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This monograph is the first attempt at a systematic presentation of 
material on the technique of shaping high-voltage nanosecond pulses. A con- 
siderable portion of the book is made up of the authors1 works started at 
the high-voltage laboratory of Tomsk Polytechnic Institute in 1557 on the 
initiative of the Doctor of Physlcomathematical Sciences Professor A* A. 
Vorob'yov. 

Description of devices for obtaining and converting the high-voltage 
nanosecond pulses Is preceded by an analysis of the basic processes taking 
place In a spark with account taken of Weizel and Rcmpe theories and of the 
theory of streamer discharge and transient processes in a discharge circuit. 

The book Is designed for scientific workers arid engineers la appro- 
priate fields and for students of higher educational institutions. 
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FOREWORD 

The progress of science calls for new requirements in regard to the 
pulse technique. From the pulses of millisecond duration, which were used 
in telegraphy, the pulse technique passed on to the microsecond pulses for 
the purposes of power engineering, radio engineering and radar and at the 
present time it deals with pulses of nanosecond duration (1 nanosecond«0LO"^ 
second) and shorter pulses. The nanosecond pulse technique may be divided 
into the technique of generating low-voltage pulses with an amplitude of a 
fe« hundred volts and lower and the technique of obtaining pulses with an 
?Tipl.itude of one, ten and hundred kilovolts > 

Many works in the periodical press and also the monographs /T, %J 
have been devoted to the methods of generating low-voltage short pulses. 
On the other hand, considerably fewer works have been devoted to the obtain- 
ing of high-voltage pulses of nanosecond duration in spite of the fact that 
the first investigations in this direction appeared 30-1*0 years ago ß-^J> 
This was explained on one hand by the faot that until 1950-1960 science and 
engineering did not show groat Interest in such pulses, and on the other 
hand — by the g-eat difficulties encountered In obtaining and recording 
them. The harmonic spectrum of the nanosecond pulses extends up to super- 
high frequencies. Therefore, to generate and transmit these pulses it Is 
necessary that the equipment used provide a wide frequency passband and at 
the same time be able to withstand high voltages without breakdown. 

A number of areas in science and engineering can be named In which 
the high-voltage nanosecond pulses find an ever wider application. 

In the acceleration technique ß.t ij these pulses are used for the 
injection of electrons into an accelerator, for a fast ejection of the accel- 
erated particles, for obtaining a short-duration beam of charged particles, 
for investigation of the process of electron capture in the accelerator for 
a precise measurement of the energy of the particles, etc. Obtaining of 
short x-ray pulses necessary for pulsed testing of photomultipliers, for 
investigations in ballistics, etc. may also be included here. 

In nuclear physics /2, 8/ the high-voltage nanosecond pulses are 
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need for measuring the diffusion constants of neutrons, for the study ot 
materials with a short lifetime, etc. 

In radar ßt IjSJ the short pulses are used to determine short dis- 
tances to targets with high accuracy. 

In high-epeed photography the high-voltage pulses of nanosecond dura- 
tion together with electro-optical shutters and electronic optical convert- 
ers are used for the investigation of super-fast processes. In particular, 
a discharge in gases is investigated in this Banner i the rate of the devel- 
opment of electron avalanches /XL, ^»expansion of the spark-discharge 
channel at the initial stage feS/i  the process of plasma formation during 
a spark discharge and explosion of the wire jRh, 1$J. 

Jn the physics of dielectrics and semiconductors the hlgh~veltage 
pulses with a steep leading edge are used for the investigation of the 
kinetics of the breakdown process in solid, liquid and gaseojs dielectrics, 
and also in semiconductors /T6-Z$/* 

When using the short high-voltage pulses the strength of electric 
insulation increases by several times« Because of this, it is possible to 
reduce the dimensions of high-voltage installations /20, 2Ü.   The use of 
these pulses for carrying out some of the high-voltage tests is also well 
known J72-$}j/, 

fydrogen thyratrons and spark dischargers are used as ccvrnutators 
in the high-voltage nanosecond-fuise generators. The use of thyratrons is 
limited by a comparatively low anode voltage (about 30 kilo volts), a small 
operating current (less than 1 kilcampere), by large dimensions and by the 

commutation time (of the order of 10"8 second). Spark dischargers have 
considerable advantages in this respect. It is known that there are dis- 
chargers with an operating current of up to 10° amperes ß£J and a voltage 
of 10° volts ßßj*   Under certain conditions the commutation time of the 

dischargers amounts to Iß"*0 second fäff*   This explains the fact that the 
main attention is devoted in the book to generators with spark dischargers 
and that a description of some of the regularities of the gas discharges is 
gimrn»  Data on the generators with thyratrons are available in the other 
books £Lt |7, and the special features of the operation of pulsed thyratrons 
and their properties are described by T. A. Voronchev /?87. 

