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ABSTRACT 

The use of an optical fiber in a laser triggering system is 

described. The fiber transmits a high power ruby laser pulse which 

triggers a high voltage spark gap. The spark gap is a gas switch on 

a water dielectric Blumlein generator which is pulse charged by a three 

stage Marx bank. Typical operating parameters for the spark gap are: 

2 cm gap, 2700 Torr pressure, Ar-N^ gas mixture, and a charging voltage 

of 200 kV. The single strand, 1 mm, quartz, optical fiber is selected 

specifically for high power transmission capability. Laser pulses of 

4 MW are coupled into and transmitted by the fiber with no observed 

damage. The overall optical system transmission efficiency is 62%. The 

triggering performance of the system is excellent in that switching 

delays of less than 10 ns and subnanosecond jitters are measured. 
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CHAPTER I 

INTRODUCTION 

Generally, high voltage peak power applications demand spark gap 

switches and precise triggering. Many investigations have shown that 

laser triggering is, indeed, one of the best ways to trigger a spark 

gap. In addition to giving very precise timing, laser triggering has 

the following advantages [1]; 

1) Electrically uncoupled from H.V. system 

2) Reproducible 

3) Suitable for rep-rated operation 

4) Insensitive to RFI 

5) Suitable for triggering multiple gaps 

6) Can induce multichannel triggering. 

Depending upon the application, these advantages can be very important. 

Laser triggering; however, does require that there be an optical path 

between the laser and the gap, regardless of how difficult or incon

venient this may be in a particular application. Every bend in the 

laser path requires another optical element and each one of these ele

ments must be optically aligned and kept dust free. If the laser and 

gap must be separated by significant distances or if the laser is re

quired to trigger more than one gap; the optical system could become 

very complex. This additional complexity, besides being inconvenient 

and expensive, also makes proper alignment harder to accomplish and 

maintain. In recent years, the communications industry has shown that 

optical fibers make it possible for light to do jobs previously reserved 
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for electricity. If optical fibers could carry enough light power to 

trigger a spark gap, laser triggering would be even more useful. An 

optical fiber would reduce the optical system complexity, confine all 

alignment problems to the ends of the fiber, and allow the flexibility 

of transmitting the light along any convenient path. Hov/ever, to date, 

most optical fiber applications have involved low power light trans

mission while laser triggering requires high power. Both switching 

delay and jitter are dependent upon the laser power and there is a 

threshold value of power below which triggering will not occur. In 

order for fibers to be used in laser triggering systems, they will have 

to transmit enough power to trigger gaps with small delays and jitters. 

There may be applications where fibers could not meet this requirement 

because they are too small, but by choosing the best fiber most 

applications are realizable. There have been a few publications that 

report high powers being transmitted in fibers [2-4]. These reports, 

however, were concerned with the power transmission capabilities of 

specific fibers and not with choosing the best fiber for high power 

transmission. In the experiment described here, the fiber with the best 

chance of succeeding is selected for use in a laser triggering system and 

the purpose of the experiment is to evaluate the fiber's performance as 

an optical component in the system. The experiment is devised so that 

the only major difference between it and previous laser triggering 

experiments is the optical system. By doing this, any observed 

degradation in triggering performance can be directly attributed to the 

fiber's performance and the experimental results can be compared with 

the results of previous experiments. The experimental parameters are 
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selected so that triggering performance is enhanced. This includes, for 

instance, designing the optical system for high transmission efficiency 

and selecting the laser pov̂ er level to be just below the fiber damage 

threshold. The spark gap triggered in the experiment is a switch on a 

pulse charged Blumlein generator. 



CHAPTER II 

THEORY 

The optical fiber is the only unique aspect of this laser trig

gering experiment. The laser system, high voltage system, and diagnos

tic techniques are quite common to this type of experiment and the 

theory of their use is well documented in the literature. However, 

since a fiber has never been used in this way before, the choice of 

fiber as well as the optical system design deserve some explanation. 

The results of this experiment will be used to evaluate the performance 

of this new optical system; thus, a brief review of the theory and 

properties of laser triggering is also in order. 

2.1. Laser Triggering 

In this experiment, as in other laser triggering experiments, 

triggering performance is evaluated by measuring switching delay and 

jitter. Switching delay is the time between trigger delivery and break

down, while jitter is the statistical variation in delay from shot to 

shot when all parameters remain the same. Among the most desirable 

aspects of laser triggering are the short delays and very small jitters 

that can result when a gap is laser triggered. However, laser trig

gering does not always result in short delays and small jitters because 

both delay and jitter depend upon several experimental parameters. 

Thus, in order to obtain good triggering performance (i.e. short delays 

and small jitter) in this experiment, these parameters must be carefully 

chosen. A brief review of gas breakdown theory makes these choices clearer 
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When a spark gap breaks down, an arc is formed between the elec

trodes. A laser is said to have triggered the spark gap if it is respon

sible for the initiation of this arc. The arc formation is explained in 

Ref's. 1 and 5 by the Townsend avalanche and streamer mechanisms. 

According to the Townsend avalanche description, laser radiation enters 

the gap and liberates charged particles. These particles are then 

accelerated by the inter-electrode electric field and begin to make 

ionizing collisions with the gas dielectric. These collisions release 

more charged particles. However, in gaps where the product of pressure 

and gap spacing is greater than 200 cm-Torr (pd > 200 cm-Torr), this 

process is too slow to completely explain the breakdown and must be 

modified to include streamers [1 ]. Under such conditions, at some 

critical distance of propagation, X^^... ^T, the space charge density of 
cr1t1caI 

the avalanche becomes large enough, N ^4 + ,-^^i, that a streamer is initi-
cr1t1caI 

ated and it propagates rapidly across the rest of the gap. Since a 

streamer is much faster than an avalanche, the delay time between when 

the laser radiation enters the gap and when the gap breaks down is 

primarily the time it takes the avalanche to propagate to X^^... ,̂, or, 
cr1LI caI 

in other words, the time it takes the charge concentration to reach 
N ... ,. In an avalanche, the concentration of charge carriers is cr1uicaI 
given by [1 ]: 

n = nQexp(ax) (1) 

where n« is the initial concentration, a is the Townsend first ioniza

tion coefficient, and x is the distance of propagation. By assuming 

that the avalanche propagates at a constant velocity, one has [1] : 



X = vt (2) 

n = nQept(avt) (3) 

and the delay time is: 

aV 

This equation shov/s how the switching delay of a laser triggered spark 

gap depends upon N^^^.^^^^^, n^, a, and v. 

