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The phenomenon of the electric spark discharge has been 
known since ancient times. Most of its studies are concentrated 
in its electric and associated optical properties. Very little 
work has been done with the other associated phenomena, which are 
either non-electric or non-visible. On the other hsnd, the 
methods of observing the disturbance or flow of a gas or a liquid 
have been developed for a quite long time. The schileren method 
is one of them. Even up to the present, it is generally believed 
that the schilereri method is not applicable to the self-luminous 
phenomena due to the interference of the liht given out by the 
phenomena. 

The main purpose of this thesis is to apply the schlieren 
method to the associated non-visible phenomena of the bright self- 
luminous spark dischare. A very satisfactory modified schiiereri 
system has been devised in this study. Instead of using a straight 
knife edge stop in the ordinary solilieren systenis, a pinhole dia- 
phragm stop is used. The pinhole diapbram stop acts as a space- 
light-filter; it stops almost all the light rays from the luminous 
object, but transmits and modifies the light rays from the point 
illuminating light source just as an ordinary knife edge stop. 
A rotating mirror system has also been devised to correlate the 
luminous and non-luminous phenomena. 

Several interesting reu1ts have been brought out by this 
study, such as: 

1. The evolution of the disturbed gas for the discharge 
path. 

2. The relation between the disturbed gas boundary and 
the luminous boundary of the discharge. 

3. The motion and path of the metal vapors evaporated 
from the electrodes, 

4. The variation end speed of the shock or sound wave 
associated with an electric impulse discharge. 
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The superior properties of the plane electrode gap over 
various other types of gaps, including the 2-cm. sphere gap, have 
been brought out by the above method, and also by the impulse 
voltage sparkover characteristics presented in the form of two 
separate curves; one for the 5 sparkovers and one for the 95 
sparkovers, instead of the conventional one for 5O6 sparkovers. 
Satisfactory triggering actions of the impulse generator used in 
this study have been obtained by using the plane electrode type 
three-electrode gaps. It is belIeved that some day the plane 
electrode gap might replace the sphere gap as a standard for the 
measurement of impulse voltages. 



U¼)L,LL?fl Vf rnUrI1J. 

June 1952 



APPROVED: 

Redacted for privacy 

Professor of Electrical Engineering 

In Charge of Major 

Redacted for privacy 
Read of Department of Electrical Engineering 

Redacted for privacy 
I L' 

Chairmen of School Graduate Committee 

Redacted for privacy 
Dean o Graduate School 

Date thesis is presented September 25L 1951 

Typed by Margaret Lieber 



ACKNOWLEDGMENT 

The author wishes to express his gratitude 

to Professor Fred O. McMillan for bis suggestions, 

help, encouragement, and direction during the 

progress of this work. I-le also desires to express 

his gratitude to Dr. Willibald Weniger for the 

lending of the optical bench and his direction on 

the grinding and polishing of the stainless steel 

mirror. Grateful acknowledgments are made to 

Professor Robert R. ichael for suggestions, and to 

Mr. Clifford H, Moulton for the design and con- 

struction of the electronic trigger generator. 

Finally, the author wishes to express his sincere 

appreciation and gratitude to Professor 

Louis N. Stone for his suggestions and repeated 

reading and discussions of the manuscript. 



TABLE OF CONTENTS 

Page 

CHAPT I. INTRODUCTION . . . ........ i 

CHAPTER II. TUE OPTICAL SYSTEM . ........ 14 

2.1 Schlieren Systems ........... 14 
2.2 The ivodfied Schileren System 

for Self-luminous Objects ..... 24 
2.3 Swept Picture Systems ......... 33 
2.4 The Combined Schlieren, Swept 

and Still Picture System . . . . 40 

CHAPTER III. TEE ELECTRICAL SYSTEM ....... 48 

3.1 Impulse Generator Circuits ....... 48 
3.2 The Triggering of Impulse 

Generators ..... 55 

CHAPTER IV. THE 2-cm. SPHERE, PLANE, 
SQUARE END AND POINT 
ELECTRODE GAPS . ...... . 68 

4.1 The Various Types of Electrode Gaps . . 68 
4.2 Impulse Voltage Sparkover 

Characteristics of Various Gaps . . 74 

CHAPTER V. STILL, SWEPT, STREAK AND SCHLIEREN 
PICTURES OF ELECTRIC IMPULSE 
DISCHARGES BETWEEN TWO 2-cm. 
SPHERE ELECTRODES ...... 88 

5.1 The Still and Streak Pictures . . . . 88 
5.2 The Schlieren Pictures ......... 91 
5.3 The Shock or Sound Wave and the 

Disturbed Gas Envelope for 
the Discharge Path ..... . 93 

5.4 The Swept Pictures and the 
Path of the Metal Vapor ...... 123 



CHAPTER VI. STILL, SWEPT 
PIC TURE 
IMPULSE 
BETWEEN 
END AND 
GAPS 

Page 

AND SCELIEREN 
OF ELECTRIC 

DISCHARGES 
PLANE, SQUARE 
POINT ELECTRODE 

. . 128 

6.1 Plane Electrode Gap .......... . 128 
6.2 Square End and Point 

Electrode Gaps . . . . . ...... 138 

CHAPTER VII. CONCLUSIONS AND DISCUSSIONS ..... 150 

BIBLIOGRAPITY . . . . . ......... . . . . . 156 

APPENDIX. CALIBRATION CURVES FOR TEE 
TI1 DELAY UNIT OF TEE 
ELECTRONIC TRIGGER 
GENERATOR . . ........ . 160 



ELECTRIC IMPULSE DISCHARGE PINO1INA 
BETNEEN VARIOUS TYPES OF ELECTRODES 

CHAPTER I 

INTRODUCTION 

The phenomenon of the electric spark discharge has 

been known since ancient tiìies, but a careful study of its 

nature and mechanism has been made only withIn the last one 

hundred years. Different methods have been devised and 

applied to its study. Some of its nature and mechanism 

were made clear by such methods, but some are obscure. 

Generally, in order to study a particular physical phenom- 

enon, the first thing to do is to make it or its associated 

phenomena detectable, either directly by the human senses 

or indirectly by the indications of some other means. 

These are only qualitative indications. The next step is 

to make these qualitative phenomena quantitatively measur- 

able. Then from such measu.rquantities a theory may be 

devised to explain the nature or mechanism of the phenom- 

enon. Sometimes, even without such measure values, a 

theory or rather a hypothesis may be proposed, but its 

validity will wait for further evidence of the above 

nature. 

It is vieil known that an electric spark discharge is 

associated with a bright light emission and a cracking 

sound. The former is visible to the eye and the latter is 
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audible to the ear. They are so evident that they almost 

always come into the description of an electric spark dis- 

charge. Some other associated phenomena, such as the dis- 

turbed as of the discharge path, are not so fortunate; 

they are neglected almost completely in such studies. 

So far as light and sound only are concerned, light 

is the most favorable one. The optical and photographic 

methods are the best for the study of the light phenomenon 

associated with an electric spark. They are the most 

widely used methods. Due to the highly varying property 

of the spark discharge, some modifications must be incor- 

porated into such methods to make them suitable for this 

study. 

The light given out by an electric spark discharge 

changes so readily that it appears as a single Instantan- 

eous flash of light, no change can be detected by the human 

eye. In 1358, Feddersen succeeded in showing the variation 

of the light by reflecting it with a rotating mirror. In 

1900, Schuster and Hemsalech modified F'eddersents method by 

using a rotatIng film. They also used the spectroscopic 

method to study the light characteristics at different 

times of the discharge. From their experiments, they con- 

cluded that the discharge appears as a very bright, 

stra1tht and narrow filament at the beginning of the dis- 

charge and fades out gradually. Further observation of the 

swept pictures shows that additional light is emitted after 
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the main discharge has been completed. It appears that 

luniinous material leaves both electrodes and travels over 

essecitially the same path as the initial discharge. Before 

the leading edges of these two luminous substances approach 

the center of the gap the luminous material detaches itself 

from both electrodes. These luminous substances apear as 

curved bands or lines on the film. The spectrograph 

studies made by Schuster and Hemsalech show that thIs lun- 

mous material is the metal vapor that is evaporated from 

the electrode surfaces. The same method has been used by 

many others in the following years. This method works 

quite well for the latter stages of the discharge, but its 

speed is still too slow to show the changes in the initial 

stage. 

In 1875, Kerr discovered the now so-called Kerr effect 

of certain fluids, such as nitrobenzene. Some "Kerr cells" 

were made utilizing this property. The ordinary Kerr cell 

is composed of two flat plate electrodes immersed in a 

fluid which becomes birefringent upon the application of an 

electric field. Such a cell is oriented between two polar- 

izers crossed for minimum transmission. With no voltage 

applied to the cell, light cannot be transmitted. If a 

voltage is applied to the cell, the state of polarization 

of the light is changed by the Kerr effect and causes a 

part of the light to be transmitted through the second 

polarizer. There is a very small time lag between the 
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application of voltage and the appearance of the Kerr 

effect. Such a cell is very good for use as a high speed 

optical shutter. 

In 1930, the Kerr cell was applied by Beams to the 

study of spectral phenomena in spark discharges, and by 

Du.nnington to the study of the initIal stages of spark dis- 

charges. It was also used by others for the study of time 

lags in spark discharges. 

In the early nineteen hundreds, Townsend proposed a 

theory for the spark discharge, based upon the results ob- 

talned from his studies in the conduction of electricity 

through gases at low pressures. Townsend's theory is still 

considered to hold for the comparatively low pressure 

discharges and also for short sparks at atmospheric pres- 

sure. Due to the studies of Dunnington arid others, it was 

found that the time lag in spark discharge is extremely 

short of the order of l0 sec. or even i08 sec. The es- 

tiniations based upon the Townsend theory Is about 100 times 

longer. Since 1934, Raether made a series of studies on 

the initial stages of spark discharges by using the Wilson 

cloud chamber. He gave the order of time lag about the 

same as obtained from the use of Kerr cell. Raether and 

Loeb, at about the same time, proposed the streamer theory 

of spark discharge. They used the photoionizatlon of the 

gas to explain the very short time lag of the spark dis- 

charge qualitatively. Not very long after the above 
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theory was proposed, Meek supplied a criterion, thus making 

possible the quantitative analysis based upon the above 

theory. The criterion can be expressed briefly as follovs: 

An avalanche, which is started near the cathode by an 

electron, will initiate a self-propagating streamer of 

space charge if the field surrounding the head of the ava- 

lanche is approximately equal to the externally applied 

field. It seems that the streamer theory is now accepted 

for the long sparks in air. 

Up to this time the theory for the initial stages of 

the spark discharge should be considered quite well estab- 

lished. But, for the later stages, very little work has 

been done except for the rotating mirror studies. In l94, 

Flowers borrowed the streak-photographic method from the 

studies of the combust±on velocities in fuels and the 

detonation waves of explosives f the study of the expan- 

sion phenomenon of the luminous spark channels. The 

streak-photographic method is very simIlar to the rotating 

mirror method. The only difference is that only a very 

narrow strip of the object image is allowed to fall on to 

the film instead of the entire image. 1-le covered all the 

spark channel except a very narrow section in order to ob- 

tain the width of luminous spark channel as a function of 

time. Flowers also used the cathode ray oscillograph to 

obtain the applied voltage and the discharge current waves 

for an electric spark discharge. He finally established 



the fact that the total light emItted Ls approximately pro- 

portional to the total current pass1n tbrough the dis- 

charge at that tinie. The same method was used by Craggs 

and Meek in 1946 for the study of emission of light from 

spark discharges, and by Higham and Meek in 1950 for the 

study of the luminous channel of the spark discharge. They 

also used photomultipliers in cooperation with cathode ray 

oscilloprar)hs for the recording of the light emitted and 

the expans±on of the lwninous channel. In 1949, Fkfer 

also used the photomultiplier for both the total light and 

the light from sorne special spectral lines from spark dis- 

charges. Due to the high sensitivity of the photoelectric 

effect and the successful 

pliers to the above studies, some groups are working on the 

image tubes to apply them to the study of high speed lum- 

inous phenomena. Good results are expected. 

From the above descriptions, it is quite clear that 

the methods and techniques used for the studies of the lum- 

mous phenomena associated with the spark discharges are 

quite well developed, but methods for the study of the non- 

luminous phenomena associated w±th the spark discharges are 

almost completely neglected. As early as 1867, three years 

after A. Toepler reported his 'sch1ieren method", he ob- 

tamed a schlieren picture of a spark discharge. This 

method gave not only the associated sound wave but also the 

disturbance near the spark discharge path. The picture is 
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shown also In Thomson's Conduction of Electricity through 

Gases, Volume II, page 558. In the picture, because of the 

small amount of energy that was avaIlable, the superimposed 

ordInary image from the spark itself did not affect the 

schlieren image very much. A. Toepler, himself, directed 

all his attentions to the sound wave; he did nothing more 

on the spark discharge itself. It was completely forgotten 

except to be mentioned in Thomson's book. 

