 (1979) 

Guenther A H, Bettis J R 
"The Laser Triggering of High Voltage Switches" 
J. Phys. D: Appl. Phys., jĴ , pp 1577-1613 (1978) 
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