The initial charge carrier concentration n^ is brought about by the 

ionization of materials in the gap by laser radiaion. This indicates 

the n^ should depend upon the material the laser is focused on and upon 

the laser power density [5]. The ionization coefficient, a, and the 

velocity, v, both depend upon the type of gas used in the gap, the gas 

pressure, and the electric field strength [5]. Reference [T] also 

indicates that a and v are slightly dependent upon the electrode polar

ity. Now, by using Eq. (4), the effect of several experimental parameters 

on the delay can be understood. Equation (4) predicts that the delay 

should decrease as the laser power density increases (because n^ in

creases with increasing laser power density) and experimental curves 

showing this relationship are given in Ref. [1]. The delay also shows a 

noticeable decrease when the laser is focused on the surface of an 

electrode instead of in the gas between electrodes. This is due to the 

fact that when irradiated by the same level of laser radiation metals 

yield higher n^'s than gasses. When the laser is focused on the elec

trode, the type of metal the electrode is composed of becomes important 

because some metals tend to yield higher n^'s than others. According 



to Ref. [1], tungsten yields the highest n^ of the common electrode 

metals. The delay is also reduced when the target electrode is the anode 

because this polarity tends to enhance the space charge build-up and 

consequently enhances streamer formation [l]. 

Equation (4) shows that the delay is inversly proprotional to the 

product av. For this reason the gas dielectric should have, among other 

things, a high av product which does not change rapidly with E/P. If 

the product drops rapidly as E/P changes, the gas will have a limited 

operating range [l]. Mixtures of argon and nitrogen meet these require

ments and have consequently been used in previous laser triggering 

experiments. These experiments have resulted in curves which show how 

the delay varies with electric field and pressure [1]. Figure 1 shows 

one of these curves. The delay is not plotted against E/P but is in

stead plotted against a related quantity, the percentage of self break

down voltage (%V .) appearing across the gap when it is triggered. The 

slope of the curve increases when the delay is approximately equal to 

the laser pulse width. The steepest part of the curve corresponds to 

he case where the delay is greater than the pulse width. Subnanosecond 

jitter is measured for delays less than the laser pulse width and signif

icantly higher jitter is measured for delays greater than the laser 

pulse width. 

Of all these parameters, the only one that is affected by the use 

of an optical fiber in the experiment is the laser power density. The 

fiber will undoubtedly limit the maximum power density that can be 

obtained in the gap and this will limit n^. In an attempt to offset 

this effect, the laser is focused on the positively charged tungsten 
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electrode and a gas mixture of argon and nitrogen is used (these pa

rameters were also used in the determination of the curve in Fig. 1). 

In order to evaluate the triggering performance, curves of delay time vs 

% V . are determined. These curves are then compared with those of Ref. 

[1] (Fig. 1). This comparison gives an indication of how well the fiber 

has performed. 

2.2 Opical System 

As mentioned earlier, no references were found specifically dealing 

with determining the type of fiber capable of transmitting the highest 

power. Hov;ever,/there has been a large amount of research done to 

determine the power handling capabilities of transparent materials and 

optical fibers are members of this class of materials. This research 

indicates that/when the power handling capability of a material has been 

exceeded, one of the following occurs [6]: 

1) Surface damage 

2) Bulk damage 

3) Self focusing damage 

4) Scattering damage^/ 

It is important to note that/all of these damage mechanisms are depen-
f— 2 

dent on the'pov/er density (W/cm ),and not simply the powerj Each of the 

damage mechanisms has a different threshold and these thresholds vary 

from one material to another. References [6-10] give lists of these 

damage thresholds for various materials. After reviewing these lists, 

it becomes obvious that quartz has one of the highest damage thresholds 

available.! Table 1 is a list of the thresholds for quartz along with 
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the references from which they were obtained. 

Table 1. Quartz Damage Thresholds 

Damage type 

1. Surface damage 

2. Bulk damage 

3. Self-focusing damage 

4. Scattering damage 

Quartz 
Threshold 

6.4.10^ "2 
cm 

1.5.10l°" 
cm 

4.10^0 5̂ 2 
cm 

cm 

Ref. # 

6 

7 

8 

7 

This list shows that the surface damage threshold is the lowest of the 

four and, in general, this is true for essentially all quality optical 

materials. The power handling capability of quartz is thus limited by 

surface damage. The surface damage threshold, as the name suggests, 

depends upon the condition of the surface. Extremely clean flat surfaces 

have thresholds which approach the bulk damage threshold. However, even 

the best surfaces will be damaged when the incident power density becomes 

too great. Thus, in order to transmit the highest possible laser power. 
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the surface area must be as large, clean, and smooth as possible. Fibers 

made of quartz are commercially available and the above discussion in

dicates that a properly prepared quartz fiber should be able to accept 

more input power than most any other available fiber of comparable size. 

However, the transmission losses in the fiber must also be considered. 

'The attenuation constants of the fiber are strong functions of the 

wavelength of the light being transmitted.. Fiber optic companies pro

vide curves which show how this constant varies with wavelength such that 

users may choose the right fiber for their application. An examination of 

these curves for all types of fibers reveal that quartz fibers have the 

lowest attenuation constant of any reported fiber (- 5 db/km) for the 

wavelength (694.3 nm) used in this experimentJ It may, therefore, be 

concluded that quartz fibers are the optimum fibers presently available 

for high power laser light transmission, yet there is still another 
r 

choice to be made.) 'There are two types of fiber optic cables, single 

strands and bundles, i Bundles would allow the input surface area to be 

larger because bundles are available in larger diameters. However, Ref. 

[2] indicates that bundles have problems when high power densities are 

incident on their surfaces. Even if the fiber optic core material, 

which transmits the light, is not damaged, the cladding material which 

surrounds each individual fiber may be damaged. When the cladding is 

damaged a residue is scattered over the entire input surface of the 

bundle and the surface is effectively ruined. In the case of a single 

strand fiber it is possible to avoid this problem by aligning the 

fiber so that very little laser light is incident on the cladding. 

Another point to be considered is that, regardless of which type 
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of cable is used, the ends of the fibers have to be flat. The only way 

to obtain a flat surface on a bundle is to glue the individual fibers 

together and polish the bundle end. This is a time consuming process 

and polishing inevitably leaves a residue on the surface which lowers 

the surface damage threshold! In contrast, Ref. [11] describes a 

method v/hereby flat surfaces can be obtained on single strand fibers by 

fracture. This method, besides leaving the surface clean, is also quick 

and easy. This is important because the fiber can be damaged several 

times during the experimental process of determining the fiber's maximum 

power transmission. For these reasons a single strand, step index, 1mm 

diameter quartz fiber with a numerical aperture (NA) = 0.22 was chosen 

for this experiment. It is the largest, non-plastic, single strand 

fiber that is commercially available. 