In the book the chapters 1 and $ were written by the authors together 
with the exception of Bar. 1,2 written by Yu. P. Usov and Par, 5*3 written 
by 0. A. llasyats and V. 7. Kremnev; the chapters 2, 3 and h were written by 
0* A. Mesyats and chapter 6 — by Q. A. Vorob'yov. 

-3 - 

PTD-HC-23-6I3-70 



CHAPTER 1. SOME OF THE REQUIARTTIES OF THE BREAKDOWN OF OASES 

Introduction 

The operation of high-voltage nanosecond-pulse generators with spark 
dischargers  is highly affected by processes taking place in the discharge 
gap. The process of 'iha preparation of the discharge iron the instant of 
!;he application of thy triggering pulse until the start of the formation of 
conductive channel is connected with the operating tine and operating stabil- 
ity of the discharger. The speed of the formation o£ a Channel with high 
conductance in the gap determines the steepness of the leading edge of the 
pulse. The maximum frequency of a stable operation of a pulse generator is 
determined by the time for restoring the electric strength of the gap. In 
addition to this, when using the dischargers it is important to know the 
factors on which the breakdown voltage of the spark gap depends. 

Par« 1«1. Formation of Gas Discharge. Breakdown Voltage 

Gas breakdown consists of three successive stagess the discharge- 
formation stage, the final stage and the arc stage (in the case of a large 
current in the discharge circuit). A channel with high electric conductiv- 
ity is created between the electrodes during the discharge-formation stage. 
The current at this stage is small and the voltage on the electrodes re- 
mains nearly unchanged in the course of the stage. During the final stage 
a channel with a conductance approaching metal conductance is creatod between 
the electrodes, and the voltage on the electrodes rapidly drops to a very low 
value. The course of this stage determines the commutation characteristic 
of the discharger. During.the..other stage the flowing current depends on the 
parameters of the discharge circuit. 

The formation of a gas discharge will be briefly examined in this 
paragraph. 

At the beginning of the 20th century Townsend ß£J developed a theory 
of discharge in gases, which with a subsequent correction makes it possible 
to describe some of the discharge processes in gases. The discharge process 
Is represented qualitatively by the following pattern. Original eleotrons 
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formed in the immediate proximity to the cathode are accelerated by the 
electric field in the direction toward the anode. Upon the accumulation 
of sufficient energy the electrons colliding with the gas molecules and 
atoms ionize them and the number of free electrons increases in avalanche- 
lilca manner. Finally, the electron avalanche reaches the anode and is 
absorbed by it. 

Positive ions formed during the ispact ionization more toward the 
cathode and upon approaching it pull out electrons which form nsw electron 
avalanehei?. Consequently, polling-out of the electrons from the cathode 
by the positive ions? sustains the discharge. 

Current density in the electron avalanches at the anode 

/. =y.    c'  (1.1) 
l~T(ea5-1) 

where ct is inpact-donisation coefficient indicating the number of ioniza- 
tions per one centimeter of the electron path; y is coefficient indicating 
the average number ot electrons pulled out from the cathode by one positive 
ion* jn is current density accounted for by the photoeffeot from the cathode 
under the action of an extraneous ionizer not connected with the gas dis- 
charge. 

At the present time it has been datermined that the emergence of elec- 
trons from the cathode in the gas gap is connected not only with the ion 
bombardment of the cathode but is caused by many other processes called 
gamma processes, and first of all by the ultraviolet radiation of the excited 
gas molecules or atoms. 