In 1880, Dvorak introduced the direct shadowgraphic 

method, which is much sImpler than Toepler's schileren 

method, for the study of sound waves. It only needs a 

bright point liht source and a photographic plate. The 

object to be studied is placed between the light source and 

the photographic plate. When the light source gives out a 

flash of light, a shadow of the object is projected on to 

the photographic plate. This method shows very clearly the 

shape of a sound wave due to the refraction of the light 

produced by the sound wave. 

In 1904 and 1905, two abstracts (12, p.206; 

13, pp.399-400) were published by Foley and I-aseman. In 

the first abstract they stated, "Some ten years ago the 

senior author of this paper, while photographing interi er- 

ence fringes under various conditions, noticed that fringes 

were produced about the path of an electric dIscharge". In 

the second abstract they stated, "The usual diffraction 

fringes were obtained, when the needles were uncharged. 
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When charged there were f arly distinct fringes about the 

path of the discharge between two points, fringes were ob- 

tained from both visible and invisible brush discharges, 

and from rapid spark disc1arges". In both abstracts, they 

also promised to have a detailed report about such phenom- 

ena published soon but it has never been published. 

In 1912, Foley published a paper on the study of sound 

waves by the shadowgraphic method with Souder, in which all 

pictures but one were taken either with a shield or with 

the electrodo itself to stop the direct light from the 

spark wh±ch produced the sound. The one which was taken 

without a shield permitted a shadow of the spark itself to 

appear on the picture together with the sound wave, 

In about 1927, Zinszer, under the direction of Foley, 

made a study of the spark discharge by the shadowgraphlc 

method. I-le used the same equipment devised by Foley and 

Souder for his study, and published his results in two 

papers that appeared in 1927 and 1928. Ke gave pictures 

that were obtained under different conditions and at dif- 

ferent stages of the discharge. The pictures at different 

stages were obtained with the discharges chopped off by 

another gap connected in parallel with the one to be photo- 

graphed. Due to the comparatively large size of his illum- 

inating light source and the direct light from the dis- 

charge to be studied falling on the film, the definition of 

his pictures is quite poor. 



Since then no further study has been made on electric 

discharges either by the schleren method or by the shadow- 

graphic method. This may be due to the lack of' apprecia- 

tion of the importance of such non-luminous phenomena or 

due to the inherent defects associated with these methods 

i_n the takin; of pictures of self-luminous phenomena. In 

the original schileren system, the ordinary image of the 

self-luminous object is always superimposed on the 

schlieren image, so it was believed that the schileren 

method was not applicable to the self-luminous object. In 

the shadowgraphic method, the object is located much closer 

to the film than the illuminating light source. The fog- 

ging effect due to the object more effective 

film than its exposure due to the illuminating light 

source. So, even to obtain a fairly satisfactory picture, 

te illuminating litht source is necessarily very strong as 

compared to the intensity of the object. On the other hand, 

the fogging effect not only depends upon the luminosity of 

the object but it also depends upon its physical size. 

This makes the situation even worse. In order to obtain 

pictures of good definition, the illuminating light source 

should be of very high luminosity and quite small size. 

The luminosity is limited to the highest value now avail- 

able, and the size is determined by the total illuminating 

light output required to overcome the fogging effect and 

give a satisfactory exposure. It is quite clear from the 
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above discussion that the applicability of the shadow- 

graphic method to self-lu.minous objects is limited, espec- 

ially for objects of strong luminosity and large size. 

Before going into the discussion of the method used in 

this study of the electric discharge, especially the 

associated non-luminous phenomena, it is worth while to 

discuss a very interesting phenomenon relating to the sur- 

face discharges. Actually, it led to the present study. 

Not very long ago, the author was working with 

Lichtenberg figures in the streamer region with photo- 

graphic films of very low speed. Usually only the paths of 

the bright streamers are shown on such pictures, both posi- 

tive and negative streamers appear with very beautiful 

patterns. The appearances of the positive and negative 

streamers are different; the positive streamers are shown 

as wavy lines, and negative streamers are shown as smooth 

arcs, sometimes the negative streamers joining together to 

form a stepped pattern. In such pictures nothing about the 

weak discharges around the streamers could be seen due to 

the very low sensitivity of the photographic film. If the 

applied voltae is sufficiently high, one of the streamers 

reaches the other electrode, then a spark discharge will 

occur. In such cases a very interesting result occurs on 

the film. The weak discharges around the streamers appear 

on the film with a quite clear boundary and some details, 

but such an image is of a lighter density than the 
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background density on the film. The first explanation of 

such a phenomenon is to assume that the gas molecules or 

ions are set into motion by the streamer discharge, thus 

causing a difference in density over the surface; the light 

from the spark discharge casts a shadow of the wesk dis- 

charges on the film by absorption, thus a lighter image 

than the background is obtained. 

From the above phenomenon and its explanation, 

Professor F. O. McÌiillan immediately got the idea of photo- 

graphing a spark by another spark. In searching for a 

spark light source of suitable construction to perform such 

a function, shadowgraphic and schileren equipments applied 

to different branches of studies were consulted, Finally, 

the two short abstracts by Foley and Haseman were dis- 

covered. In locating their promised but non-existing 

detailed report, the papers of Zinszer were noticed. 

According to the theories of shadowgrephic and schlieren 

method, the formation of the images is actually due to re- 

fraction rather than due to absorption. In view of this, 

the foregoing explanation of the above phenomenon is 

definitely incorrect. Actually, the formation of the weak 

discharge image is due to the reversal effect of photo- 

graphic materials under very short and weak exposure. 

In the course of the present study, the shadowgraphic 

method had been tried, but the result was far from satis- 

factory, as discussed above. It is well known that the 
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schlieren method is more sensitive than the shadowgraphic 

method, and the schileren pictures give more details, so 

the schileren method was used for further studies. The 

difficult thing to do is to eliminate the bright super- 

imposed ordinary image of the spark from the schlieren 

picture. After a period of study, a modified schlieren 

system was devised. This is suitable for photographing 

very bright self-luminous objects. In contrast to the 

shadowgraphic method, the pictures obtained are of very 

good definition. The luminosity of the illuminating light 

source is not necessarily very high, although high luminos- 

ity is good for such system. The quality of the picture is 

not affected by the size of the self-luminous object; it 

depends on the luminosity of the object only. 

The method has been applied to the electric impulse 

discharges between different types of electrodes. In order 

to interpret the schlieren pictures, a moving mirror system 

has been built which can be used for taking both swept and 

streak pictures. The schlieren and rotating mirror systems 

have also been combined into a single system for taking 

pictures of different types simultaneously. 

These studies revealed some interesting facts about 

the followiug: 

1. The evolution of the disturbed gas for the 

discharge path. 
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2. The relation between the disturbed gas 

boundary and the luminous boundary of the 

discharge. 

3. The motion and path of the metal vapors 

evaporated froii the electrodes. 

4. The variation and speed of the shock or 

sound wave associated with an electric 

impulse discharge. 
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CHAPTER II 

TI-LE OPTICAL SY3TEÌI 

2.1 Schlieren Systems 

The schileren method, or the method of striae, was 

first introdu3ed by A. Toepler in a paper published in Bonn 

in 1864, bearing the fo11owin title: "Beobachtungen nach 

einer neuen optischen Method&'. It was further described 

in Pogpendorff's Annalen der Physik in 1866. This method 

makes visible those portions of a transparent medium whose 

indices of refraction differ slightly from the surrounding 

medium; it is based upon the same principles as the famous 

Foucault knife edge test for observing the surface config- 

uration and defects of a concave telescope mirror. 

The general arrangement of the Foucault knife edge 

test is shown in Figure 2-1. The concave mirror to be 

tested is supported so that its axis lies in a horizontal 

plane. If an illuminated pinhole 1±ht source is placed at 

the center of curvature of the spherical mirror, it follows 

from optical laws that all light from the pinhole falling 

on the mirror will be reflected back exactly to the pinhole 

again, and will form an image of the pinhole, on the pin- 

hole. In this position it could not be examined. So, if 

the pinhole 1iht source is displaced slightly from the 

mirror axis, causing the Image to move the same distance to 

the opposite side of the axis, where it can either be 
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examined by an eyepiece or received directly by the eye. 

If the image is allowed to enter the eye, the mirror is 

seen full of litht. A vertical knIfe ede stop is mounted 

so that it can be made to slide laterally across the pencil 

of light close to the point where it focuses just before 

entering the eye. When this is done the eye sees the 

shadow of the knife edge cross the mirror. Hence the naxne 

"shadow test" is also used. The manner of crossing differs 

according to the position of the knife edge with respect to 

the focus. If it cuts the beam within (nearer the mirror) 

the focus, a vertical shadow crosses the bright surface of 

the mirror in the same direction as the knife edge moved. 

If it is outside the focus, the shadow crosses in the 

opposite direction. If it is exactly at the focus, the 

surface of the mirror darkens evenly all over and looks 

flat. This is the characteristic of a spherical mirror. 

But, if the mirror is not exactly spherical or if it has 

defects on its surface, raised or depressed zones, or ir- 

regularities will be seen clearly over the surface. 

As for Toepler's schlieren method, Figure 2-2, the 

principal piece of apparatus is a lens 

large diameter and long focal length. 

light source Is brought to a conjugate 

of perhaps several feet from the lens. 

placed near this focal point, the lens 

formly illuminated, as in the case of 

of good quality, 

Light from a point 

focus at a distance 

If the eye is 

will be seen uni- 

1oucault test. Just 
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as in the Foucault test, a knife edge stop is now brought 

from one side just to cut off the light pencil which passes 

regularly through the focal point. If there are striae in 

the lens, the abnormal refraction will cause non-uniform 

illumination. In actual practice, a second lens L2 is sub- 

stituted for the eye, as shovm in Figure 2-3. This lens 

focuses the striation upon a viewing screen or upon a 

photographic film. 

Now let us suppose that there is globular mass of air 

in front of the lens of slightly greater optical density 

than that of the surrounding air. The rays of 1iht pass- 

ing through the lower portion of this globular mass of air 

will bend upward, and will form an image of the liht 

source above the knife edge. Hence this ray will not be 

stopped by the knife edge but will pass on to the screen. 

There it will illuminate a point corresponding to the lower 

portion of the globular mass of air. As for the rays of 

light passing through the upper portion of this globular 

mass of air, they will bend downward and will be stopped 

by the knife edge. If the adjustment of the knIfe edge is 

such that the background is weakly and uniformly illumin- 

ated, then the illumination at the point corresponding to 

the upper portion of the globular mass of air will be 

weakened and the point will appear darker than the sur- 

rounding image. Similar relations hold for all other 

points in front of the lens L1. The composite of all such 
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points forms the schlieren picture of the phenomenon being 

investigated. 

It is quite evident that, if the knife edge is brought 

in to cut the light pencil from the top instead of from the 

bottom, the resultant schlieren picture will be the nega- 

tive of the other. If the phenomenon is symmetrical about 

the plane determined by the lens axis and knife edge, the 

schileren picture will not appear as symmetrical, actually 

one side is the negative of the other 3bout the center 

line. 

In lB67, A. Toepler introduced the electric spark as a 

1iht source for instantaneous illumination of the field so 

that transient phenomena could also be studied by the 

schlieren method. The method for makin sound waves 

directly visible by means of two electric sparks was 

described by him. 

The sensitivity of a system depends somewhat upon the 

shape of the light source. This can be made clear by the 

following consideration. For a circular light source, 

such as an illuLninated pinhole, the rays which contribute 

to the greatest sensitivity of the system pass through the 

region of the light source near the point A in Figure 2-4a. 

Rays initially passing through this point have to be re- 

fracted upward only slithtly in order for them to pass over 

the knife edge and contribute to the illumination on the 

screen. On the other hand, the rays which pass through the 
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lower part of the light source image near the point E must 

undergo a larger refraction before they can contribute to 

the illumination of the screen. For the highest sensitiv- 

ity, the maximum number of rays In the light source image 

must lie close to the knife edge. The slit light source as 

shown in Figure 2-4b Is better than the circular light 

source for a straight knife edge stop. 

In such systems employing the straight knife edge 

stop, as described above, the schlieren system is only sen- 

sitive in showIng the changes of refractive index in the 

direction perpendicular to the knife edge. The refraction 

of the rays still exists, but there is no stop to change 

the illumination at the corresponding point. So a further 

requirement for maximum sensItivity of the system is that 

the light source and the knife edge must be perpendicular 

to the gradient of refractive index being Investigated. 