Now that the fiber has been selected, an optical system to couple 

the light into and out of the fiber must be devised. Figure 2 shows a 

cross section of a fiber. A fiber uses the principle of total internal 

reflection to transmit light. The index of refraction of the core, N,, 

is greater than the index of refraction of the cladding, Np. If light 

strikes this interface at an angle less than e^^... ^T, it is totally 
criuicaI 

reflected, but for larger angles some of the light is transmitted and 
thus lost. Any light that enters the fiber at angles greater than 

0 ... , is lost before it reaches the output end because of the many critical ^ -^ 

reflections it makes in transit. This fact puts an important restric

tion on how the laser light can be coupled into the fiber. The numer

ical aperture, NA, is related to ^critical ^^' 

i~m 
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''" - ^̂ •" ^critical = ("l - " 2 ) ' ^ ' (5) 

In order to couple the maximum power into the fiber it is necessary 

to use the entire surface area of the core and still avoid intercepting 

the cladding. Sihce the laser beam diameter will usually be larger than 

the fiber diameter, an efficient input coupling of laser light requires 

that the laser beam diameter be reduced by a focusing lens. The config

uration shown in Fig. 3a could be used, if the focusing angle of the lens 

is less than the critical angle of the fiber. With this configuration, 

however, the light continues to focus once inside the fiber, and there 

is a good chance for the bulk damage threshold to be exceeded. If the 

light were to enter the fiber collimated there would be little chance of 

focusing inside the fiber. Figure 3b shows that a properly chosen 

negative lens will recollimate the laser light at the fiber diameter. 

The relation between the focal lengths and diameters is: 

1 1 . ^-^-p. (6) 

d,"f.l.^ 

The problem with this configuration is that the negative lens has 

to be able to withstand the high power density indident on it. Figure 

3c shows a configuration which does not have this problem. The figure 

shows that there is no chance for focusing to occur inside the fiber 

because the light is diverging when it enters the fiber. If the focal 

length of the lens is given by: 

d d 

f-ls > *- = ^ , (7) 

2 ^̂ " ^critical 2 tan (sin "^NA) 



B<8c^, TiCAL 

r-d< 

Fig. 3 Configurations for Coupling Light into the Fiber 
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where d|̂  is the diameter of the laser beam, the light will be totally 

reflected at the core cladding interface and transmitted to the end of 

the fiber. The major problem with this configuration is that air break

down might occur where the light comes to focus in air. If air break

down occurs at power levels below the damage threshold of the fiber, 

this configuration will be unsatisfactory because the discharge may 

reflect and/or refract the light and thus limit the input power. Both 

configurations b and c have potential problems, but when tried in the 

laboratory the lens in b was damaged on the first shot. However, no 

breakdown was ever observed with configuration c. For this reason, it 

v/as used in this experiment. 

Regardless of how the light is coupled into the fiber, it exits 

with some divergence. This light must be collected and focused through 

one electrode onto the other, as shov/n in Fig. 4, which also shows a two 

lens system in which the first lens collimated the output light and the 

second lens focuses the light onto the electrode. As the f number of 

the first lens becomes smaller it becomes possible to collect light 

diverging at larger angles. When more light is collected by the first 

lens, more light is focused into the gap by the second lens. This would 

indicate that the f number of the first lens should be small enough to 

collect light diverging from the fiber at the greatest angle, (which is 

approximately ^critical^* ^^^^' 

f 1 (8) 

^^^^^1 - 2 tan (sin-^lA) 

In this system the lower limit on the f number of the second lens is 

completely determined by the spark gap geometry and it is given by: 
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f > G (gap separation) . (9) 
value2 - ^ ^̂ ^̂ ^ diameter) 

If the two lenses were selected according to these two criteria, the 

system would transmit essentially all the laser power into the gap. 

However, since the optical fiber has a diameter of 1 mm, it cannot be 

considered a point source of light and thus this lens system will pro

ject an image of the fiber onto the electrode. The diameter of this 

image, Sp, will be: 

S2 - ^1 s, = ST ^""^"^2 (10) 
f 
value, 

where s, is the diameter of the fiber. This constitutes one of the 

major differences between this experiment and previous laser triggering 

experiments. In previous experiments collimated laser beams with small 

divergence angles were focused by simple lenses and very small spot 

sizes were obtained. Since laser initiated breakdown depends upon the 

power density, small spot sizes are important. The divergence intro

duced by the fiber makes it impossible to focus all of the output power 

of the fiber to such a small spot. The equation for the image diameter 

indicates that in order to get the smallest spot size, fYgi^-g should be 

as large as possible and f„,i,,^ should be as small as possible. But, 
vaIue^ 

as mentioned earlier, the power collected and focused into the gap will 
decrease as f„^n,,^ increases. Consequently, it is not clear how the va I ue.i 

power density will vary with fyaiyg • 

The average power density of the laser light on the electrode will 

be: 4P^ ^ ^^c^^value,^ ,,.. 
Power Density = ^ ' r- » ^"^ 
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where P is the total power collected by the lens system and is a func-

tion of fwgiyg • In order to get a rough idea of how the power density 

will depend upon fw^i^g » assume that the light intensity distribution 

is uniform for angles between 0 and Qrv^it^rar 

Intensity = j ̂ "̂̂ ^̂ "̂  ® 1 ^critical 

0 > 0 critical 

(12) 

This gives: 

P ~ P 
c ^total 

Tr(-9-) 

^(^•^•l'^^^"^ ^critical 

(13) 

and 2 
^total ^°^ ̂ critical 

4(f value 1 
)' 

(14) 

so 

Power Density -

2 
^total ^°^ ̂ critical 

- (^l)'(%alue/ ' 

(15) 

where PtQ^ai is the total power exiting the fiber and d, is the diameter 

of the collimating lens. According to Eq. (15), the power density does 

not depend upon the choice of fwaiug ^^ ^̂ ^ "̂̂  ^̂  inversely propor-

? 
tional to fr,̂ i..« . Therefore, f̂ î,,̂  is selected to collect maximum 

vaIue^ vaiue, 

power and f„^i,.^ is selected to be as small as possible: 
vaIuco 

1 

^^^"^1 2tan(sin'^NA) 
06) 

value. 
G 
H • 07) 
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The optical system is shown in Fig. 5. Only uncoated optical 

components are used in the system and each surface that does not have an 

anti-reflection coating will introduce an == 4% loss due to reflections. 

Since there are eight such surfaces in the system the maximum trans

mission efficiency will be: 

n = (0.96)^ = 0.72 (18) 

There will, of course, also be other losses whose magnitudes can only 

be determined experimentally. Losses will occur if the light is not per

fectly aligned with the input end of the fiber and some of the output 

light will be diverging at angles too large to be intercepted by the 

collimating lens. Since the fiber is not a point source of light, there 

will be some divergence in the light even after it passes through the 

collimating lens. This divergence will cause some light not to be 

collected by the focusing lens. However, these losses should be rela

tively small. If the lenses were to be coated, the system's maximum 

efficiency would be improved because a surface with an anti-reflection 

coating introduces only a .25% loss. Thus, the maximum efficiency with 

coated optics is: 

n^ = (0.96)2(0.9975)^ = 0.91, (19) 

since the fiber ends would probably not be coated. 
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CHAPTER III 

EXPERIMENTAL ARRANGEMENT 

The experimental arrangement used to test the optical fiber as a 

component in a laser triggering system is depicted in Fig. 6. The spark 

gap to be triggered is the switch on the Blumlein generator which is 

charged, as shown, by the Marx bank. The laser light is transported 

into the gap via the fiber, as shown. Immediately upon the Blumlein 

generator being charged by the Marx, the laser is fired and the gap is 

triggered. In order to determine the switching delay, both the time of 

laser firing and time of breakdown are measured. The gap voltage is 

monitored so that the %V . can be determined. The laser pulse is also 

monitored so that the laser power and pulse width can be determined. 