The quantity in the denominator of the expression (1.1) indicates the 
number of electrons pulled out from the cathode by ions which had formed in 
the gas gap as a result of ionization initiated at the cathode by one elec- 
tron. The discharge is called self-maintairdng if it does not become extinct 
when JQ4). This is observed when 

?<e'*-i)-1. (1.2) 

«IS 
If y(e  - 1)>1, then each following avalanche exceeds the preceding 

avalanche. This process called the step-up of the avalanches continues until 
electrical conductivity brought about by an avalanche proves to be sufficient 
for the next stage to run its course — the final stage. The process of tran- 
sition to this stage is not described in Townsend theory. It becomes clear from 
the foregoing that the time for formation of Townsend discharge is determined 
by the motion time of the electron avalanche and by the reverse motion of 
ions through the interelectrode gap, multiplied by the number of step-ups. 
Inasmuch as in a gas the mobility of ions is three orders lower than the mo- 
bility of electrons, the motion time of ions in the gas gap determines the 
time for formation of Townsend discharge, which according to theoretical eval- 
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nation should amount to 10~->-10 seconds* This time was observed in the 
rase of the breakdown of a discharged gas. However, with the atmospheric 
pressure the discharge time in an air gap with a length of one centimeter 

proved to be equal to 10"7 second /L2, 29/.   This fact which «hewed the 
untenability of Townaend theory played an Important role in the further 
development of the studies on gas discharge. Observation of gas discharge 
in an ionization chamber /l2, 29/ showed that moving at a velocity of the 

order of 10' cm/sec the electron avalanche gradually expands and at a oar- 
tain instant of time a sharp increase of ionized space is observed with this 
-space covering at a very high speed all of the Interelectrode space. This 
is followed by a complete breakdown. This rapid process, which is a contin- 
uation of the avalanche process,was called streamer. 

The development of a streamer discharge appears to be as follows. 
The moving electrons produce not only the impact ionization but also the 
excitation of gas molecules and atoms. IShile reaching the normal state 
the axe ited molecules or atoms emit light quanta which bring about a stepped 
photoionization with an appearance of free electrons called photoelectrons 
and being of great importance in the development of a streamer. 

After reaching the anode the electron avalanche is absorbed by it 
leaves positive ions near its surface. Ionic charge creates an addi- 

tional field with a strength Bj_. Fbotoelectrons which had appeared near 
the anode move toward the positive volume charge in a field having the 

strength % ♦ E where E»H is field strength brought about \jy the applied 
S 

voltage U. If the strength E, is sufficiently high, then after reaching 

the positive volume charge the photoelectrons will have time to create high- 
power avalanches which compensate the charge of the ions that are at the 
anode. This will lead to the creation of a conductive plasma. The new pos- 
itive ions brought about by photoelectron avalanches, and newly appeared 
photoelectrons act in a manner similar to that described, and a plasma col- 
umn called positive streamer rapidly extends in the direction toward the 
cathode. Meek £j&7 formulated th9 following condition for the initiation 
of the streamers E][=kE where k^).l to 1 but its value has not been •'eter- 
mined exactly. 

If a higher voltage is applied to the gas gap, then llsek's condition 
may be satisfied when the avalanche has not yet reached the anode» In this 
case the streamer will appear in the interelectrode space and will spread 
toward the cathode and anode. The streamer spreading toward the anode is 
called negative. 

In an inhomogeneous field the streamer spreads from the electrode 
vfith a large curvature. The velocity of the spread of the streamer in a 
homogeneous field amounts to 1.5 • 10" (positive) and to 7»9 • 20? cm/sec 
(negative); in a highly inhomogoneous field it is 2.5 • 10' (positive) and 
2 • 10° cm/sec (negative). 
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On the basis of experiments with ionizaiion chamber Baether ßiSJ de- 
rived tin following empirical equation for the condition for the joitiation 
of the strearaert I 

, ajc = 20» (1*3) 

where x is the path covered by the electron avalanche. 