In order to make a system sensitive to all directions, 

a circular disc stop may be used. If the size of the dr- 

cular disc Is the same as the circular liht source image 

itself, and lies at the position of the image, the 

sc'nlieren picture obtained in such a way will show changes 

in all directions. 

In the above systems employing only a single fIeld 

lens, the light rays passing through the striae is conver- 

gent. In the study of three dimensional phenomenon, 

parallel rays in the striation region are preferred. A 



21 

PINHOLE LIGHT LENS STRIATION LENS KNIFE 

SOURCE L1 REGION L2 EDGE STOP 

FIG.2-5 SCHLIEREN SYSTEM EMPLOYING PARALLEL 

LIGHT IN STRIATION REGION 

xzz1Ij) 

LENS LENS VIEWING 

L1 L2 SCREEN 

FIG.2-6 SCHLIEREN SYSTEM EMPLOYING PARALLEL 

LIGHT IN STRIATION REGION AND USING 

L2 AS FOCUSING LENS 



22 

system employing parallel li.ht in the striation region is 

shown in Figure 2-5. The second lens L2 in such a system 

could also be used to focus the image on a screen, as in 

Figure 2-6, but the size of the image is determined by the 

distance between the striation region and lens L2, and the 

focal length of L2. The system shown in Figure 2-5 is more 

flexible if a camera is used for taking pictures. 

The field lenses used in the above systems must be 

well corrected, particularly for spherical aberration. 

Otherwise, it will not be possible to obtain a uniformly 

illuminated fe1d upon the screen. The glass of the lenses 

must be of finest optical quality and free from scratches 

and bubbles so that the lenses will be 

Otherwise, any defects will be superimposed upon the 

picture. 

The field of a schlieren system is determined by the 

size of the lenses. Well corrected lenses are limited to 

comparatively small size, so the above described systems 

all have a limited field. If a large diameter field is 

required, concave mirrors may be used in place of the 

lenses. For mirrors, the quality of the glass does not 

affect the striation field, provided the surface is free 

from scratches and air bubble pockets. Since the mirror 

can be parabolized, it is not too difficult to obtain large 

mirrors which are well corrected for spherical aberration. 

A system usin concave mirrors instead of lenses is 
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shown in Figure 2-7. In such a system, both the light 

source and the knife edge cannot be situated on the mirror 

axis; they must be displaced laterally outside of the 

field. The light source and its image as formed by the 

second mirror lie on opposite sides of the common mirror 

axis and in the same place. This system is optically syrn- 

metrical and effectively cona free. If the li,ht source 

image lies on the same side as the light source itself, bad 

coma is present and satisfactory results cannot be obtained. 

2.2 The Modified Schlieren System 
for Seif-iwninous Objects 

Though the schlieren method has been known for 87 

years, it was generally believed that it could not be used 

for self-luminous objects. As recent as in April of this 

year a paper (29, p.487) published in the Journal of 

Applied Physics referred to this point as follows: 

"Schileren type photography cannot be used because of the 

luminosity accompanying the phenomenon". If we make an 

analysis of the paths traveled by the light rays from the 

point light source and those traveled by the light rays 

given out by the self-luminous object, as shown in Figure 

2-8, lt is not difficult to discover that they are mingled 

with each other in a certain region, and well separated in 

a region near the image of the point light source. If 

something Is brought into the paths of the light rays from 
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the self-luminous object in the latter region, most of the 

rays from the self-luminous object could be stopped from 

reaching the screen or photographic film, but the rays from 

the point light source are not altered. So a schlieren 

system for self-luminous objects could be devised. 

A modified schlieren system for self-luminous objects 

is shown in Figure 2-9. Instead of using a straight knife 

edge stop, a pinhole-diaphragm stop is used. The pinhole- 

diaphragm stop could be made of any opaque material wIth a 

pinhole of about the sanie size as the point li,ht source 

image drilled at the center. When the point light source 

image is focused upon the hole, the pinhole-diaphragm acts 

not only as a schlieren stop but also as a space-light- 

filter. It singles out most of the light rays from the 

object and stops them, but it transmits and modifies the 

light rays from the light source just as an ordinary stop. 

The schileren property of the above pinhole-diaphragm 

stop is similar to that of the circular disc stop mentioned 

before, in that it is sensitive in all directions. If such 

a pinhole-diaphragm is used to take schlieren pictures for 

a non-self--luminous object, they will appear just as the 

negatives of the schlieren pictures taken with a circular 

disc stop. The circular disc stop can also be used in a 

system for self-luminous objects if it is modified by put- 

ting a diaphragm with a small hole around the disc, the 

size of the hole should be just a little larger than the 
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disc. We may call such stop a "r1n aperture stopU. 

Generally, the sensitIvity of a schlieren system employing 

a pinhole-diaphragm stop could be increased in a certain 

specified direction by displacing the hole slightly with 

respect to the light source image in a direction which is 

parallel to that as specified. The sensitivity depends on 

the amount of cut-off. 

Figure 2-10 shows sorne pictures taken wIth the hole 

undisplaced, the hole displaced vertically, and the hole 

displaced horizontally. They were taken under the same 

electrical and optical conditions, except the position of 

the hole with respect to the light source image has been 

changed. Those taken with the hole undisplaced show 

clearly that, as far as the schlieren effect is concerned, 

they are symmetrical with respect to both the electrode 

axis and the neutral plane. The pictures taken with the 

hole displaced show more detail on the "disturbed gas en- 

velope" and also show some non-symmetrical properties. 

Such non-symmetries are similar to those obtaIned with a 

straight knife edge for the non-luminous case. 

Just as in the case for non-luminous objects, a large 

field of observation could be obtained by ung mirrors 
instead of lenses. 

In the above systems, most of tiie light rays from the 

object are stopped, but there is still a very small per- 

centage of it passing through the hole and forming a faint 
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ordinary image of the object upon the schlieren picture. 

If the object emits a bright 1iht for only a short time 

interval and this does not coincide with the instant at 

which it is wished to observe the phenomenon, the ordinary 

image could be completely eliminated br incorporating a 

suitable shutter into the system behind the diaphragm. If 

the bright light emission period of the object is compara- 

tively long or it gIves out bright light continuously, in 

general, a high speed shutter will help to elimInate the 

ordinary image. In sorne cases, the elimination of the 

faint ordinary irnare is unnecessary, actually on the con- 

trary its existence may help in the interpretation of the 

schlieren picture. 

So far nothing has been said about the light source 

used in a schlieren system. Actually, it Is of great im- 

portance to the quality of the result. As stated by Shafer 

(36, p.524) the corib±nation of two factors -- contrast and 

density -- of a schlieren picture may be used as a measure 

of the quality of the picture and also of the over-all 

system. For a given system, the density increases with 

increasing size and luminosity of the source, but the con- 

trast decreases as the size of the source increases. In 

order to obtaIn a picture of good quality, the size of the 

light source should be kept sr.iall, and increase the lumin- 

osity in order to get sufficient density. 

Almost any light source of sufficient luminosity could 
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be used for a schlieren system. If the size is too large, 

it could be used behind a pinhole to reduce its effective 

size. According to the nature of the phenomenon to be 

investigated, different light sources should be used. For 

steady or slowly varying phenomenon, a continuously operat- 

ing light source, such as a gaseous discharge lamp or a 

carbon arc, is suitable. Pictures could be tal:en with the 

addition of a shutter or by the use of an ordinary camera. 

Motional schlieren pictures of slowly varying phenomenon 

may be taken by an ordinary motion picture camera. If the 

varying phenomenon is of considerable speed, a high speed 

motion picture camera could be used; the use of a synchron- 

ized recurrent pulsed gaseous discharge lamp may improve 

the quality of the pictures. If the phenomenon is a very 

fast changing property, a single pulsed gaseous discharge 

lamp or an electric spark discharge should be used. The 

single pulsed gaseous discharge lamp is of considerably 

longer duration than an electric spark, so the spark is 

often preferable. 

For the system employing a continuously operating 

light source, the alignment of the optical system or the 

adjustment of the position of the knife edge gives no 

dIfficulty. Eut for the recurrent pulsed light source, if 

it can only be operated for a short period, or for the 

single pulsed light source, the alignment or adjustment is 

not easy. This difficulty is overcome for the gaseous 
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dischar7e lamps if aiother power source is provided so that 

the sanie lamp could be operated continuously at reduced 

power input. As for the spark, it is impossible to operate 

it continuously, so some other means must be provided for 

the alignment and adjustment. 

The spark light source used in this thesis is con- 

structed as follows. The electrodes are made of one- 

quarter inch magnesium rod with hemispherical end. These 

electrodes are supported parallel to and on a piece of 

three-sixteenths bakelite plate. A small hole twenty 

thousandths of an inch in diameter is dr±lled in front of 

the gap. An ordinary light bulb is provided just behind 

the gap to illuminate the pinhole and the entire optical 

system for the alignment and adjustment operations. In 

order to trigger the gap at the desired time, another 

similar gap made of brass electrodes is supported on the 

same plate and these two gaps are connected in series and 

across four one 1VFD capacitors. A total voltage of 10 KV 

is applied to these gaps. This gives sufficient light for 

the system. The triggering action wIll be discussed later. 

The schlieren system used in this thesis is the same 

as that shown in Figure 2-9. Two Wollensak 15-inch f5.6 

telephoto lenses are used. The field of the system is 

about 6.5 cm. in diameter. The pinhole diaphragm is also 

made of a bakelite plate, a one-half inch hole Is drilled 

at the center, an Internal thread Is provided around the 
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hole. Another piece of bakelite is made Into a small cup 

with an external thread to fit into the hole. The cup is 
made with a very thin bottom, and a small hole of twenty- 

five thousandths of an inch is drilled at the center of the 

cup. The bakelite plate Is supported on a piece of wood, 

the plate could be moved up and down, right or left, by 

screw adjustments. The thread on the cup provides a small 

forward aid backward adjustment of the small hole. A piece 

of ground glass or a piece of opaque celluloid provides a 

satisfactory viewing screen. 

The procedure of aligruìent is as follows. First turn 
on the light bulb, adjust the first lens so that the pin- 

is aprox1mately at its focus. ThIs lets the parallel 
light rays fall on the second lens. If the litht rays just 
cover up the entire front face of the second lens, then 

adjust the object, that is, the discharge gap, to make the 

image of the object on the screen of the desired size. 
This adjustment is much easier if a lighted 6-volt flash- 
light bulb iS introduced into the gap space, and at the 

sanie time remove the threaded cup to permit more light rays 
to pass through the larger hole on to the screen. For the 

last step, the adjustment of the pinhole diaphragm, put 

back the threaded cup; by adjusting the screws it is not 

difficult to bring the hole to the approximate position of 

the light source image. To locate the real image position, 
the instructions given for the adjustment of the knife edge 
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In the Foucault test are applicable. If the hole is dis- 

placed slihtly, the illumination on the entire screen 

should be darkened uniformly. The system is now ready for 

viewing or taking pictures. 

2.3 Swept Picture Systems 

Generally, the naine still picture is applied to those 

pictures which are obtained in such a way; either the 

object of the picture remains unchanged, or the change is 

very slight during the entire period of exposure. The 

meaning of such pictures is quite ObViOUS. If durmn the 

period of exposure the object varies rapidly, then the 

picture obtained is rather difficult to interpret. 

Actually, the exposure of every point of such a picture is 

due to the integrated effect of the corresponding point on 

the object during the entire exposure. It shows nothing 

about the appearance of the object at any instant, or how 

the object varies. Such pictures may be called time- 

integrated still pictures. In order to study a rapidly 

varying object, the time of exposure could be reduced to 

get the so-called high speed still picture of the object at 

a particular instant, or relative motion could be intro- 

duced between the Image and the photographic film during 

the exposure in order to get a swept picture. Such swept 

pictures alone, just as the time-integrated pictures, show 

nothing about the variation of' the object. But when they 
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are used together with time-integrated stIll pictures, they 

show clearly, at least, a part of the variation. If in 

addition to the sweeping action, something else is intro- 

duced into the system to stop the unwanted part of the 

image, either high speed motion pictures or the so-called 

streak or strip pictures showing the continuous variation 

of a narrow strip of the object at different times are 

obtained. 

The sweeping action could be obtained easily by either 

one of two ways: keep the image stationary and move the 

photographic film, or keep the film fixed and sweep the 

image across the photoraphic film. For the former case, a 

strip of photographic film could be either wrapped 

the outside of a rotating drum and the image is focused 

directly on the film, Figure 2-lia, or a strip of film 

could be pressed against the ins±de of a rotating drum and 

the image focused through a reflecting mirror or prism on 

the film, Figure 2-lib. Such cameras are called rotating 

film or rotating drum cameras. For the latter case, the 

film is arranged on an arc with a rotating mirror located 

at its center. The image is focused through the rotating 

mirror on to the film, Figure 2-12. Such cameras are 

called rotating mirror cameras. 