With this information, the delay vs %V . relation can be evaluated. The 
SD 

experimental apparauts used to make these measurements can be divided 

into five basic parts: the high voltage system, the spark gap. the 

optical system, the ruby laser, and the diagonostic system, each of 

which is discussed below. 

3.1. High Voltage System 

The sequence of events is initiated by the charging control (Fig 

6). The charging control sends a signal to the Marx bank power supply 

which upon receiving this signal charges the Marx bank to pre-set 

voltage. The power supply, as shown in the circuit of Fig. 7, charges 

the Marx bank at a constant current. The power supply can deliver a 

maximum voltage of 160 kV at a maximum current of 5 mA (800 W). The 

Marx bank voltage is monitored by a voltmeter in the charging control. 

22 
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When the pre-set voltage is reached, a signal is generated v/hich serves 

two purposes, it stops the charging and it triggers the six-channel pulse 

delay generator. After a predetermined time delay, this pulse generator 

produces tv̂ o separate signals. The first signal has a 100 ns delay and 

triggers the laser flashlamps. The second signal has a 5.6 ms delay and 

triggers the main Marx bank through a kryton pulser and a "mini-Marx" 
• 

bank. The kryton is a switch in the pulse generating circuit of Fig. 8 

and when this circuit is triggered it delivers an 8 kV pulse to the "mini-

Marx" bank. 

The "mini-Marx" has 8 stages, (12 kV each) and when triggered 

delivers a 95 kV pulse to the Marx bank. Both the pulse generator and 

the "mini-Marx" are charged with separate power supplies. These power 

supplies are turned on as part of the pre-experiment preparation. The 

main Marx bank delivers a maximum voltage of 300 kV and maximum energy 

of 2.7 kJ to the Blumlein generator. The Marx bank has three stages, 

each with a capacity of 180 nF and v/hen fired into the Blumlein genera

tor the erection time is approximately 250 ns. The Blumlein generator 

has a coaxial configuration. A cross section is shown in Fig. 6. The 

intermediate conductor is charged by the Marx bank. The load, an 

aluminum-chloride water resistor, is located between the inner and outer 

conductors and its resistance is selected to match the Blumlein generator 

(R=2Z ). The impedance of the Blumlein generator, 2Z , is 12 fi. 

A resistive voltage divider probe is located in the load resistor as 

shown in Fig. 6 and monitors the load current. The load resistance 

*Design courtsey of W. C. Nunnally, LASL 
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is matched to the Blumlein generator by monitoring the load current 

pulse and changing the concentration of aluminum chloride in the load 

until the line reflections are minimized. The electrical pulse takes 20 

ns to propagate the length of the line so the output for a matched load 

is a negative, rectangular 40 ns pulse. 

The dielectric between the conductors is water with p= 10 Mficm. High 

purity is maintained by continuously circulating the v/ater through two 

deionizing columns. The Blumlein generator has the parameters: 

C = ^"^' V x = 250kV; W,3, = 210J. 

When the spark gap breaks down, it shorts both the Blumlein generator 

and the Marx bank. On one shot at 250 kV, 1.4 mC are switched from the 

Blumlein generator through the gap and 15 mC are switched from the Marx 

bank through the gap. After the Blumlein generator is charged by the 

Marx bank, the system is ready for laser triggering to take place in the 

spark gap. 

3.2 Spark Gap 

The spark gap, like the Blumlein generator, is coaxial and a cross 

section of it is shown in Fig. 9. Figure 6 shov/s how the spark gap is 

mounted on the Blumlein generator. The positively charged electrode 

(anode) is connected by six bolts through an insulator to the inter

mediate conductor. The cathode is connected to the back plate of the 

Blumlein generator which is part of the grounded outer conductor. The 

gap is surrounded by a transparent Lucite cylinder with an 8 inch out

side diameter and 1/2 inch walls. The region inside this cylinder. 
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between the insulator and the back plate, is filled with a gas mixture 

of argon and nitrogen at four atmospheres absolute pressure during the 

experiment. The gas is admitted into the gap through holes in the back 

plate. The gap pressure is measured by a high precision meter and an 

electrical valve makes it possible to vent the gas at any time. The 

outer conductor has two ports v/hich are positioned so that it is pos

sible to photograph breakdown arcs. The electrodes themselves are made 

of brass with tungsten inserts in their centers and are shaped as 

shown in Fig. 9. Photographs of the electrodes are shov;n in Fig. 10. 

The cathode position is adjustable and Fig. 9 shows how the cathode 

is attached to the back plate. The gap spacing is set at 2 cm by 

moving the cathode to the desired position and then clamping it down. 

The laser light enters the gap through a 6.35 mm diameter hole in the 

cathode and is focused onto the anode. Figures 4 and 5 show how the 

coaxial geometry of the gap is employed advantageously by using tubes to 

hold the output optics. By using telescoping tubes, the optical components 

are automatically centered and must only be aligned axially to focus the 

light through the hole onto the anode. Photographs of the output optics 

are shown in Fig. 11. 

3.3 Optical System 

The optical system is shown in Fig. 5. The theory of its operation 

v/as discussed earlier and all of the optical components were selected 

according to the criteria established then. All of the lenses are 

uncoated UV grade quartz with 2.54 cm diameters. The focal length of 

the output focusing lens is then (using Eq. 17) f.l.p = 7.62 cm and the 
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Fig. 10 Photographs of Electrodes 

after Several Hundred Shots 
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Fig. 11 Photographs of Output Optics 



32 

focal length of the output collimating lens is (using Eq. (16)) f.l.^ = 

5.08 cm. The input laser beam diameter is 3 mm and the focal length of the 

input lens is f.l.o = 20 cm, which satifies Eq. (7). The fiber is a 

single strand, step index, 1 mm diameter optical fiber with a NA = 0.22, 

and the length of the fiber is approximately 1 m. The measured optical 

system transmission efficiency is n = 62% which is less than the maximum 

theoretical efficiency of 72%. The losses discussed earlier are most 

likely responsible for this discrepancy. The magnitude of these additional 

losses can be represented by the effective transmission coefficient: 

. "measured ^ ^ g^^ (20) 

^ '^theoretical 

By using this transmission coeficcient to account for these additional 

losses, the expected efficiency of the system with coated lenses is: 

n = (0.9975)^(0.96)^(0.86) = 0.78. (21) 

3.4 Laser 

In this experiment a modified Space Rays (model AO-lOO) ruby 

laser is used. The front mirror is 50% reflecting and the 1.43 cm 

diameter ruby rod has a length of 15.24 cm. The laser is actively Q-

switched by a Pockels cell and an etalon serves as the rear mirror. A 

Brewster tent polarizer is used in the cavity to produce the laser beam 

polarization necessary for the optimum Pockels cell operation. A con

tinuous HeNe laser is aligned coaxially with the ruby laser and is used 

to aid in the optical alignment of the experiment. A 3 mm off-center 

pinhole is used to limit the output laser energy to between 60 and 

80 mJ. The energy varies slightly from shot to shot and is strongly 
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dependent on how well the laser is aligned. The laser pulse has a FWHM 

of between 15 and 30 ns which is also dependent on the laser alignment. 