2h the breakdown of large interolectrode gas gape (of the order of 
tens of centimeters and more) with a highly inhomogeneous field when the 
average discharge gradients drop to U-5 kv/cm, streamers do not create a 
conductive path between the electrodes and do not produce a breakdown. In 
this ease the discharge is. brought about by the -leader process a description 
Q£ which may be found in a book by I*. 3. Stekol'nikov 

• proce 

On the basis of the latest investigations of the discharge time, 
discharge voltage and development of electron avalanches in Ionisation 
chamber the researchers (%ST reached the conclusion that in the breakdown 
of gases in a homogeneous field at a constant voltage the formation of the 
discharge is brought about by the "step-up" of the avalanches according to 
Townsend. The breakdown voltage can be determined from the condition ^1.3) 
with accomt taken of the relationship  oi=f(E). It turns out that the 
breakdown voltage Is a function of the product of the multiplication of 
the pressure p by the interelectrode distance S, which was found earlier 
by Paschen and. now bears the name law of Paschen. In Figure 1,1 are shown 
Paschen curves for certain gases. The curves have a minimum. The lefi 
branch of the curves is characterized by an increase of Upy 2^r

aÜ\jroakdown-7 
with a decrease of pS. The increase of IW. is limited to the phenomena 
characteristic of vacuum breakdown. For the right branch* U^ increases with 
an increase of pS. In the work by Loeb £&£ is cited an analytical depend- 
ence Upx>*f(pS) which is an approximation of Paschen curve. With very large 
values of pS this dependence represents an almost straight line: 

Unp = APS. (1.U) 

With a   pS   somewhat lower than the linear mode the dependence   ILr«f(pS) 
has for many gases the following form: 

/P n»"UpraiUbrealdown_7       ^ _ AoP s + Bo yfs. (1.U') 

where A, AQ and BQ are quantities constant for a given gas. 

For nertain gases (N2, C02» etc.) a deviation from the law of Paschen 
is observed in the direction of a drop of the breakdown voltage with an in- 
crease in the gas pressure and the more so, the higher the pressure. large 
deviations from the law of Paschen are observed in the case of an inhomoge- 
neous field when an electrode with a large curvature has positive polarity. 



p$,mpmcm-im* 

Figure 1.1.   flelationship of breakdown voltage 
in different gases to   p3   in the ease of a 
uniform field between the electrodes of the gap« 

Keyi (1J (2) 
ubreakdown* ^l*3 

Air Ik) 
pS, ram of mercury colum 
m 

In a homogeneous field achieved by the use of flat electrodes with 
rounded edges it is possible to measure the breakdown voltage with accuracy 
to tenths of a percent.   As a rule this voltage does not differ in the case 
of a breakdown at the commercial-frequency direct and alternating voltages. 
Experimental data satisfy well the equation (l.U1).   Thus, according to Ifeek 
/3)7, for air at the atmospheric pressure 

£/„„-■ 2 \,22S r 6,08 YS K8. "P (i.UB) 

if S is measured In centimeters. 

In the case of using spherical electrodes with small values of S/b 
(D is the diameter of the electrode) the values of Upr approach the values 
for the case of a homogeneous field. With an increase of S/0, electric 
strength decreases and reproducibility of the results declines. With an 
S/D<0.$ the accuracy of measuring the ^»3? and with an S/D>0.7£ the 

results turn out to be poorly reproducible. The relationships at different 
values of D are cited in many works in the form of tables ^Sl, 22, yij, 
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Table 1.1 

t 0.7 0.75 0.8     0,85 0.9 0.16 1.0 1.05 1.1 

ft 0,72 0.70 0.81 0.6G 0.9 0.95 1.0 1.05 1.09 

With a change in the gas density f-0.386p 
f t + §73 

(p— mm of mercury 

column, t — °C), lW.BkU where U is breakdown voltage under noraai at- 
mospheric conditions (p=760 am of mercury column, t=20°C)j k is the coef- 
ficient dependent on the -value of /> (Table 1.1) [JsSJ 

If moisture does not become condensed on the electrodes an increase 
In the moisture content of the gas is accompanied in the case of a homoge- 
neous field by an increase in the value of U^. approximately by 0,1$ for 

each millimeter of mercury column of the partial pressure of the moisture 
vapors. Moistness increases 
inhomogeneous field. 

U. w- to a higher degree In the case of an 

An increase In ges pressure leads to an increase in electric strength. 
With pressures of the order of tens of atmospheres Upr depends to a high 
degree on the condition of the surface and on the material of the electrodes. 
The material of the cathode has an especially great effect. The breakdown 
voltage increases successively with a change in the material of the cathode 
as fellowsJ aluminum» copper, iron, stainless steel. 

Polished electrodes aged by many discharges are used to obtain high 
values of Upj.. 