The limit of the speed of the rotating film caneras is 

set by the mechanical strength of the photographic film; if 

the film is wrapped around the outside of the drum, at high 
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speed the securing of the film to the drum causes trouble. 

If the film is pressed against the inside of the drum, 

there are no such troubles, but then the speed is limited 

by the strength of the drum. Sweeping speeds up to 200 

meters per second are possible. With a well machined and 

balanced drum, good definition cari be maintained up to full 

speed. Large aperture lenses can be used in such systems. 

Higher sweeping speeds are attainable by using the 

rotating mirror camera. Its speed depends both upon the 

speed of the m±rror and the radius of the film arc. It is 

clear that the distance between the lens and the image must 

be longer than this radius. For a given aperture ratio the 

sweeping speed cannot be increased indefinitely, since an 

increase in the radius of the film arc needs a correspond- 

ing increase in the mirror size, and this in turn limits 

the maximum mirror speed. By sacrificing light gathering 

power, a sweeping speed of 13,000 meters per second can be 

obtained (2, p.24) 

The swept pictures are especIally suitable for study- 

in a slender self-luminous object. Usually they are swept 

in a direction perpendicular to the image of the object. 

In other words, they are swept in such a direction that the 

size of the image is narrowest In this direction. This 

causes the overlapping effect to be smaller in the result- 

ing pictures. Usually such a direction gives best results, 



but if another swept picture is taken with the sweeping 

direction parallel to the object image it ma reveal some 

other phenomena which are not shown in the former pictures. 

If a narrow slit is introduced just in front of the 

film in a moving filin camera, it stops all except a narrow 

strip of the object image on the film, thus a moving film 

type streak camera Is obtained. If a slit is introduced 

just in front of the object, then either a moving film or 

a moving mirror camera can be used to take streak pictures. 

According to the nature of the object, it may not be pos-. 

sible to put a slit close to the object, then another lens 

should be used to focus the object image on to the slit, 

and use this slit as the object of the camera. Usually 

this arrangement will give better results. 

The modifications of the above moving film or moving 

mirror system for taking high speed motion pictures are 

more complicated, and the speed of such modified systems is 

still too low for electric spark discharges, so they will 

not be discussed further here. 

The swept picture system adopted here is a rotating 

mirror type, as shown in Figure 2-12, with a comparatively 

small effective aperture, but it is suiuicient for the 

purpose at hand. The lens used is the same one for the 

schlieren system previously described. This is a very im- 

portant point which will be discussed further in the next 

section. The photographic film is arranged on an arc with 
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a radius of about 13 inches. The rotating mirror is made 

of stainless steel, wïtli the dimensions 1.5x15x15 inni. It 

is polished on one side only. It is clamped by a steel 

ring in a slot on top of a brass cylinder. The cylinder 

is fitted directly on the shaft of a universal motor, whose 

speed can be varied from about 500 to 7000 r.p.m.; these 

correspond to swept speeds 34.4 to 484 meters per second. 

A direct-current battery source is used for the motor. A 

large variation in speed is obtained by changing the taps 

on the battery, and small variations are obtained by using 

an 8 ohm rheostat connected in series with the motor. The 

speed is measured by a General Radio Strobotac. The speed 

can be kept well within one 

In the system adopted above, most of the film used is 

5-1/4 inches long, which is about 1/15 of the length of the 

circumference. In order to make the image of the object, 

in this case the impulse discharge, fall properly on the 

film, some means must be incorporated into the system to 

initiate the phenomena when the mirror is at the proper 

position. To provide a synchronous switch in the above 

system, a small rectangular carbon brush is used, fitted 

in a hole on the body of the brass cylinder. This will 

close two electrical contacts which are embedded in a bake- 

lite tube fixed around the cylinder. The position of the 

contacts can be shIfted around the cylinder to any place 

by rotating the tube. If the closing of the contacts is 
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employed to initiate the discharge, it is not d±fficult to 

make the image fall on the photographic film at a fixed 

position. The construction of the mirror supporting 

cylinder and discharge initiation contacts is shown in 

Figure 2-13. The result obtained is fairly good. The 

image of the initial discharge could be made to fall within 

a range of about one-half inch on the film. 

The mirror used is comparatively small. Actually, 

this small mirror was designed and constructed for the use 

on an air turbine. Such a turbine has been constructed and 

works satisfactorily. The speed could be ten to twenty 

times higher than the highest obtained above, but the dis- 

charge initiation mechanism is more difficult. The use of 

a photoelectric device may solve this problem. Since the 

air turbine requires more equ±pment and at the same time 

the range of speed obtained by the use of a direct-current 

motor was quite satisfactory, the latter was used. 

2.4 The Combined Schlieren, Swept 
and Still Picture System 

The interpretation of swept pictures, as discussed in 

the last section, should be studied with the corresponding 

still pictures. If the phenomenon does not vary from case 

to case, the pictures may be taken separately. But 1f the 

phenomenon varles considerably, it is better to take the 

pictures simultaneously and from the same position. 
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In the system discussed in the previous section, it is 

quite easy to get both types oí pictures on the sanie piece 

of photographic film with a single objective lens. Since 

the effective aperture used in this study is comparatively 

small, most of the light rays from the object are wasted. 

If a mirror is placed so as to intercept the otherwise 

wasted rays and reflect them on to the saine film, both 

pictures will be obtained at the saine time. The arrange- 

ment is shown in Figure 2-14. Though the mirror is small, 

sometimes still smaller apertures are needed. They can be 

obtained by putting a diaphragm with a hole of suitable 

size in front of the mirror. 

Two different types of pictures for the san discharge 

can be obtained by using the above system. One more pic- 

ture, the schlieren picture, can also be superimposed on 

the same film at a pre-selected time after the instant of 

sparkover. The schlieren picture is located at such a 

position, where its distance from the initial discharge of 

the swept picture is a measure of the time interval between 

the initial discharge and the instant the schlieren picture 

is taken. This is not too difficult to do, as is shown by 

a study of the schlieren system, Figure 2-9, and the swept 

picture system, Figure 2-12 or Figure 2-14. As mentioned 

before, in both systems the same lenses are used. This 

allows the combining of the two systems into one with only 

slight modifications. The same lens L2 in the schlieren 
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system is used as the object lens of the swept picture 

system. The rotating mirror is located just a little 

behind the image of the schlieren illuminating light 

source. It is obvious that the pinhole diaphragm stop 

could not be used any more, since it stops most of the 

light rays from the object. These rays are important in 

forming the swept and still pictures, so some other type 

of stop should be used to provide the schlieren effect. 

It could be a small knife edge stop, a disc stop, or a 

small rinr stop. The effects of the knife edge or disc 

stop are just the sanie as discussed before. The ring stop 

is actually a modification of the pinhole diaphragm stop. 

It has a hole about the size of the li.,ht source image and 

a quite thin circwïiference for stopping the refracted rays 

to give the schlieren effect. If the lens L1 is located 

too close to the self-luminous object, the reflections of 

the light from the object by the air-glass surfaces of lens 

L1 may be gathered by the lens L2 and reflected by the 

rotating mirror on to the photographic film. If such in- 

terference exists, it could be removed by changing the 

distance between lens L1 and the object, usually this gives 

no appreciable effect on the schlieren system. Such a 

combined system is shovm in I'igure 2-15. Two pictures, one 

taken w±th a ring stop, one with a disc stop, are shown in 

Figure 2-16. 

It is rather unfortunate that the pictures obtained in 
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this way lost a part of their details due to the super- 

position of the two types of pictures at the sanie position. 

Since the picture taken with a disc stop, Figure 2-16b, 

shows a lighter schileren image, it gives a little more 

detail than the picture taken with a ring stop, Figure 

2-16a. This method was not used for further studies. 

If a slit is introduced in front of the object, the 

above system changes into a system for taking simultaneous 

ordinary streak and schlieren streak pictures. Such pic- 

tures are very convenient for the determination of the 

radius-time and velocity-radius characteristics of the 

sound or shock wave associated with the discharge. It is 

also useful for the determination of the time interval 

between the main gap sparkover and the illuminating gap 

sparkover. 
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CHAPTER III 

TI ELECTRICAL SYSTEM 

3.]. Impulse Generator Circuits 

The simplest form of circuit used in producing impulse 

voltages is shown in Figure 3-1. Then the spark gap G 

breaks down, an impulse voltage is produced across the load 

resistor R. With a given impulse generator connected for 

certain voltage, the capacitor C is fixed, and the load 

resistor R and lead inductance L are the variables. Sorne- 

times the lead inductance can be calculated. 

If the effects of the charging circuit and the load 

are neglected, the impulse voltage wave form could be 

determined by theoretical analysis. The differential 

equation governing the circuit behavior is 

L - Ri -i- 

.. f idt o (3-l) 

with the initial conditions, the current is zero, arid the 

voltage on the capacitor C is equal to the charging voltage 

at the instant the spark gap breaks down. The effect of 

the spark gap is neglected. The impulse voltage across the 

load resistor R is given by 

V = iR (3-2) 

According to whether or not the value (R2 - is smaller 

than or greater than zero, the resulting voltage will be 
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oscillatory or daniped. For the case R2 - - o, the wave 

is said to be critically damped, and the value of R cal- 

culated. from this condition is called the critical resis- 
tance, which is equal to 2 . So for the oscillatory 
case, is smaller than 2'f, and for the damped case R is 
greater than 2/ . In all cases, the peak value of the 

impulse voltage is approximately equal to the charging 

voltage. 

If the load connected to the above circuit is another 

spark gap, and the impulse voltage produced is sufficiently 
large to break down the load gap, then the solution found 

from equation (3-l) holds only up to that instant. 
If it is desired to know the discharge current through 

the load gap, it may be estimated by the following equation 

L + R0i -t- 

. J idt = o (3-3) 

Where the effect of the load resistance R and the lead in- 
ductance of the load gap are assumed to be negligible and 

Ro is the small amount of lead resistance, the initial con- 

ditions are the voltaie on the capacitor C and the current 
passing through the lead inductance L remain unchanged just 
before and after the load gap breaks down. In actual prac- 
tice, the estimation of L and R, is really a d±fficult 
problem. According to whether the value of R0 is greater 
or smaller than the critical resistance, the resulting 
current wave behavior could be determined, that is, damped 
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or oscillatory. In certain cases, oscillation is undesir- 

able; the introduction of a small resistance in series with 

the load may be necessary. 

The highest impulse voltage that can be produced by 

the above simple circuit is limited by the voltage ratinas 

of the components used. So a new method must be devised if 

higher voltages are desired. An ingenuous method was given 

by E. Marx in 1923. His main idea is to charge a number of 

capacitors in parallel from a single source, and then dis- 

charge them in series to produce an impulse voltage with a 

peak value several times the charging voltage. He used 

spark gaps to perform the switching operation. iviodifica- 

tions have been made from time to time, but there has been 

no change in the basic idea. 

In almost all cases, one side of the equipment under 

impulse test is grounded, and it is preferred that both 

terminals of the equipment are at ground potential before 

the impulse is applied. So only circuits with such a 

property will be considered here. 

Circuits given in Figure 3-2 to Figure 3-5 all satisfy 

the above requirement. Their operations are all similar. 

All the resistors, except those explicitlyindicated, are 

called chargin7 resistors; they also act as isolating 

resistors during discharge. The first gap is set at a 

little lower sparkover voltage than the others. Once the 

voltage across the first gap reaches this value, the gap 
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Will break down. As soon as ït sparks over, a voltage, 

almost twice a large, will appear across the second gap 

causing it to break down imnediately. The next gap follows 

and finally an impulse voltage will appear across the load 

with a peak value that is approximately equal to the break- 

down voltae of the first gap multiplied by the number of 

stages. 

These circuits are more complicated than the simple 

single-stage impulse circuIt but under certain suitable 

assumptions an approximate equivalent circuit could be used 

for analyzing their behaviors, as shown in Figure 3-6. 

Where Q Is the resultant impulse generator capacitance, R0 

:is the lead resistance, L is the lead inductance, and C1 is 

the load capacitance. Here the value of C is comparabively 

smaller, and, generally, Cl is not negligible. If the 

values of these constants are known, the solution is not 

too difficult to find. Its property is quite similar to 

that of the simpler case. 

The circuits given in Figure 3-2 to Figure 3-5 could 

be divided into two groups. Figure 3-2 and Figure 3-5 

belon to one group, the impulse produced is of the same 

polarity as the charging voltage; Figure 3-3 and Figure 3-4 

belong to the other, the impulse produced is of the polar- 

ity opposite to that of the charging voltage. There is 

another difference, On discharge, both electrodes of the 

first gap are raised to the charging voltage in the former 
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group, and fall to round potential in the latter. This 

point is quite important if the impulse generator is to be 

modified such that it could be triggered at a specified 

time. 