The output laser power is typically between 1 and 4 MW. Approximately 5 

ms after receiving a trigger signal from the 6 channel pulse delay 

generator, the laser controller initiates the flashlamps and approxi

mately 500 ys later it arms the Pockels cell triggering circuit. The 5 

ms delay is inherent in the controller and this is why the Marx bank 

trigger has to be delayed so long by the pulse delay generator. After 

the Pockels cell trigger circuit is armed, a -1 volt pulse is required 

to fire the laser. In order to make sure that the laser fires when the 

Blumlein generator is charged, this trigger signal is generated when the 

Marx bank erects. The grounded conductor of the Marx output cable is 

connected to the Blumlein generator in such a way that a Rogowski coil 

can be employed. When the Marx bank erects, current flov/s in this 

conductor and the coil generates a signal which is sent to the laser 

trigger circuit. By using cables to delay this signal, the timing of 

the laser firing with respect to the gap voltage can be controlled. 

Upon recieving this signal, the laser fires with a delay of 170 ns and 

a jitter of 15 ns. Both of these quantities are inherent in the laser 

cavity used in this experiment. However, according to Ref. [12], it is 

possible to essentially eliminate both the delay and jitter by using a 

TVR cell in the laser cavity. 

3.5. Diagnostics 

The diagnostics arrangement is shown in Fig. 12. The important pa-
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rameters to be determined on each event were: 

1) Laser pulse shape (power, energy, pulse width) 

2) Timing of laser firing 

3) Spark gap voltage at time of laser insertion 

4) Time of breakdown. 

The laser pulse shape is monitored by photodiode #1 in Fig. 12. A 

single glass plate is placed in the laser beam path as a beam splitter 

and it reflects a small portion of the laser light. Another beam splitter 

is placed in the path of the once reflected light and also reflects a 

small percentage of the incident radiation. A lens then collects this 

light and focuses it through an optical attenuator onto an optical fiber. 

This inexpensive, plastic fiber transmits the light to a photodiode located 

inside the screen room. Since the photodiode is in the screen room, it 

generates a wery clean signal. The photodiode, (HP pin photodiode - 4220), 

according to specifications, has a response time <0.5 ns. The photodiode 

circuit is shown in Fig. 13a. The attenuator is used to keep the light 

intensity incident on the photodiode low enough so that the photodiode 

operates in the linear region (output pulses of less than 1 V are in the 

linear region). The rise time of the laser pulse (- 20 ns) is much too 

slow to be used for an accurate fiducial; thus, photodiode #2 is used to 

determine the time of laser firing. The light that passed through the 

second glass plate is incident on another plastic optical fiber. This 

fiber transmits the light to the photodiode #2, also located inside the 

screen room. This photodiode (same type as #1) is used in the circuit 

of Fig. 13b. This circuit transforms the relatively slow rising laser 

pulse (- 20 ns) to a pulse which rises to 10 V in 2.5 ns. The light 
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intensity incident on this photodiode is much greater than that incident 

on the other photodiode. This photodiode does not have to operate in 

the linear regime since its output signal is only used for timing. The 

photodiode must, however, produce a 5 V pulse in order for the fast rising, 

timing pulse to have an amplitude of 10 V. 

The spark gap voltage is monitored by a probe built into the 

Blumlein generator. Physically the probe is just a metal pin projecting 

from the outer conductor a small distance into the water dielectric, as 

shown in Fig. 6. This pin acts as a voltage divider probe and monitors 

the voltage on the intermediate conductor (which is connected to the 

anode). The probe is calibrated by inserting a 50 kĴ , 2000:1 resistive 

voltage divider probe in parallel with the spark gap and firing the Marx 

bank. Both probes monitor the same voltage, so by displaying both 

signals on an oscilloscope the probe's attenuation factor is determined. 

Once this probe is calibrated, it is used to monitor the gap voltage vs 

time. By knowing when the laser beam enters the gap, the % of \l^^ can 

be determined. This voltage probe signal is carried to the screen room 

by an RG-233 (50f2, double braid) cable. The time of the breakdown is 

determined by a dl/dt probe located just behind the cathode. This small 

loop generates a wery fast rising pulse due to the rapidly changing 

magnetic fields in the gap at the tine of breakdown. This pulse rises 

to 1 V in less than Ins and is also carried to the screen room by an 

R6- 233 cable. 

All of these signals are displayed on oscilloscopes and then photo

graphed. A Tektronix 7904 oscilloscope is used to display the two 

slower signals, the laser pulse shape and the voltage ramp. These two 
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signals are added algebraically by the scope and displayed on a single 

trace. The signals are separated on the trace by using appropriate 

delay cables. Since a Tektronix 519 oscilloscope has a .35 ns rise time 

and is less susceptible to noise, it is used to display the faster 

signals; the laser firing time and the breakdov/n time. These tv/o sig

nals are also separated in time by delay cables, then added with a power 

divider T and displayed on a single trace. 

As mentioned earlier, ports are provided in the outer conductor of 

the gap so that pictures of the breakdown can be taken. Time integrated 

pictures are taken with an open shutter camera and these pictures give 

information about when and how the arc channels form. Streak photo

graphs are taken with a TRW streak camera and these pictures give time 

resolved information about how the arc channels form. These pictures, 

along with the pictures of the scope displays, form the data base for 

this experiment. 



CHAPTER IV 

RESULTS 

The sequence of events which takes place during the experiment is 

schematically depicted in Fig. 14. The first two lines show that the 

Marx bank and the laser flashlamp are charged on relatively long time 

scales. Both remain charged until the flashlamp trigger signal propagates 

through the laser control circuitry (> 5 ms) and triggers the flashlamp. 

The second line shows that it takes 1 ms for the flashlamp voltage to 

drop to zero. The light intensity emitted by the flashlamp peaks 

approximately 500 ys (± 100 ys) after it is triggered and thus the laser 

is fired into the charged spark gap at this time. The spark gap in this 

experiment (unlike the one of Ref. [1]) is pulse charged because the 

Blumlein generator dielectric (water) is incapable of standing off the 

high voltages for extended periods of time (the limit is some tens of ys). 

Consequently, the time of laser firing is somewhat critical to the 

experiment. When the Marx bank is fired into the Blumlein generator, the 

gap voltage typically rises at a rate near 1 kV/ns and if the gap is not 

triggered, spontaneous breakdown occurs in approximately 250 ns. The 

laser must be fired while the gap voltage is rising, before it reaches the 

self breakdown voltage, and the time of firing determines the % V . 

appearing across the gap when triggering occurs. Line 3 shows the spark 

gap voltage waveform and line 4 shows that the laser is fired while the 

gap voltage is rising. After a very small delay, the spark gap breaks 

down (sudden drop in voltage in line 3) and the triggered breakdown data 

39 
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are taken. 