The breakdown voltage in an inhaaogeneous field depends on the 
polarity of electrode having a large curvature* For electrodes of the 
point-plane type the interelectrode distance of which is equal to a few 
centimeters the breakdown gradient at a positive polarity of the point 
is equal to ?.5> kv/cm, and at a negative polarity — to 20 kv/cm. With 
large interelectrode distances (tens and hundreds of centimeters) the 
breakdown gradients decrease to h-S kv/cm for a positive point and to 
7-9 kv/cm for a negative point. Intermediate values of the breakdown 
voltage result for electrodes of the point-point type. 

Table 1.2 
1 

He 11; 03 N, a, 

21V 1   ] 3,5 5 6.5 9 

Keyi (1) Gas   (2) ^breakdown* kv 

3h table 1.2 are given the breakdown voltages for different gases 
(a homogeneous field, pSalOO mm of mercury column • cm). 
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Sonw gases the composition of the molecules of which contains the 
atoms of '  ids have high values of electric strength exceeding by tiro and. 
more times  3 electric strength of the a Jr. But most of these gases can- 
not be used since they have a high boiling point, are chemically «sfcLteJi rugard 
to the surrounding materials and decompose under the effect of discharges 
with a formation of harmful substances. 

B* M. Gokhberg and associates fj>9t  33, 3j*7 
WQre successful in iso- 

lating from among many gases two gases which satisfy the above-mentioned 
conditions. These are freon (CCl^) and elegas (SF5). Freon has an elec- 
tric strength 2,5 times higher than that of tha air, its boiling point is 
28°C. With a pressure of several atmospheres at room temperature freon 
changes into a liquid. Elegas: has somewhat better properties. Its electric 
strength is close to the electric strength of freon, its boiling point is 
62°C. Elegas is more inert than freon. 

Addition of freon or elegas to the air and nitrogen increases elec- 
tric strength of the latter two more than in proportion to the percent of 
the addition. These mixtures liquefy at higher pressures than pure freon 
and elegas. The breakdown voltage of the spark gap located in a closed 
vessel may change with an increase in the number of breakdowns of this gap. 
In the work /Zti/ it is noted that the breakdown voltage of the air gap de- 
:: eases as a result of formation of nitric oxide. Wien moisture is present, 
nitric acid may form which forme a conductive bridge between the electrodes 
( 1 the walls of the vessel. A rise of the breakdown voltage is sometimes 
1 bserved in a closed vessel after several breakdowns of CSF3. This is ex- 
plained by decomposition of the gas molecules into CF^ and SF^j as a result 
of this its pressure rises ßöj» 

An appreciable drop of the static breakdown voltage is observed in 
the case of an intensive irradiation of the cathode of a spark discharger 
'ith ultraviolet rays. When using pulsed sources of irradiation (from a 
spark discharge) this effect is used for triggering the commutating spark 
dischargers and for the synchronization of high-voltage circuits. The ef- 
fect of the breakdown-voltage drop was measured during the irradiation of 
the cathode of the main gap with a nearby auxiliary spark which appeared 
during an undamped discharge of a large-capacitance capacitor. A change 
in the irradiation intensity is usually accomplished by changing the dis- 
tance I    between the source of illumination and the main gap or by using 
shields which absorb ultraviolet radiation. In the works ^0, ySJ it is 
shown that the breakdown-voltage drop 

, - fep£ loo* (1.5) 

in the case of short distances I   from the source of intensiv» ultraviolet 
irradiation to the main gap may reach 25 percent. With an increase of the 
distance I   the value of \   decreases. 
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A decrease of n. Ti*h an Increase of I  is  explained by the fact 
that a larger I     is characterized by a more intensive absorption of ultra- 
violet rays by the air and, consequently, by a smaller photocurrent from the 
cathode ig the appearance of which loners the breakdown voltage. It was 
determined experimentally ß<$J that the value of f\    Increases in direct 
proportion to the increase of V^o« On the basis of Tcwnsend theory of gas 
discharge during a steady-state irradiation, the decrease of ^ may be ex- 
plained by the increase of the space-charge field of positive iona^ In ac- 
cordance with the experiment the calculated relationship U^f (V3<)) is rec- 
tilinear. 