The main impulse generator used in this thesis is a 

two-stage generator of 

it is reconnected into 

same capacitance. The 

is of the single-stage 

these will be given in 

the Peek type, for lower voltages 

a single-stage generator with the 

illuminating gap impulse generator 

type. A detailed description of 

Section 3.2. 

3.2 The Triggering of Impulse Generators 

In the last section no special device is provided for 

the triggering of the impulse generator. Usually the 

charging voltage for such impulse generators is set at a 

value a little higher than the breakdown voltage of the 

first gap, when its voltage reaches this value it will 

break down and produces the impulse. In cases where it is 

desired to initiate the impulse at a definite instant, the 

above system ±s not suitable. This is espec±ally true for 

the case used in these studies; the main impulse generator 

is supposed to sparkover first at a certain instant, and 

then the illuminating gap sparks over after a pre-selected 

time interval, which varies from zero to a fraction of a 

second. 

Three electrode gaps are widely used for this purpose. 
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If a three electrode gap is substituted for the first gap 

of the impulse generator and a high voltage pulse of suit- 

able magnitude is applied to the middle electrode, the 

first ap will sparkover and immediately set the entire 

generator into operation. Formerly, such a high voltage 

triggering pulse was produced by a small auxilliary impulse 

generator of the type discussed in the last section. In 

almost all cases the same triggering pulse is used to 

trigger something else, such as an oscillograph. When this 

is done it is usually necessary to delay the triggering of 

the impulse generator for a short time, usually in the 

order of a fraction of a microsecond. This can be done by 

sending the triggering pulse through a high voltage cable 

or transmission line of suitable length. But for longer 

end adjustable time delays, this is definitely not 

practical. 

Due to the recent developments in radar engineering, 

some methods used in that field can be used. A low voltage 

pulse with adjustable time delay can be produced by a 

number of electronic circuits. This pulse can be used to 

trigger the so-called t1trigger generators" to produce a 

triggering pulse, which is of a magnitude just sufficIent 

to trigger an impulse generator of not too high voltage. 

For the higher voltage impulse generators, an intermediate 

auxiliary impulse generator can be used to step up the 

trigering pulse. 
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The following is a description of the triggering unit 

used in this study. This unit is designed to produce two 

separate triggering pulses having adjustable time separa- 

tion. The output pulses are intended to trigger separately 

the main impulse generator and the illuminating gap impulse 

generator at the same time or the impulse generator can be 

triggered at a pre-selected time after the main impulse 

generator is triggered. 

The first stage is a master niultivibrator, which is 

initiated by an external switch. A switch discharges a 

0.01 microfarad capacitor from 4300 volts to ground. This 

pulse is then shaped into a single voltage rise and fall 

which triggers the master rnultivibrator. 
After receiving a trigger pulse, the master multi- 

vibrator operates for several hundred microseconds and then 

the output half of the stage suddenly cuts off, providing a 

positive output trigger pulse which is delayed in time from 

the input trigger. The output waveform is differentiated 

to produce a single positive rise at the time the output 

half of the stage cuts off. The master multivibrator is 

now insensItive to other incoming trigger pulses which 

might result from the firiflg of the external gap circuits. 

A test switch has been provided which allows the mas- 

ter rnultivibrator to trigger itself at a rate of about 140 

pulses per second. This provides a convenient recurrent 

trigger for adjusting the succeeding pulse circuits. 



The ma±n gap multivibrator is triggered simultaneously 

with the illuminating gap multivibrator by the delayed 

output sIgnal from the master multivibrator. The main gap 

multivibrator provides a positive output pulse which starts 

at the time it receives the trigger from the master multi- 

vibrator and stops after a time interval whIch is adjust- 

able from less than 5 microseconds to approximately 30 or 

40 mIcroseconds. This delay is provided so that the 

Illuminating gap can be made to fire at the same time as 

the main gap. 

The illuminating gap rnultivibrator operates the same 

as the main gap multivibrator except it has a time delay 

adjustable In steps from less than 5 microseconds to about 

13,000 microseconds. 

The 6V6 pulse amplifiers are operated normally con- 

ducting. The positive pulse outputs from the main gap and 

illuminating gap multivibrators are differentiated and 

applied to the 6V6 grids. then the positIve going front 

edge of the driving pulse is received, the plate current 

suddenly increases slightly and then returns to normal as 

the Input pulse becomes differentiated. Then the negative 

going trailing edge is received the 6V6 is cut off for a 

few microseconds until the differentiating circuit returns 

to ground again. The 6V6 delivers a 150 volt positive 

output pulse as long as it is cut off. 

The 715-A power amplifier stage Is normally cut off 
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with a static bias of about -liD volts. It is forced into 

coriduction with the positive output pulse from the 6V6 

driver stage. When it conducts it will carry a few 

amperes of plate current with 10 kilovolts plate voltage. 

The negative output pulse is used to trigger the impulse 

generator. 

The power supply contains a regulated 300 volts at 

about 160 milliamperes and a bias of approximately -110 

volts. A power line filter is provided in the 110 volt 

a.c. supply line to keep pulse surges from entering the 

dual shielded equipment through the power line. An ade- 

quate air blower is used to cool the electronic equipment 

through the air inlet on top of the shielding compartment. 

A carbon resistance of about 4,000 ohms is directly 

in series with the output of the electronic pulse genera- 

tor. This is used to stop the high power discharge wave 

from entering the electronic equipment through the 715-A 

plate circuit. A coaxial cable is used to connect a 

remote trigger switch to the trigger input jack. The 

switch can be closed manually, or by the rotating mirror 

contacts. 

A circuit diacram of the unit is shown in Figure 3-7. 

The complete circuit diagrams of the main impulse generator 

and the illuminating gap impulse generator are shown in 

Figures 3-6 and 3-9, respectively. 

In the main impulse generator, at the very beginning, 
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two one-inch spheres were used for the outside electrodes 

for the three electrode gap, and a 2-cm. sphere was used 

for the niiddle electrode, all these electrodes are made of 

brass. When all these electrodes are clean, the triggering 

action works quite well, but after a few sparkovers the 

three electrode gap begins to indicate that it is not work- 

ing properly. Sometimes it even refuses to respond to the 

triggering at all. ThIs is due to the change in the sur- 

face property of the electrodes after several sparkovers, 

arid may be due to the triggering pulse not being strong 

enough. Different shapes of electrodes and different 

materials have been tried, such as needle gaps made of 

brass and steel; rod gaps made of brass, aluminum, magne- 

sium and tungsten with rounded tips. Of these, only the 

tungsten rod gap proved to be better. It was made of 3/16 

inch tungsten rod. When it is first installed, it did not 

work properly, but after a certain number of heavy dis- 

charges it could be made to work for about 50 or 70 sat-Is- 

factory operations. After this number of sparkovers, small 

sharp points begin to appear on the positive electrode, it 

still could be triggered but it would not withstand the 

constant voltage that is applied to the gap. It is be- 

lieved that the surface contamination of the tunrsten is 

the least, and it is therefore a good material for such 

electrodes. The above type of electrodes were used until 

sorne of the properties of the plane electrode gaps were 
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brought out by further studies. The plane electrode gap 

has some definite advantages over other shapes of gaps. 

These will be discussed later in this thesis. 

Two plane electrode type three-electrode gaps with a 

diameter of about 3/4 inch made of stainless steel and 

magnesium, and one with a diameter of about 1/2 inch made 

of aluminum have been tried, all give good triggering 

action. The gaps are made in the form of two plane elec- 

trode gaps connected in series, and are located so that 

the light given out by one gap will illuminate the other. 

This may help cut down the time lag in the succeeding oper- 

ations. The construction of such plane electrodes, 

especially for short spacing, is quite easy. A flat sur- 

face not necessarily of high precision and a rounded edge 

are all that are required. A highly polished surface is 

not only unnecessary but also unwanted. A polished sur- 

face will work properly only after a number of preliminary 

sparkovers. It is much easier and better to prepare the 

surface by using a mediui grit emery clotb. Electrodes 

prepared in this manner will operate satisfactorily with no 

preliminary sparkovers. 

In contrast with the tungsten rod gaps, whose elec- 

trodes must be reground and reconditioned every 50 to 70 

sparkovers, the plane electrode works so well it seems no 

further reconditioning is necessary. 

The triggering unit works quite well if the voltage 
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applied to the two outer electrodes lies in the range from 

7 to 15 kilovolts. So for different output voltage, a 

little different arrangement of the impulse circuit should 

be made to keep the voltage on the three electrode gap 

within this range. Three different arrangements have been 

used. They range from approximately 7 to 70 kilovolts. 

These circuits are shown in Figures 3-9, 3-lO and 3-11. 

In the illuminating gap impulse generator, the case is 

a little different. This generator is used at a fixed 

voltage of 10 kilovolts with a discharge capac±tance of 

4 microfarads. Due to the heavy discharge, every time it 

discharges it evaporates a considerable amount of the 

electrode material, so a nevi surface is prepared for the 

next time. It seems that any electrode shape or material 

is satisfactory for operation of this type. 
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CHAPTER IV 

TEE 2-cm. SPEERE, PLANE, SQUARE END 
AND POINT ELECTRODE GAPS 

4.1 The Various Types of Electrode Gaps 

In this study, various types of electrodes have been 

used. The 2-cm. sphere gap was made according to the 

American Institute of Electrical Engineers' specifications 

for sphere gaps of larger sizes. The frane was made of 

oil-treated hardwood; the pieces were jointed together by 

wooden pins. The top sphere was fitted with a metric 

system micrometer head for setting the required spacing. 

The lower sphere was fitted to a threaded shank, and could 

be adjusted up and down for the zero position. There are 

two different sets of such spheres; one made of brass, the 

other aluminum. The same frame and micrometer head were 

used for other types of electrodes. 

The plane electrodes were made accordn to the so- 

called Rogowaki profile to avoid edge effect. Rogowski 

devised such a profile by using 1Iaxwell's analysis of the 

electrostatic field due to a finite plane plate parallel to 

an infinite plane plate. Maxwell's result is expressed by 

the equations in two dimensIons 

= A(+ osp) 
(4-1) 

Y = A( ') 



Where 
'fr 

represents equipotential surfaces and the lines 

of force, both of which nay take on various constant 

values, and X and are the coordinates, as shown in 

Fiure 4-1, the constant for the equipotential surface of 

potential y for the difference of potential V for the 

plates may be written as x - (v/V)7, while a - A/7z' 

For a given value of a, the field can be found by assuming 

a value of x and solving the equations for x and for 

different velues of çb . For x - , equation (4-l) 

be comes 

x= 
(4-2) 

y 

If the curve given by equation (4-2) is rotated about an 

axis perpendicular to the parallel plates, a sat±sfactory 

surface will be obtained for a plane electrode. A simpler 

method of designing such electrode was devised by C. Stoerk 

and is given in Cobinets "Gaseous Conductors", page 180. 

The plane electrode used in the work described here was 

constructed with a circular plane portion having a diameter 

of two centimeters arid with the value of a 3 mm., which 

is equivalent to a spacing between two Identical electrodes 

of 6 inni. 

The plane electrodes were constructed as follows. 

First a template was made according to the calculated pro- 

file, and a forming tool was grounded by checking with the 
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template. The electrodes were cut roughly to the required 

shape and then finished by using the forming tool. The 

flat surfaces were obtained by grinding against a flat 

surface with abrasives. A guard ring around the electrode 

was used to obtain better results. 

As soon as the electrodes were finished, a breakdown 

characteristic was taken. A spark dIstribution test was 

performed next. The gap spacing was set at 25 mm., twenty 

impulse discharges were passed through the gap at a voltage 

very near to the breakdown value for that spacing, only the 

actual sparkovers were counted. Then the marks left on the 

electrode surfaces by the discharges were polished off, and 

the test was repeated for different spacings. The value of 

the d±scharging capacitor was kept the same for all spac- 

ings. The discharge marks were photographed and are shown 

in Figure 4-2. 

There are several interesting points that are brought 

out of these pictures. 

1. For spacings up to 10 mm., all discharges 

pass through the plane portion of the elec- 

trodes. At 15 mm. spacing, most of the 

discharges still pass through the plane 

portion, but some are around the edge. At 

20 and 25 mm. spacings, all discharges take 

place around the edge. 