The Marx bank charging voltage, the gap separation, the gas mixture, 

the gas pressure, the fiber preparation, the laser power level, and the 

time of laser firing are all parameters which are correlated properly 

with respect to each other prior to proceeding with the experiment. Thus, 

the first task in the laboratory deals with the setting of these parameters. 

4.1. Determination of Experimental Parameters 

The self breakdown curves of the spark gap show how, in a given gas 

mixture, the gap self breakdown voltage varies with the product of gas 

pressure and gap separation (pd). These curves are determined by 

increasing the voltage across the gap until breakdown occurs, measuring 

the self breakdown voltage, V . , and repeating the measurement for 

different pd's. In previous experiments, these curves were obtained by 

increasing the voltage across the gap so slowly that the V^^ measured 

was essentially the D.C. self breakdown voltage of the gap. These 

curves were then used to select the charging voltages used in the ex

periment. However, in this experiment, the gap must be pulse charged so 

the interpretation of the self breakdown curves obtained here is dif

ferent. When a gap is pulse charged, it is possible for the voltage 

across the gap to rise to a value much higher than the D.C. V^j^ before 

breakdown occurs (overvoltage). At some time after the gap voltage 

exceeds the D.C. V^^, an arc channel begins to form between the electrodes. 

While the channel is forming, the gap voltage continues to rise and the 

voltage across the gap when breakdown occurs is higher than the D.C. 

V . . The difference between the gap voltage at the time of breakdown 
sb 
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and the D.C. V̂ ^̂  is mainly dependent upon the rate at which the voltage 

rises after the D.C. V̂ ^̂  has been reached (i.e. the rate at which the 

Marx bank charges the Blumlein generator). The voltage across the gap 

at the time of breakdown is defined to be the pulse-charged self break

down voltage, P.C. V̂ ^̂ , and it is the breakdown voltage of interest in 

this experiment. Thus, P.C. V^j^ is primarily dependent on the Marx bank 

charging voltage rate and the gap conditions. The voltage probe is used 

to display the gap voltage waveform on the oscilloscope and the P.C. V . 
sb 

is measured from this waveform. 

Figure 15 shows illustrations of two waveforms obtained for dif

ferent charging voltages. In Fig. 15a, the charging voltage is set high 

enough that the gap voltage is rising linearly when breakdown occurs. 

In Fig. 15b, the charging voltage is set lower so that the gap voltage 

levels off before breakdown occurs. The P.C. V . measured in A is 
sb 

significantly higher than that measured in B. This result shows that 

The Marx bank charging voltage is an important factor to be considered 

when taking data. Consequently, in order to obtain meaningful self 

breakdown curves or delay vs % V . curves, one charging voltage is 

selected and used in the determination of all points in a single curve. 

In this experiment, three self breakdown curves, one for each of three 

different gas mixtures, are determined. The curves are only used in the 

selection of the gap separation and gas pressure to be used in the 

experiment. The self breakdown curves are determined by using a charg

ing voltage, for each gas mixture, which results in a gap self breakdown 

while the gap voltage is rising linearly. The self breakdown curves 
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Fig. 15 Illustrations of Spark Gap 
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(shown in Fig. 16) show, as expected, that the P.C. V . increases as pd 

increases. 

In the experiment, it is desired to trigger the gap in at least 

one gas mixture at a voltage greater than 200 kV. The curves show that 

this is possible if pd = 5.45 • 10 Torr-cm so a gap separation of 2 cm 

and a gas pressure of 4 atmospheres absolute is used in the experiment. 

The curves also show a significant scatter in the data points, which is 

most probably due to the modified electrode contour. The electrodes 

(supplied by LLL), originally designed for another purpose, were modified 

for use in this experiment. 

The laser is triggered by a pulse which is generated by the Ragowski 

coil when the Marx bank starts to erect. The voltage across the spark gap 

begins to rise at this time and the gap must be triggered within approxi

mately 250 ns if self breakdown is to be avoided. After the trigger pulse 

reaches the Pockels cell trigger circuit, the laser fires 170 ns later 

with an RMS jitter of 15 ns. Thus, the trigger pulse must be trans

ported by cables from the coil to the Pockels cell trigger circuit in 

less than 80 ns. The length of cable used to transport the pulse is 

varied in order to vary the time of laser firing. The time of laser 

firing is varied so that the gap is triggered at different percentages 

of V . in this parametric study. Typically, between 40 and 90 ns of delay 

cable is used. The exact length of delay cable to be used on a particular 

set of shots is determined by observing the Tektronix 519 and 7904 scope 

traces. The 519 scope trace shows the time of laser firing and the time 

of breakdown. If this trace indicates that breakdown has preceded laser 

firing (self breakdown) the length of cable is reduced. In order to 
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trigger the gap at a particular % V ,, the cable length is simply reduced 

further. The delay time (time between laser firing and breakdown) is cal

culated by measuring the distance between leading edges of the two signals 

on the 519 scope trace. The 7904 scope trace shows the spark gap voltage 

waveform. The point on the waveform where breakdown occurs is easily located 

(it is the point where the voltage suddenly drops). By measuring from this 

point back on the waveform a distance equal to the delay time (the delay 

time is measured on the 519 trace), the gap voltage at the time of laser 

beam insertion can be determined. Thus, by observing these scope traces it 

would seem possible to adjust the cable length so that the gap could be 

triggered exactly at a particular % V . . However, the 15 ns jitter in the 

time of laser firing makes this impossible. If the voltage across the gap 

rises linearly to V . in 250 ns, the 15 ns jitter in laser firing will 

give a 6% jitter in the % V . appearing across the gap upon laser entry. 

Consequently, the length of cable used to set the time of laser firing only 

determines what % V . is most likely to appear across the gap at the time 

of laser entry. Thus, all delay data in this experiment must be obtained 

in a random fashion and the scope traces must be used to determine the exact 

time of laser firing on any shot. It is important to note, however, that all 

of this trouble can be avoided by eliminating the laser jitter as in Ref. [12] 

Another parameter which must be determined experimentally before 

attempting to take meaningful data is the laser power level. As mentioned 

earlier, the selection of the laser power level is dependent on the sur

face damage threshold of the fiber. The maximum laser power which does 

not induce fiber damage is determined by firing the laser into the fiber 

starting at a sub-threshold power level and increasing the level on each 

shot. On each shot, the fiber is observed for signs of damage. 

i iP̂ -
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As noted previously, the damage threshold is dependent on how the 

ends of the fiber are prepared. The fiber ends are, in the experiment, 

prepared by removing the protective material around the core, lightly 

scribing the quartz circumferentially and then breaking the fiber. The 

scribe should have a sharp edge and a hardness greater that the hardness 

of quartz. When viewing the end of a fiber broken after using a razor 

blade as the scribe, chips and cracks will be observed around the edges. 