The most important quantity characterizing the effect of breakdown- 
voltage drop daring irradiation with an auxiliary spark is the time between 
the breakdown of the auxiliary spark gap and the main spark gap, the stabil- 
ity of this time and the relationship of the spark gaps to various factors 
which affect the breakdown of a spark gap in the air under normal conditions. 

These problems were investigated in a greater detail in the works 
[$$i  3<§7 and are set forth in Par. 5.5. 

Ruf» 1.2« Delay Time of Discharge in Gases 

If pulsed voltage is applied to a spark gap, then its breakdown occurs 
not immediately after reaching a static breakdown voltage in the gap but after 
a certain time called discharge delay time X^,   This time may be divided into 
static delay time, or the time between the instant of the application of a 
voltage sufficient for the breakdown of the gap, and the appearance of «effec- 
tive" Initiating electrons, and into the time for the formation of the spark 
discharge. 

The ratio of the voltage U at which the breakdown of the gap takes 
place, to the static breakdown voltage Up. is called relative overvoltage 

The quantity  fL««P - 1 is called absolute overvoltage and is sometimes ex- 

pressed in percent. It is obvious that if to>0, then  P^l. From the 
simplest Townsend theory (without talcing the ionic volume charge into account) 
the probability of the appearance of a discharge starting in the time interval 
dt upon the expiration of t seconds after the application of voltage is 
equal [LiJ to» 

W{t)ät-Wn9e-
Wn<fdt, (1.6) 

where UQ is the number of primary electrons released in one second from the 
cathode surface; W is the probability that each one of IIQ electrons will 
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creato an avalanche capable of bringing about a discharge.   The equation 
(1.6) leads to the fallowing expression for statistical delayi 

ZW^st^statisticalJ' *„--±-. (1'7) 

Each one of   JJQ   primary electrons leaving the cathode brings about (e   -1) 
ionizatlons during its motion toward the anode*   The number of electrons 
released from the cathode by ions created by one of the primary electrons 
is called ionization-buLld-up coefficient   M   equal to 

^ = T(e'5-l). <1-8) 

'bore Y **  tne number of electrons released from the cathode by one elec- 
tron. In each separate case the coefficient M may be equal to 0, 1, 2, etc 
but its average value will not necessarily be an integer. When M<1 the 
avalanche process and, as shown in Ear. 1,1, the equality M*l is the con- 
dition for breakdown according to Townsend theory. In doing so, the quantity 
W is the probability that with a voltage higher than the breakdown voltage 
the process of the initiation of new avalanches will not be discontinued. 
Hiking use of the theory of probability and taking into consideration that 
y<^l, it can be shown that 

M w     • (1.9) 

Knowing the discharge conditions, M can be determined from the expression 
(1.8), W can be found from the expression (1.9), and then, evaluating IIQ 

from the conditions of the experiment the statistical delay time can be de- 
termined using the expression (1*7)• 

When breakdown bears streamer character statistical delay time depends 
on the product of the multiplication of the probability We that the original 
electron may lead to the creation of an electron avalanche, and the probabil- 
ity ^st that the avalanche creates a breakdown streamer 

^cT^st^streamerJ      , » —. U.10) 
ntW.T„ 

Under the action of the earth's radioactivity and cosmic rays from 10 
to 20 electrons form under normal conditions in one cubic centimeter of air 
in one second. With such a small number of original electrons the statis- 
tical delay time is long. The number of original electrons no increases 
nearly in proportion to the gas pressure so that a higher pressure decreases 
the statistical delay« Ultraviolet radiation of an appropriate mercury Imp, 
of a spark or corona discharge, radiation of radioactive materials, and the 
x-rays may be used for artificial ionization. Illumination of the cathode 
with ultraviolet light brings about a photocurrent from the cathode and 
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sharply increases the number of original electrons. In doing so, the prob- 
ability of ths formation of an avalanche by each one of these electrons ap- 
proaches unity since each photoelectron starts moving away from the cathode 
under the action of the field between the electrodes. Kith a photocurrent 

density of ID"12 amp/car the number of electron« released from 1 cm2 of the 

cathode surface in one second is equal to 6 • 10 . A very Intensive irra- 

diation of the cathode (a photocurrent density of lO^-lO""10 amp/cm2) leads 
to the formation of the initial volume charge in the gas gap and reduces 
tht. breakdown voltage. For a discharge gap equal to 1 cm a photocurrent 

density of lO"^2 amp/cm does not as yet produce an appreciable distortion 
of the field by the volume charge, and statistical delay becomes sufficiently 
short. The photoelectric effect brought about by the spark discharge is 
many times higher than in the case of a mercury lamp poj. 