FIG.4-2. DISTRIBUTIONS OF TWENTY SPARK DISCHARGE MARKS ON THE 

SURFACE OF PLANE ELECTRODES AT DIFFERENT SPACINGS 

NEGATIVE POSITIVE NEGATIVE POSITIVE 

2.5 mm. SPACING 6.0 mm SPACING 

IO mm. SPACING 15 mm. SPACING 

20 mm. SPACING 25 mm. SPACING 
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2. For lower spacings, none or very few dis- 

charges are started from the same place. 

For higher spacings the number of discharges 

starting from the same place increases; the 

number increases with spacing. In other 

words, we may say: for lower spacings, the 

discharges prefer to start from a new sur- 

face; for hIgher spacings the discharges 

prefer to start from the marks left by 

previous discharges. 

3. The size of the discharge marks on both 

positive and negative electrodes increases 

with spacing. 

4. For lower spacings, the distribution of the 

discharges marks on the surface is quite 

unIform. The uniformity decreases with 

increased spacing. 

Point i also shows that the plane electrode gap works 

satisfactorily up to 10 mm. spacing, even quite well for 

15 mm., although the design is for 6 mm. Point 4 shows 

another satisfactory point for these electrodes; there is 

no preferential point on the electrodes due to construc- 

tian, all points on the surface have equal chance for 

sparkover. Both of these points show that the field is 

quite uniform inside the plane portion for low spacings. 

Another proof of the uniformity of the field could be 
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obtained in the schlieren pictures obtained for the plane 

electrode at 10 mm. spacing, all the streaiers associated 

with the main discharge go straight across the gap. There 

is one more point which is not shown In the pictures, that 

is, the marks left on the positive electrode are much 

deeper than those on the negative electrode. 

The different sets of plane electrodes were made; one 

with stainless steel, another with magnesium. 

The other electrodes used were all made of stainless 

steel. The square end electrodes were made of one-quarter 

Inch stainless steel rod with a flat end surface and a 

square ede. There are three different sets of point 

electrodes -- 300, 600 and 900. These are the included 

an1es of their profiles measured from the tips. 

4.2 Impulse Voltage Sparkover 
Characteristics of Various Gaps 

The impulse voltage sparkover characteristic in the 

conventional sense means that a voltage-spacing relation 

is obtained when the number of actual sparkovers out of 

the total number of impulses applied is about 50. In the 

test described here, it is found that in certain cases for 

a fixed spacing there is a quite large rane of voltage 

from no sparkover to all sparkovers. The conventional 

characteristics show only a single curve. This can not 

give any idea about this nature of the gap used. It seems 
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that it is much better to take two different characteris- 

tics, one at about 5 sparkovers and one at about 9b» 

sparkovers. This is shown clearly in the results obtained 

for different types of electrodes. 

The procedure used in taking such characteristics is 

as follows. The first gap in the impulse generator is set 

at a fixed value and the charging voltage is adjusted to a 

value that is somewhat higher than the breakdown voltage 

of the first gap. As soon as the voltage across the first 

gap reaches its breakdown value, an impulse will be pro- 

duced. The impulse voltages produced in this way for a 

fixed spacing of the first gap should have values that are 

very close to each other, since they are really direct- 

current breakdowns. The gap to be tested is adjusted to 

the desired spacing and connected into the impulse circuit. 

Twenty successive impulses are applied to the test gap at 

the fixed spacing, the number of actual sparkovers is 

noted. Then the test gap is changed to another spacing 

with all the settings and adjustments of the impulse cir- 

cuit unchanged, twenty more impulses are applied, similarly 

the number of actual breakdowns are noted. The above tests 

are repeated for a range of different spacings of the test 

gap. From the above results, two special spacings, one 

corresponding' to 5' sparkovers and one corresponding to 

95% sparkovers, are selected for the characteristic. The 

value of the impulse voltage is obtained in a similar test. 
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All conditions are kept the same, except that a 6.25 cm. 

sphere gap was substituted for the test gap. Finally, the 

spacing correspondin, to 5O sparkovers is selected, and 

the value of the impulse voltage is determined from the 

values riven by the standard of the American Institute of 

Electrical Engineers. Both pressure and temperature are 

recorded, and corrections are applied. Relative humidity 

is noted, but no correction has been made for this in the 

results. 

In order to save time in taking such characteristics, 

the time interval between two success±ve impulses can be 

reduced to about 20 or 30 seconds. A blower is used to 

circulate the air in the gap space. The effect of the 

blower can be demonstrated clearly by counting the number 

of actual sparkovers out of a tot. number of impulses 

applied with the blower on and with the blower off. The 

number obtained with the blower on is always larger than 

that with the blower off. In other words, the sparkover 

voltage is lowered for a given spacing. This is especially 

true for the lower spacings. It is believed this is due to 

the decrease of available electrons or ions, which are im- 

portant in initiating the discharges, as a result of the 

preceding impulses. This point of view is also supported 

by the fact that when an impulse is first applied to a gap, 

it often sparks over, but not for the succeeding impulses, 

even though they are of the same magnitude. Since th±s 
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case is for single impulse, the use of a blower gives 

results which should be more nearly correct. 

Tests have been carried out for all the gaps des- 

cribed in the last section and are shown in Figure 4-3 to 

Figure 4-9. There is no essential difference between the 

brass and aluminum 2-cm. sphere gaps. For the plane elec- 

trode zaps, there is no essential difference up to about 

16 mm. spacing, but above that value the magnesium elec- 

trode curve bends down first, and the stainless steel 

electrode curve follows at about 20 mm. spacing. This is 

due to the slight differences in the curvature at the 

edges between the plane portions and the curved portions. 

They both work vieil above the designed spacing value of 

6 mm. 

By a comparative study of the characteristics obtained 

for the different types of electrode gaps, it is not diffi- 

cult to see the superior properties of the plane electrode 

gap over the other gaps studied, including the 2-cm. sphere 

gap. The sparkover gradient of the stainless steel plane 

electrode gap is almost of a constant value of about 31.5 

kv/cm, up to 20 mm. spacing. The range of different spac- 

ings from 5 sparkovers to 95% sparkovers is smaller than 

those of other gaps, especially at low and high spacings. 

For the 2-cm. sphere gap the range is larger at both low 

and high spacings. The deviation is more serious for the 

point electrode gaps. This is especially pronounced for 
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the 300 point electrode gap at low spacing. then the 

impulse voltages applies are as high as those indicated by 

the dotted part of the 95 sparkover characteristics in 

Figure 4-7 to Figure 4-9, occasionally they may still fail 

to spark over at the short spacings as indicated. This 

seems to be due to the surface contamination by the pre- 

vious discharges. Similar effects exist in the 2-cm. 

sphere gap characteristics but to a lesser decree. In the 

plane electrode gap, this is somewhat different; if a part 

of the surface is contaninated, a new and uncontaminated 

portion is still available. This is supported by the dis- 

tribution of discharge marks at low spacings, as shown in 

Figure 4-2. 

For the larger spacings, widening of the range may be 

due to the lack of suitable electrons or ions in the 

limited space at the instant the impulse is applies. In 

the plane electrode gap, there are more places at which 

each point is equally stressed, so there are more chances 

to have suitable electrons or ions available for the in- 

itiation of the sparkover. Evidence of this can be 

obtained in the schlieren pictures taken for plane elec- 

trode at 10 mm. spacing at 30 overvoltage. There are 

almost always several streamers in the gap besides the 

main spark. These are the co:îipetitors of the main dis- 

charge. In case the main discharge fails to complete the 

discharge, any one of the streamers will take its place to 



complete the discharge. Double sparkover is not a too rare 

phenomenon in plane electrodes. Even at the high spacings, 

at which the sparkovers take place around the edge of the 

electrode, the plane electrode is still in a favorable 

position because it has a region of a circular ring instead 

of a point as in the other types of electrodes. From the 

above point of view, the larger is the plane portion of the 

electrode, the better its characteristics will be. 

The characteristics for the square end electrode gap 

are interesting. For low spacings, it is similar to that 

of a plane electrode gap, and for high spacings it Is 

similar to the point electrode gaps. There is a transition 

region connecting the low and high spacing regions. This 

is a very reasonable result: for the low spacing, the flat 

surface acts as a plane electrode, and the effect of the 

edge is small; for the high spacing the sharp edge acts as 

a sharp point. 

It seems that one more point should be mentioned in 

regard to the plane electrode gap. The range of different 

spacings from Ö' sparkovers to 95 sparkovers is especially 

narrow for the plane electrode gap near 6 rru. spacing. The 

same results were obtained at different times for both 

stainless steel and magnesium gaps. It is an unexpected 

coincidence that these electrodes were designed for 6 mm. 

spacing. It is very doubtful that there is any relation 

between the two, since In the design nothing is related to 
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such a result. It is more probable that a change of the 

discharge mechanism is involved, such a tendency also 

exists in the case of the 2-cm. sphere gap. Schlieren 

pictures have been taken for this soacing, but nothing was 

found from the pictures relating to this point. Further 

studies by methods other than those used here may be 

necessary to bring out the facts. 
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CHAPTER V 

STILL, SVEPT, STREAK AND SCiiLIEREN PICTTJRES OF ELECTRIC 
IL'IPULSE DISCHARGES BETWEEN rFdVO 2-cm. SPEERE ELECTRODES 

5.1 The Still and Streak Pictures 

The direct apparent appearance of a spark discharge is 

well known. It is very bright and lasts only for a very 

short time. Due to its brightness and short duration, the 

details of such a discharge are very difficult to observe 

by direct viewing. This can be helped by taking an ordin- 

ary time-integrated still picture, which actually is an 

ordinary still picture for the entire duration of the dis- 

charge, with all luminous phenomena occurrn during the 

discharge superLnposed on one picture. One such picture 

taken for a 2-cm. sphere gap at about 3% overvoltage is 

shown in Figure 5-1; due to the loss of details in printing 

it was printed twice for different printing times. 

There is a quite straight and very bright core with a 

diameter of approximately 3 mm. Around the core, there is 

a couparatively fainter envelope with a well defined bound- 

ary which has a diameter of approximately li mm., and the 

diameter near both electrodes is about 2 mm. larzer. 

Outside this envelope, there is a luniinous rectanular 

region near the center of the gap which has a cloudy 

appearance without a sharp boundary. The size of this 

region is about lB x 20 mm. It seems that there are four 
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globes of luminous substance distributed just inside each 

corner of the region. Pictures as described above were 

published as early as in 1900. (34, plate 9) 

In order to explain these different phenomena, other 

methods, or rather other types of pictures, should be used. 

One of these is the streak pictures as discussed before. 

Set the 2-cru. sphere gap in a horizontal position, and a 

slit of about 0.5 min. is put in front of the gap and in 

the neutral plane of the gap. Then the streak picture can 

be taken by using the rotating mirror system. Such a pic- 

ture is shown in Figure 5-2. It is printed twice to show 

the details. 

The streak picture shows clearly that the bright 

central core lasts less than 2 microseconds, but before it 

dies down there is a fainter portion of the discharge that 

expands rapidly to a maximum width of approximately 9 mm. 

in a time of about 5 microseconds after the initiation of 

the discharge, then gradually dies down. This Is un- 

doubtedly due to the fainter envelope described above. In 

sorne cases, a still wider and fainter luminous portion can 

be seen on the negative film or vIewing screen, but 

generally it is too faint to be observed in the print. 

This is due to the rectangular region described above. 

From the spectroscopic studies of Schuster and 

Hemsalech (35, pp.199-200) and others, the bright core is 

due to the discharge through the air. The fainter part is 
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due to its expansion. From the studies of spark discharges 

in air by Flowers (11, p.228), it is known that the total 

aniount of light given out by a discharge is roughly pro- 

portional to the discharge current at that instant. It is 

possible to estimate that the main discharge current in 

these pictures Is of a duration somewhat less than 2 micro- 

seconds, and drops to a lower value 1astin up to 5 micro- 

seconds, then dies down radua1ly to zero. The cloudy 

rectangular region is actually due to the metal vapor 

evaporated from both electrodes. The evidence of this 

conclusion will be given in section 5.4 by using the 

schileren and swept pictures. 

5.2 Te Schileren Pictures 

The luminous and directly observable phenomena 

associated with the spark discharge have been discussed in 

the last section. But there are other phenomena which are 

invisible and are also associated with the same discharge. 

Among these the most evident one is the shock or sound 

wave. It can be heard by the ear. It is well known that 

the sound wave could be made visible by any one of' several 

different methods: the shadowgraphic, the schlieren and 

the Interferometric methods, In thIs study, the modified 

schlieren method is used; lt not only makes the sound wave 

visible, lt also shows other associated invisible phenom- 

ena. A schematic diagram of the complete electrical and 
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optical systens used for taking schileren pictures of 

electric discharges is shown in Figure 5-3. 