However, when a carbide tool bit is used as the scribe, almost no chips 

and/or cracks are observed. If the quartz is properly scribed very 

little torque is required to break the fiber. It is easy to obtain ends 

on the 1 mm diameter fiber which are flat over at least 90% of the total 

end area. According to Ref. [11],it is impossible to obtain totally 

flat ends on broken fibers with diameters greater than 450 pm, because 

the fractures cannot propagate across the entire diameter of the fiber 

without forking. However, since the flaws on the fiber end are so small, 

this method of fiber end preparation is used in this experiment. 

During the end preparation, the fiber cladding must be stripped 

back a small distance (5-10 mm) from the end of the fiber. On the input 

end this will not affect the fiber's performance much because the light 

enters the fiber diverging at such small angles. However, at the output 

end the effect is significant because of the divergence of the output 

light. If the cladding does not cover the fiber all the way to the end, 

light starts escaping before it reaches the end. Consequently, the 

efficiency of the output optics is reduced. In order to avoid this 

problem, the fiber should be reclad to the end with a recladding resin 

available from the fiber optic supplier (Math Associates). A clean 
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fiber is reclad by slowly lowering it into the liquid resin and then 

slowly withdrawing it. A thin film of resin remains on the fiber and 

dries in less than five minutes. The resin on the ends of the fiber is 

then removed with a pencil eraser and the fiber preparation is complete. 

The amount of laser power fired into the prepared fiber is varied 

by inserting different size pinholes in the laser cavity. The normal 

shot-to-shot fluctuation of the laser power level for the laser used in 

this experiment is ĵ  20%. Consequently, the pinhole used in this 

experiment is selected so that the highest laser power in the normal 

range of laser power fluctuation is just below the surface damage thres

hold of the fiber. A 3 mm diameter pinhole is found to meet this re

quirement even though sparks are occasionally observed at the fiber-air 

interface. Sparks are considered to be signs of laser induced breakdown 

but the sparks observed with the 3 mm pinhole in the laser cavity did 

not noticeably reduce the power transmitted by the fiber on the shot in 

question nor did they do any noticeable physical damage to the fiber. A 

pinhole small enough to eliminate sparks totally would limit the average 

laser power to an unnecessarily low value. Thus, the occasional sparks, 

because they have no measurable effect on the system's performance, are 

tolerated. 

However, when the laser power is increased slightly, fiber surface 

damage and sometimes Internal fiber damage is observed. The surface 

damage is always accompanied by a spark, larger than the one previously 

mentioned, at the air-fiber interface. Surface damage always results in 

the cracking and pitting of the input surface of the fiber and a photo

graph of a damaged fiber input surface is shown in Fig. 17. The fiber 

i->^-
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Fig. 17 Photograph of the Input End of a Fiber 

Damaged by Laser Radiation 

i-dOT' 
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is held in place by an aluminum holder which puts stress on the fiber at 

the point where the fiber enters the holder. When internal damage is 

observed it occurs at this point. On occasions when damage is observed, 

internal damage is observed less than 10% of the time while surface 

damage is observed more than 90% of the time. Both types of damage 

result in a reduction of the fiber's light transmission coefficcient to 

less than 10%. The approximate surface damage threshold power density 

8 2 
for the fiber is 6 • 10 W/cm which corresponds to a laser power level 

of 6 MW (laser pulse width ^ 20 ns). The 3 mm pinhole typically limits 

the laser power level to between 1 and 4 MW, depending upon how well the 

laser is aligned. During the experiment, the laser is measured on each 

shot by a calibrated photodiode (photodiode #1) so that the laser power 

level fluctuations are known. 

4.2 Laser Triggering Results 

When all of the experimental parameters are set correctly, the 

sequence of events depicted in Fig. 14 takes place on ewery shot and 

data is recorded by photographing the 519 and 7904 oscilloscope traces. 

The delay time is related to the distance between leading edges of the 

two signals on the 519 trace. The laser pulse width, and laser power 

are related to the photodiode pulse width and photodiode pulse height 

respectively and the photodiode pulse is displayed on the 7904 trace. 

The % V . is found by measuring the voltage across the gap at the time 

of laser entry. The gap voltage waveform, displayed on the 7904 scope 

trace, shows how the gap voltage changes as a function of time. The 

length of time between laser insertion and breakdown is given on the 519 
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scope trace. The point on the spark gap voltage waveform where the laser 

entered the gap can be located by subtracting from the breakdown time the 

delay time between laser insertion and gap breakdown. The voltage at this 

point is the voltage impressed upon the gap when the laser is inserted. 

Photographs of four 7904 and 519 oscilloscope traces resulting from four 

typical shots with all parameters the same on each shot are shown in 

Fig. 18. The 7904 oscilloscope traces are shown in the photograph on the 

left. The photodiode signal appears first in each trace and the voltage 

probe signal appears next. The fast laser timing signal appears first 

in each 519 oscilloscope trace followed by the dl/dt probe signal which 

causes the trace to disappear. The shot-to-shot laser power level 

fluctuation is noticeable and what appears to be a large jitter in delay 

time is also noticeable. However, the gap is triggered at a different % 

V . on each shot and the delay time varies with %^^^' If, by luck, the 

laser should fire at about the same time on four shots in a row, the gap 

is triggered at approximately same % V . every time and the photographs 

of Fig. 19 result. The 519 photograph demonstrates subnanosecond jitter. 

The initial delay vs % V . curves obtained in the laboratory are 

shown in Fig. 20. The parameters used in the determination of each 

curve are listed in the figure. The number that is used for V . in the 

calculation of % V . for all delay curves is determined from the self 

breakdown curves. An average of all the self breakdown voltages measured 

at pd = 5.45 • 10 Torr-cm for a given gas mixture is used for V . . In 

effect, the V ^̂  number is only a scale factor so it does not matter that 

the delay curves are not determined with the same charging voltages used 

to determine the self breakdown curves. The only difference in parameters 
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between curves A and B is the charging voltage used. Curve A is obtained 

by selecting a charging voltage which results in a triggered breakdown 

while the voltage across the gap is rising linearly (i.e. the gap volt

age waveform is like the waveform of Fig. 15a). Curve B is obtained by 

selecting a charging voltage which results in the voltage leveling off 

before triggered breakdown occurs (i.e. the gap voltage waveform is like 

the waveform of Fig. 15b). When the gap voltage waveform levels off, 

the effect of the laser firing jitter is reduced and thus data can be 

obtained in a more controlled fashion. For this reason, the charging 

voltages on the remaining delay curves are selected so that the gap volt

age waveforms are like the waveform of Fig. 15b. 

The remaining delay vs % V . curves obtained in the experiment are 

shown in Fig. 21-25 and the parameters used in the determination of each 

curve are listed in each figure. All of the curves show the expected 

decreases in delay as % V . increases and Figs. 21-22 look wery much 

like the curves of Ref. [1] (Fig. 1). The delay decreases to less than 

10 ns in both, and the slope of each curve changes when delay is approxi

mately equal to the effective laser pulse width (which is 15 ns for Figs. 