In the irradiation of the gas gap by radioactive materials, statis- 
tical delay time is appr^ciauly longer than in the ultraviolet irradiation 
of the cathode since alpha particles and gamma rays bring about an ionization 
of gas, nonuniform in time, in the entire volume. 

Statistical delay time of the first discharge may be considerably 
longer than that of the following discharges in those cases when the number 
of unrecombined electrons after the first discharge Is large. This phenom- 
enon is characteristic of inert gases but it also can be observed in nitro- 
gen and hydrogen. Increase in the number of original electrons is also ex- 
plained by the possibility of field emission brought about by surface charges 
on a poisoned cathode. It Is possible that these surface charges are brought 
about by photons from the preceding discharges. 

Kith a heated cathode, thermionic emission sharply decreases statis- 
tical delay time and if it is reduced nearly to zero, then the time elapsed 
between the instant of the application of voltage sufficient for a breakdown, 
and the instant of breakdown is equal to the time for forming the discharge. 
For a Townsend discharge this can be calculated approximately by the methods 
set forth in the works [Vl^yfJ.    In these works it was ass* jed that secondary 
electrons are formed as a result of bombardment of the cathode by positive 
ions. However, it is known that secondary electrons also appear under the 
action of dischar^t radiation in gas. feather ^Eo, lil7 took both of these 
factors into accorat and calculated the time for the formation of a spark 
discharge in a homogeneous field on the basis of an assumption that it is 
determined chiefly by the time necessary for the growth of the avalanche to 
the dimensions at which the avalanche starts changing into a streamer. The 
streamer which has formed develops much faster than the avalanche. There- 
fore, its growth time may be neglected. In his evaluations Raether assumed 
that the transition of an avalanche into a streamer takes place with the 
condition (1.3). 

A more exact approximation was carried out by Fletcher fLf/ who cal- 
culated for the first time the details of the space charge distribution in 
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an avalanche. He assumed that at the initial stage of development of the 
avalanche the distribution of the charge is determined chiefly by the dif- 
fusion of electrons with the concentration of electrons and positive ions 
being so low that the space-charge field may be neglected. The rates of 
increase of the concentrations of electrons n_ and of positive loos n+ 
are described by the following equations: 

i^.~at./»_-Z>V»«- + Ä. (1.11) it if 

dn+ 
-«*«-. (1.12) it 

where v is the drift -velocity of an electron in the direction of a field 
having the strength E along the axis z,  and 0 is diffusion coefficient. 

When owing to lonization the densities of electrons and positive ions 
increase the space-charge field starts changing the distribution of electrons. 
Fletcher suggested an approximate method of determining the conditions under 
which this process takes place. Ja his opinion, distribution does not change 
ia the time t after the appearance of avalanche. If however, the time is 
larger than t, then the space-charge field becomes proportional to the num- 
ber of electrons N and inversely proportional to the radius of the avalanche 
rL , which would be true in the case of a spherical distribution of the charges. 
The radius rj, is determined by integrating the drift velocity brought about 
by the space-charge field Ej,. 

Therefore 
E -FJLIU.)

1 

2jn*L=avalanche7 *      ' W U. /' (1.X3) 

where   EjsE^   and   N«H^.   at the instant of time   t.   For the space-charge 
field Fletcher found the following expression: 

l.n 16 VN* i where      aai^i. 

The critical size of the avalanche   Ngj,   at which the field in the 
avalanche becomes equal to zero is calculated from the conditions of equality 
of the space-charge field   EL   to the external field   E.   According to the 
expression (1.1U) this is possible when 

ZVNcrsNcritical7 Nv - -f-. JSL. . (1.15) 

The time for the formation of discharge   tj,   found from the assumption that 
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it la determined chiefly by the growth of the avalanche to the critical 
size le equal to 

^>
afcr«tdi8charge-7 *»- \nN •r (1.16) 

To determine the numerical value of   tp   Fletche? made use of the 
quantity   a*3 • 20"^ cm calculated from Raether's data $2j.    in addition 

to this, he assumed   v   tobe equal to   O.706VI • 106 cm/sec, which leads to 
an avalanche velocity observed by «aether (W in fields approaching the 
minimum breakdown value, and extrapolatedflxr higher fields. 