Both the illuminating ap and the illuminating gap 

impulse generators have been described before. Then the 

charging voltage of the generator is set at 10 kv., the 

main light output lasts less than one microsecond, as 

tested by using the rotating mirror system. The exposure 

of the schileren pictures taken by this system is of the 

order of one microsecond. If the charging voltage is 

increased to above 10 kv., the rotating mirror shows the 

illuminating gap discharge is actually oscillatory. The 

second, third, and sometimes even the fourth or fifth 

light pulse are observable. 

If the optical system is constructed accordinc, to the 

procedures stated in section 2.2, the taking of a schlieren 

picture is quite easy. It is only necessary to set the 

main gap spacing, the different gaps in the main impulse 

generator and the tIme delay for the illuminating gap. 

Energize the source to charge both impulse generators, 

wait about one minute for the charging of the capacitors. 

Close the manually controlled initiating switch; the main 

gap will spark over first, and the illuminating gap will 

follow after a pre-selected time interval. Then a 

schlieren picture of the discharge at the time as selected 

will appear on the viewing screen. If a photographic film 

is used instead of the viewing screen, a schlieren 
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photograph will be obtained. In almost all cases, the 

object to image ratio was adjusted to about one to one. 

Schlieren pictures of electric impulse discharges 

between two 2-cm. sphere electrodes, at different spacings, 

different overvoltages and different times after the 

instant of sparkover have been taken. The pictures are 

shown in Figure 5-4 to Figure 5-9. 

Some pictures ten with the gap axis lying in a 

horizontal direction are shown in Figure 5-10. There is 

no detectable difference as compared to those obtained for 

the gap axis is in a vertical position. This indicates 

that the phenomena associated with impulse discharges are 

not affected by either the gravitational force or by the 

lifting effect of hot gas. This is true at least for the 

time intervals used in these tests. 

5.3 The Shock or Sound Wave and the 
Disturbed Gas Envelope for 
the Discharge Path 

The pictures as given in the last section show 

clearly the life histories of the electric impulse dis- 

charges. The pictures shown in Figure 5-4 are for the case 

of 25 mm. spacing and at about 37 overvoltage. At the very 

beginning the discharge is seen as a narrow and quite 

straight path. It expands rapidly in the radial direction. 

The velocity of expansion is more than twice the value of 

the normal sound wave. Up to 3 microseconds, no apparent 
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FIG.5-5 SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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FIG5-6 SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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FIG.5-7 SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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FIG.5-8 SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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FIG.5-9 SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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FIG.5-IO SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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shock or sound wave can be seen on the picture. At 5 

microseconds, the shock wave is separated from the dis- 

turbad cylindrical region by a small distance. This 

distance increases more and more as time goes on, the 

shock wave reaches the edge of the schlieren field at 

about 50 microseconds. The velocity of the shock wave 

near both electrodes is somewhat smaller due to the effect 

of the electrodes, this can be seen in the pictures for the 

interval of from 10 to 50 microseconds. The shock wave 

velocity dies down and approaches that of normal sound at 

about 100 microseconds. This will be discussed again 

later. 

At the same time that the shock wave is expanding, 

the disturbed gas region expands outward but at a much 

slower rate. There is more energy available near both 

electrodes due to the higher voltage drops. The disturbed 

gas region expands more near the electrodes. This is also 

shown in the still picture of the last section. Up to 

about 50 microseconds, there is no great change in the 

shape of the disturbed gas. In the picture at 100 micro- 

seconds, the disturbed gas is separated from both elec- 

trodes and appears with definite boundaries on all sides. 

The envelope of the disturbed gas as it appears in the 

pictures at 100, 150, and 250 microseconds is of a rec- 

tangular form; it flattens and expands gradually as time 

goes on. By careful inspection, horizontal striae can be 
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found on the disturbed gas envelope in all pictures up to 

250 microseconds. This may be due to the fact that the 

dissipation of energy is not uniforni along the entire 

discharge path. 

At 500 microseconds, the form of the disturbed gas is 

no longer as regular as in the early stages, but it still 

keeps the general features. It still expands and diffuses 

gradually. At 5,000 mIcroseconds, it almost fills the 

entire schileren field with no definite form. Pictures 

have been taken up to 13,000 microseconds, which Is the 

upper limit of the time delay equipment. They are of the 

saine nature as at 5,000 mIcroseconds, but they are much 

I 

The pictures shown In F±pure 5-6 and Figure 5-8 are 

taken under similar conditions but with 10 min. and 2.5 mm. 

spacings, respectively. They show the same processes but 

the changeovers from stage to stage are cowpleted in 

shorter time intervals. Figures 5-5, 5-7 and 5-9 are under 

similar conditions to Figures 5-4, 5-6 and 5-8, but the 

overvoltage is 30'. At 2.5 mm. spacIng, due to the fact 

that the change in energy is quite small, there is no 

apparent difference In Fi':ure 5-8 and Figure 5-9. At 10 

min. and 25 mm. spacings, the corresponding sound wave and 

disturbed gas enve1oe are considerably larger for 30, 

overvoltae. For the convenience of comparison, some 

pictures of different overvoltages are collected toether, 



103 

as shown :1n Figure 5-11 and Figure 5-12. 

There are sorne very interesting points about the 

gradual changes of the disturbed gas envelope from 50 to 

250 mIcroseconds. Sorne pictures in this range are shown 

in Figure 5-13. The disturbed gas Is well attached to both 

electrodes at 50 microseconds after sparkover. At 70 

microseconds, something very interesting is occurring. 

There are two "neckstt, one at each electrode, appearing in 

the picture; these indicate that the pressure inside the 

envelope is smaller than the outside pressure. At 100 

microseconds, the necks become smaller and both central 

parts of the top and bottom sides of the envelope are 

pressed inward by the higher outside pressure. At 125 

microseconds, the necks are almost cut off, and the envel- 

ope is pressed in more and more. At the same time there is 

something coming out from both electrodes and goes straight 

toward the center of the envelope; this is also shown at 

the negative electrode in the picture for 150 microseconds, 

but at this time something that looks like a liquid drop 

is left on the positive electrode. This is the metal vapor 

evaporated from the electrode by the discharge. The form 

indicates it is closer to being liquid than vapor. But at 

250 microseconds, it breaks up into the ordinary form of a 

vapor. At 150 microseconds, the metal vapors from both 

electrodes meet at the center of the envelope and move 

outward radially, but are still enclosed in the envelope. 
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FIG.5-12 COMPARATIVE SCHLIEREN PICTURES OF SPARK DISCHARGES 
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FIG.5-13 
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FIG.5.-I4 GRADUAL CHANGES OF THE DISTURBED GAS ENVELOPE FROM 50 TO 250 
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This can be seen more clearly in the picture at 250 micro- 

seconds. At 250 microseconds, a big cavity is produced at 

the center of the envelope. 

The pictures at the top row of Figure 5-12 were ob- 

tamed with about 3% overvoltage at 25 min. spacing, and 

those in the bottom row were obtained with 30% overvoltage. 

Figure 5-14 shows similar pictures for lO mm. spacing. 

They all show similar results, but the changeovers are 

faster for 10 mm. spacing. 

In order to get more information about the different 

phenomena discussed above some additional pictures have 

been taken. Some ordinary streak pictures, together with 

superImposed schlieren streak pictures at different times 

after sparkover, have been taken according to the method 

described in section 2.4. In taking such pictures the 

i1luminatin gap impulse generator voltage was purposely 

raised to above 10 kv to make the 1i'ht output duration 

longer. Due to the oscillatory nature of the discharge, 

the schlieren streak pictures are shown as bright and dark 

bands. Two of such pictures are shown in Figure 5-15 for 

illus traton. 

Such pictures show that the luminous boundary, the 

disturbed gas envelope, and the shock wave all coincide at 

the beginninc and up to about 3 microseconds. The shock 

wave moves faster after 3 microseconds, so it is separated 

first. The luminous boundary begins to lose its sharpness 
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at about 5 microseconds after sparkover and gradually dies 

down toward the center, but the boundary of the disturbed 

gas s still expanding after 5 microseconds at a much 

reduced rate. 

The radius-time characteristics of both the shock wave 

and the disturbed gas envelope could be obtained by such 

pictures. Such characteristics taken for different spac- 

ings and different overvoltages are shown In Figure 5-16 

to Figure 5-21. They are larger for higher energy input. 

The velocity characteristic of a shock wave as a 

function of radius can be obtaIned by measuring the tan- 

gents to the radius-time characteristic, the result 

obtained indicates the general nature of such waves but the 

accuracy is not too high. The velocity-radius character- 

istics are shown in Ficure 5-22 to Figure 5-27. The 

initial velocities are about two or three times that of the 

normal velocity of sound, and all approach the normal sound 

velocity at several centimeters from the center line. It 

is known that when a shock wave passes through a gas, It 

dissipates its energy in the form of heat as it goes on. 

The rate of decrease of the velocity indicates somewhat the 

rate of dissipation of its energy. Roughly, the decrease 

of velocity follows the exponential law as shown by the 

results. 
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5.4 The Swept Pic tur e s and the 

Path of the Metal Vapor 

It has been stated previously that the light given out 

by the cloudy rectangular region is due to metal vapor. 

This can be made clear by using the swept pictures, as 

shown in Figure 5-26 to Figure 5-30. In Figure 5-28 and 

Figure 5-29, the same pictures are printed twice for 

different printing times to show the details. At the very 

beginning of the horizontal swept pictures ti1ere is a very 

bright narrow column, which is of about the same size and 

shape as the bright core in the still picture. Some 

fainter light is given out along the entire discharge path 

and dies down gradually. This corresponds to the fainter 

luminous envelope in the still picture. In addition to 

this illumination, there are two quite bright liht bands 

starting from each electrode moving toward the center of 

the gap, the front edges meet each other at about 100 

microseconds and the rear edges meet at about 150 micro- 

seconds. These are due to the metal vapors as revealed by 

Schuster and Hamsalech. The difference in nature of the 

light given out by these bands is also shown clearly on the 

viewing screen, but the difference is not shown by the 

picture. After the metal vapors meet each other, they 

move apart again, as indIcated by the later part of the 

image; their positions in the vertical direction are just 

the same as the cloudy region in the still picture. The 
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FIG.5-28 STILL AND SWEPT PICTURES OF SPARK DISCHARGES 
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FIG.5-29 STILL AND SWEPT PICTURES OF SPARK DISCHARGES 
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FIG.5-30 STILL AND SWEPT PICTURES OF SPARK DISCHARGES 
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horizontal positions are also the same as shown in the 

corresponding still picture. 

In connection with the schlieren pictures, it is 

possible to conclude that the metal vapors start from 

both electrodes and move into the center of the gap. When 

they meet each other they move radially out and back to 

form two vortex rings at the position shown in the still 

picture, and lie within the disturbed gas envelope as 

shown in the schlieren pictures. 



CHAPTER VI 

STILL, SWEPT AND SCHLIEREN PICTURES OF 
ELECTRIC IMPULSE DISCHARGES BETWEEN 

PLANE, SQUARE END AND POINT ELECTRODE GAPS 

6.1 Plane Electrode 

The schlieren pictures obta!ned for the plane elec- 

trode gap are shown in Figure 6-1 to Figure 6-6. They 

follow the same patterns as shown by those for the 2-cm. 

sphere gap. But there are some differences. 

The most evident one is that there are more streamers 

associated with the main discharge in the case for plane 

electrode gap than in the case for 2-cm. sphere gap. This 

is especially true for the 3O overvoltage case, the 

streamers not only exist in the initial stage but also 

exist in almost all the lstter stages, as shown in Figure 

6-2. The streamers, in the latter stages, exist exclu- 

sively outside and around the disturbed gap envelope of the 

main discharge. It seems that the apparent dielectric 

strenth is smaller outside the disturbed gas envelope than 

that inside the envelope. This is quite a strange result; 

generally, lt Is believed that inside the envelope the gas 

or vapor is at least partly ionIzed; it should have a lower 

dielectric strength than that of the outside. This may be 

due to the fact that the outside of the disturbed gas 

envelope is ionized by the intense liht radiation from the 

main discharge to make available free electrons, which 
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FIG.6-2 SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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FIG.6-3 SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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FIG.6-4 SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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FIG.6-5 SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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FIG.6-6 SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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causes the outside ar dielectric strength to decrease. 

And at the same time, besides reconibination, the electrons 

inside the disturbed gas envelope are attached to the metal 

vapor molecules to form ions, which are much less effective 

in ionization process. This gives an at'parent Increase in 

Its dIelectric strength. On the other hand, the rapid ex- 

pansion causes a decrease in temperature inside the 

envelope and the dissipation of the shock wave increases 

the outside temperature. 

The double sparkovers due to a single impulse voltage 

appear more often in the plane electrode gap. Some pic- 

tures obtained during the tests are shown in Figure 6-7. 