19-20). The change in slope is non-evident in the curves of Figs. 23-25 

because no delays greater than the effective laser pulse width, which is 

20 ns for these curves, are measured. A lower laser power is used in the 

determination of the curves in Figs. 24-25 than is used in the determination 

of the curves in Figs. 21-22. Since the lower laser power is the main dif

ference in parameters, the steeper slopes in Figs. 24 and 25 must be due 

to lower laser power. The lines drawn through the data points of each 

curve are linear regressions. The RMS time jitter in each curve is 
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calculated by using the linear regression as a reference to which all 

data points are compared. The difference between the delay time as 

given by the linear regression at a particular % V . and the delay time 

given by a data point at the same % V ._ is 
sb 

^̂ i = ̂ (^^) -s-

where t̂. is the delay time of the ith data point and % M ^\ is the % V . 
SD sb 

of the ith data point. Thus, the RMS jitter is calculated from: 

Jitter = 1 z (LtY 2 
^ i=l ^ 

where N is the total number of data points. The jitter values are listed 

in Table 2. They range from .44 ns to 2.1 ns with most being less than 1 ns. 

Table 2. List of Jitters 

Curve Fig. # 

21 

22 

23 

24 

25 

Jitter 

0.9 ns 

2.1 ns 

0.8 ns 

1.1 ns 

0.44 ns 

for portion of curve where 
delay time < laser pulse width 

All of the data given above were obtained with the laser light 

focused on the anode surface. However, when the focus was moved a 

distance of 1 cm to the center of the gap, no noticeable difference in 

delay times was observed. This indicates that precise optical alignment 

/ 
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of the output optics is unnecessary. This is due to the poor beam 

quality of the light exiting the fiber. When this light is focused by 

the output optics, the beam diameter near the focal plane does not 

change very rapidly. Consequently the power density incident on the 

anode was not significantly decreased when the focus was moved to the 

center of the gap. 

Figure 26 shows time integrated photographs of the spark gap 

breakdown, taken by the open shutter camera. Each photograph shows two 

successive shots with the anode on the right and the cathode on the 

left. Delay, breakdown voltage, and laser pulse data for these shots 

are collected by the oscilloscopes and these data were used to determine 

what happens on each shot. By using an interference filter with a 

narrow passband centered on the ruby line (694.3 nm), it is possible to 

photograph light emitted by the laser flash and by the gas breakdown. 

The first shot in photograph A is of a self breakdown case. The laser 

pulse arrived after a spontaneous breakdown channel had already started 

and thus the breakdown channel is not on the axis. The laser flash on 

the anode shows where the axis is located. Laser light is visible on 

the left because light is scattered at the edges of the hole in the 

cathode. A spontaneous channel will, in general, not occur on-axis 

because of the hole in the cathode. The second shot in A shows a laser 

triggered breakdown. The arc channel follows the path taken by the 

laser light coming into the gap (i.e. it is on axis). The channel moves 

away from the axis near the cathode because of the hole located there. 

The first shot in B shows another laser triggered breakdown in which the 

discharge channel is on-axis. The second shot In B shows two channels. 
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one on-axis and another off. The laser arrives a few nanoseconds after 

the off-axis self breakdown channel begins, but it is still early enough 

to initiate an on-axis discharge channel. Both shots in C show laser 

triggered breakdowns in which all parameters are the same. The first 

shot in D shows another self breakdown and the second shot in D shows 

another case where the laser arrives after the initiation of a spontan

eous channel but still in time to initiate an on-axis discharge. 

Figure 27 shows streak photographs of several spark gap breakdowns. 

The streak is from left to right. In photograph A, the streak is along 

the axis of the discharge. These streaks make it possible, when there 

are two channels, to determine which channel forms first. The first 

(top) streak is 75 ns long and is the result of a laser triggered break

down. The laser light is not admitted to the gap on the next shot so 

the second streak shows a self breakdown. The breakdown here occurs 

much later (-50 ns) than the triggered breakdown in the first streak. 

The third streak shows two channels. The laser pulse is late on this 

shot so a spontaneous channel begins before the laser enters the gap. 

However, the laser initiates a second channel, as shown. The last 

streak in A is another self breakdown case. The laser pulse here is 

even later than in the third shot and thus does not start another channel. 

In photograph B, the streak is perpendicular to the axis. The cathode 

is at the top of each streak and the anode is at tKe bottom. These 

streaks show how a channel develops. The laser jitter makes it impos

sible to use a faster streak speed than the one used OOO ns) and expect 

to capture the breakdown on the photograph. The first streak shows a 

self breakdown case where the laser pulse arrives too late. The lumin-
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osity begins at the anode and propagates to the cathode. The remaining 

streaks show laser triggered breakdowns. 



CHAPTER 5 

CONCLUSION 

The use of a quartz optical fiber as an optical component to laser 

trigger a pulse charged, gas filled spark gap has been investigated. The 

results of this investigation seem to agree quite well with results given 

in Ref. [1]. The curves of Figs. 21-22 obtained in this experiment and 

the curve of Fig. 1 given in Ref. [1] all have the same characteristics. 

The shortest delay time in each curve is less than 10 ns and the delay 

times increase as the % V . decreases. When the delay time is greater than 

or approximately equal to the laser pulse width, the slope of each curve 

becomes steeper. When the delay time is less than the laser pulse width, 

the jitters reported in Ref. [1] are less than 1 ns, as are most of the 

jitters measured here. The arc channel photographs show that when the 

gap is laser triggered, the breakdown arc always follows the path taken 

by the laser light coming into the gap. All of this evidence leaves no 

doubt that the spark gap in this experiment was laser triggered. The 

optical fiber was able to transmit reliably and efficiently the high 

optical power necessary to trigger the gap with short delay and very 

small jitter. The presence of the fiber in the optical system made 

alignment easier to accomplish and maintain. The fiber made the 

relative positions of the laser and spark gap unimportant in the align

ment process. No care was ever taken to keep the lenses in the optical 

system clean and they were never damaged. 

The success of the fiber in the experiment indicates that many 

laser triggering systems might be improved by using fiber transmission. 

67 
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For example, one laser could be used to trigger many gaps sequentially 

or simultaneously by using a different fiber to transmit a portion of 

the laser beam to each gap. The lengths of the fibers could be used to 

control the time of trigger delivery to each gap. The streak photo

graphs show that the laser radiation transmitted by the fiber is even 

intense enough to initiate an arc channel after a spontaneous channel 

has already started (provided the spontaneous channel has not proceeded 

too far). This would indicate that several fibers might be used to 

initiate the multichannel breakdown of a single gap. One laser could 

irradiate the fibers and each fiber could transport an equal portion of 

the laser beam to a different position in the spark gap. With the 

optical system used here the power density in the focal spot on the 

anode would be the same even if a smaller, more flexible, and less 

expensive fiber were used. Consequently such a fiber might also give 

good triggering performance. The power density incident on the anode 

could be increased if the divergence of the light exiting the fiber was 

decreased. Fibers which introduce less divergence are available and 

these fibers might make improved triggering performance possible. 
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