Generally, the size of each discharge Is smaller than that 

of a single sparkover. The disturbed gas envelopes of 

double sparkovers affect each other very seriously when 

they meet. In the latter stages, it is dIfficult to tell 

by the schlieren pictures whether it is really a double 

sparkover, but the superimposed faint ordinary images give 

a very good identification and locates the approximate 

positions of the sparkovers. 

At lower spacings, most of the discharges spark over 

Inside the plane portion of the electrode. At the early 

stages, both the shock wave and disturbed gas boundary 

appear about the same as in the case of 2-cm. sphere gap. 

ut at later stages, the results are a little different. 

In the case of the sphere gap, the impulsive explosion 
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effect of the discharge is transmitted to the disturbed 

gas. The presence of the sphere electrodes permit the gas 

to move only radially out and, with very small momentum in 

the axial directIon. As the disturbed gas moves out 

radially, a comparatively lower pressure region is formed 

inside the disturbed gas envelope. The electrode curvature 

makes possible a path for the outside air to move slowly 

and press into the disturbed gas region along the electrode 

surface. The gradual and slow action makes the change of 

the shape of the disturbed gas envelope follow a definite 

pattern as described in the previous chapter. In the case 

of plane electrode, if the discharge is inside the plane 

portion of the electrode, there is no corresponding curva- 

ture to allow the inward flow of the outside air. But the 

inside pressure is actually dropping due to the outward 

rnoton of the disturbed gas. As soon as the disturbed gas 

loses all its momentum, an inrush air current will occur. 

This is more violent, so the gas envelope is disturbed more 

than In the case of sphere gap. At higher spacings, the 

discharges are around the edge. This is very similar to 

that of the sphere gao, so there is very little difference. 

The amount of metal vapor evaporated from the plane 

electrodes seems to be less than that evaporated from the 

other types of electrode tested. The larger mass of the 

electrode provides a larger conductive capacity for heat. 

It conducts away nore heat, consequently, less metal vapor 
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is evaporated. 

Swept pictures have also been taken for both the 

stainless steel plane electrodes and the magnesium plane 

electrodes, as shown in Figure 6-8. The swept pictures 

show that there is more light given out by the metal vapor 

from magnesium electrodes than from stainless steel elec- 

trodes. No other effects have been found that are due to 

difference in material. In the repolishing process the 

discharze marks left on the stainless steel electrodes are 

much more difficult to polish off due to the toughness of 

the material. In both electrodes, the amount of material 

to 'ce polished off is about the sane. So for general use, 

the softer material is preferred. It is believed that 

electrodes made of brass are as good as those made of 

magnesium. 

6.2 Square End and Point Electrode Gaps 

The discharge path is quite smooth and straight in 

appearance for both the sphere gap and the plane electrode 

gap at low overvoltage. At öo% overvoltage, the path be- 

comes a little curved but still quite smooth. For the 

square end and the point electrode gaps, the discharge 

paths are much more curly in appearance; the schileren 

pictures for these gaps are shown in Figure 6-9 to 

Figure 6-12. 

The electric field produced in a sphere gap or a 
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FIG.6-9 SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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FIG.6-IO SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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FIG.6-II SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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FIG.G-12 SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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plane electrode gap is quite uniform between the elec- 

trodes. Once the discharge starts, it moves at a very 

rapid rate toward the other electrode. In the square end 

and the point electrode gaps, the field is more concen- 

trated near the sharp edges or the sharp points and the 

field between the electrodes is actually comparatively 

small. Generally, the discharge is started near the sharp 

edges or sharp points at both electrodes. These separate 

discharges move at a lower speed into the gap. As they 

move on, the field strengths near the tips are increased by 

the charges associated with them. This causes further 

motion in a direction that depends on the local condition 

at that instant. Finally, they meet at some point between 

the electrodes and complete the discharge path. Generally, 

such paths are curly and contain a large break somewhere in 

the path. 'The reason for such an apoearance is clear, if 

the above description s correct. 

The shock waves produced by the discharges in these 
gaps also supports the above explanation. These shock 

waves are the results of several different ones produced 

along the discharge path. Usually, there are two; one 

starting from each electrode. They meet each other near 

the center of the gap and produce the characteristic 

appearance o the interference of two shock waves. This is 

shown quite clearly In the picture for 20 microseconds in 

Figure 6-11. 
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Due to the uneven distribution of the shock waves, the 

disturbed gas envelope also appears to be subdivided. This 

is especially clear in the latter stages, but the changes 

at different stages still follow those of the sphere gap. 

Figure 6-13 arid Figure 6-14 are the schlieren pictures 

for these four types of gaps at 10 mm. spacing. The 

difference between these and those of the sphere gap is 

much less pronounced, except very close to the electrode. 

The shock wave is spherical rather than cylindrIcal. 

There Is no appreciable difference between these four 

types of electrodes, so far as their schlieren picture is 

concerned. But in the swept pictures, as shown in Figure 

6-15 and Figure 6-'16, indicate that the aiìiount of metal 

vapor evaporated from the electrodes increases with the 

sharpness of the points. It is very pronounced for the 

300 point electrode, less for 600 and 900 poInt electrodes, 

and least for the square end electrode. 
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FIG.6-14 SCHLIEREN PICTURES OF SPARK DISCHARGES AT DIFFERENT TIMES AFTER SPARK OVER 
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FIG6-15 VERTICAL STILL AND SWEPT PICTURES OF SPARK 

DISCHARGES BETWEEN POINT AND SQUARE END ELECTRODES 
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FiG. 6-16 HORIZONTAL STILL AND SWEPT PICTURES OF SPARK 
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CAPTE? VII 

CONCLUSIONS AND DISCUSSIONS 

A very satisfactory modified schiiereri system has been 

devised. It can be used for the photographing of very 

briht self-luminous phenomena or objects as well as for 

non-1u'ninous ones. Instead of usinc, a straight knIfe edge 

stop in the ordinary schlieren systems, a pinhole diaphragm 

stop Is used. The pinhole diaphragm acts as a space-light-. 

filter; it stops almost all the light rays from the luinin- 

ous object, but transmits and modifies the light rays from 

the point illuminating light source just as an ordinary 

knife edge stop. It is sensitive to the change in the 

density gradient in all directions normal to the optical 

axis of the system. The schlieren pictures obtained by 

this system have very good definition. In such a modified 

system, the luminosity of the illurninating light source is 

not necessarily very high when compared with that of the 

object, although high luminosity is good for such systems. 

The quality of the picture does not depend on the size of 

the luminous object; this is a very important difference 

from the shadowgraphic method. 

A rotating mirror system has also been built. It can 

be used for taking swept and streak pictures. This system 

has been combined with the above schlieren system for 

taking schlieren and swept pictures simultaneously. It 
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works very satisfactorily. In addition to the schlieren 

and swept pictures, a still picture can also 'ce obtained 

for the same phenomenon by a simple modification of the 

system. 

The above systems have been applied to the study of 

electric impulse discharges between various types of elec- 

trodes. The mechanism of the electric impulse discharges 

after the spark channel is completed has been brought out 

clearly by these studies. 

When an impulse voltarze hiher than the gap breakdown 

voltage is applied to the sphere gap, at least one of the 

streamers initiated by the applied voltae will bridge the 

gap in a time of approximately seconds. As soon as 

the gap is bridged, a spark channel is formed. It appears 

as a very briht, straight and narrow filament. The elec- 

trical energy ava±lable in the impulse will flow into the 

spark channel at an enormously high rate, and heats the gas 

in the channel to a high temperature . As soon as the gas 

is heated, it expands explos±vely outward from the entire 

discharge peth. Due to the presence of the electrodes, 

very small momentum is gained by the gas in the axial di- 

rection. At the very beginning, no apparent shock or sound 

wave exists, actually, it coincides with the disturbed gas 

boundary. Two or three microseconds later, when the rate 

of energy input decreases, the shock wave begins to 

separate from the disturbed gas boundary and moves out into 



152 

the surroundIng space at a reduced rate. The velocity of 

the shock wave dies down approximately according to the 

exponential law and approaches the normal velocIty of sound 

in about 100 microseconds after sparkover. As long as a 

current of considerable magnitude is flowing, the luminous 

boundary of the discharge coincides with the disturbed gas 

boundary and moves outward at a quite high speed, but less 

than that of the shock wave at the same instant. They 

maintain the shape of a cIrcular cylinder but with somewhat 

larger diameters near both ends because of the additional 

energy dissipated there. When the current drops, the 

luminous boundary loses its sharp definition and gradually 

dies down toward the center, but the disturbed gas boundary 

still moves out at a quite high speed for a while arid then 

reduced to a much smaller speed and keeps such motion for 

quite some time. The outward motion of the disturbed gas 

produces a lower pressure region Inside the disturbed gas. 

Due to the presence of the curvature of the electrodes In 

the cese of sphere electrodes, the outside air presses the 

disturbed gasboundary alon the electrodes and moves slowly 

toward the center. The motion of the outsIde air makes the 

disturbed gas gradually separated from the electrodes, and 

the disturbed gas now appears as enclosed entirely in an 

envelope. The envelope continues to expand radially, and 

the outside air continues to press Into the envelope from 

both the top and the bottom, and finally a big cavity Is 
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formed at the center of the envelope. During the heavy 

discharge stage, metal vapors are evaporated from both 

electrodes. They follow the motion of the outside gas and 

flow into the disturbed gas. The metal vapors meet each 

other st the center of the gap, and move outward radially 

then slihtly backward, forming two vortex rings inside the 

gas envelope. Such regular pattern lasts up to about 250 

microseconds or more, then the disturbed gas, together with 

the metal vapors inside, begin to diffuse into irregular 

forms lasting for a period of the order of a fraction of a 

second, then disappear entirely. 

Similar results have been obtained for the various 

types of electrodes used. But for the plane electrode gap, 

the motion of the disturbed gas is not so regular because 

there is no path for the outside air to move in. Streamers 

appear more often in plane electrode gap, especially at 

higher overvoltages. The discharge paths for the square 

end and point electrode gaps appear in wavy forms, some- 

tines very curved because the fields between the electrodes 

are comparatively weak. Generally, there are more metal 

vapors evaporated from such electrodes due to more energy 

bein concentrated at the points. 

The impulse voltage sparkover character±stics of the 

various types of gaps are all presented in two separate 

curves, one for 5 sparkovers and one for 95 sparkovers, 

instead of the conventional one for 50' sparkovers. The 
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variations between the 5 sparkover characteristic and the 

95 sparkover characteristic can be used as an estimation 

of the quality of the gap. They are much smaller for the 

plane electrode gap than those of all the other types of 

gaps throughout the range tested. The sparkover voltane 

gradient of the plane electrode gap is almost of a constant 

value of 1.5 kilovolts per centimeter up to 20 millimeter 

spacing. 

prom the results, it is not difficult to conclude that 

the plane electrode gap has properties which make it 

superIor to any of the other types of electrode gaps 

tested. It is especially good for measuring impulse 

voltages of short duration, and for use as a triggering 

gap in Impulse generators. It is also believed that, if 

plane electrodes were used for all the gaps in a multi- 

stage impulse generator, the performance would be Improved. 

In the present study, only a single impulse Is used. 

If some equipment could be devIsed so as to fire another 

impulse into the same gap at a certain adjustable time 

interval after the main discharge, Interesting results 

could be expected. This is closely related to the dielec- 

tric recovery property of a discharge. 

The modified schlieren system could also be applied to 

other types of gaseous discharges, such as arc discharge, 

corona discharge, and low pressure gaseous discharge, even 

to the discharge in a gaseous electronic tube. In certaIn 
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cases, the use of a high speed shutter may be necessary in 

order to cut off the unwanted light from the object. A 

Kerr cell w111 serve well for such a system; it could be 

used just behind the pinhole diaphragm. 
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APPENDIX 

CAL bAIION CUiVES .tOiL TI TL DELA LNIT 
0F TITE ELECTRONIC TRIGGER GENERATOR 

The time interval between the two trigger pulses of 

the triger generator is calibrated by displaying the 

pulses on a cathod ray oscilloscope and comparing with the 

output of a standard signal cenerator. For the shorter time 

intervals, calibrations have also been made by using the 

combined ordinary schlieren streak pictures as described 

in section 2.4. then the speed of the rotating mirror and 

the radius of the photographic film arc are known, the 

distance between the 1eadin edces of the ordinary and 

schlieren images is a measure of the time interval. The 

calibration from both methods checks within a few per cent. 

The results presented in Figire i to Figure 5 are mainly 

obtained by the first method, some results for the shorter 

time intervals are iodified by the results of the second 

method. Since both these methods depend upon too many 

factors, the absolute accuracy of these results is not too 

high. 
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