E**t/ttlkv/aa 

Figure 1.2. Helationship of the tiio for 
the formation of dischargo tr to the field 
strength E (1) and of the critical strength 
Ecr *° *ne breakdown voltage U (2). 

*, -,„ P"50116*10*1 °*™ of *he relationship of the formation time to the 
field strength E at which a breakdown of ttie gap occurs is shown in Fig- 
ure 1.2. Also shown there for comparison are the experimental points. The 
results of Fletcher's calculations indicate that the discharge formation 
time at an E^50 kv/cm is a function of the field strength alone and does 
not depend on the length of the gap or applied voltage. This conclusion was 
confirmed by experiment. It follows irom Figure 1.2 that with the large 
values of E the time tr becomes equal to I0"9second or less. An exper- 
imental study of the discharge formation time in the region of 10"9 second 
is also cited in the works A3-UJ7. To achieve larger values of E (or ß) 
in the gap it is necessary That The duration of the leading edge tf of the 
voltage applied to the gap be smaller than the expected value of the time tr. 

In the experiments carried out by Fletcher £LjJ tf=*3 . io-10 second. There- 
fore, in the calculations he assumed the leading edge of the pulse to be 
ideally steep (tf«0). 
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The relationship of the discharge formation tin» tr in the air 
under normal conditions to the distance between the electrodes S in a 
range of 0.2-4t ram with an overvoltage  ?*&.! to 1.1$ is determined ln^ 
the work /t6/.   &  rculti-avalanche discharge with a discharge time of 10"* 
to 10~? sec appeared for an S=0.2 to 1.5 mm. With larger distances the 
time t0 decreased unevenly by two orders and thenceforth depended in di- 
rect proportion to the magnitude of the gap t». With an intensification of 
irradiation of the gap with ultraviolet rays the .Intercity of tine electron 
avalanches increased and the distance at which discontinuity in the relation- 
ship tr«f(S) was observed decreased. With the further increase of irradi- 
ation intensify this relationship was linear. The authors explain such a 
behavior of the relationship iyfCs) by the transition of Townsend discharge 
into a streamer discharge. Consequently, to obtain a small value of tj. it 
is necessary to create in the discharge gap conditions for the realization of 
a single-avalanche streamer mechanism of the discharge. 

In Figure 1.2 is shown the relationship of the critical field A to 
the magnitude of the voltage (the right Y-axis) at which after passing through 
the entire gap one avalanche reaches critical dimensions and leads to a break- 
down. Several avalanches are necessary for the breakdown of a gap with a 
smaller S. This increases the tj.. 

In conclusion, on the basis of the formula (1*10) we will obtain sev- 
eral relationships for tr with different relationships between tr and tf. 

1. Suppose tf^br. With normal conditions in the air /%), kX/i 

vsO.706(E)h$ cm/sec, (1.17) 

With ps ^4 to 176 volts/cm/mm of mercury column ffi£J   (1*18) 

CUA(E - B)2 

where   Aal#5U • 10"? cm/v , B=2U,U00 v/cm.   A pressure   p   equal to 76O mm 
of mercury column was used.   Since the value of   N^   has little effect on 
the result, an   N^süXP   may be used in the calculations ^T7> 20J7.   Substi- 
tuting expressions (1.17) and (1.18) into the expression (1.16) we find 

1690 

/£(£-24400)' 

OT 16905"' 
P  /(7:(t/.-2«400.S)' 

(1.19) 

(1.20) 

where Ua is the amplitude of the voltage pulse at which a breakdown of the 
gap occurs. 
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To cteterm"~>o the   t-,   Hose [ltij suggested an empirical fomula also 
found from the repression (1.16)t 

(1.21) 

2.   Suppose   tf<tz 

If the time   tj»   is measured from the start of the application of the 
voltage, then $jJ% 

fa»tf«^leading edge_7 ',-<, + '»+1+ (1#22) 

at»    J 
0 (1.23) 

and t^ is determined by formula (1.19) or (1.20). If the voltage on the 
leading edge of the pulse increases in accordance with rectilinear lav, then 

(1.2U) 

'♦ 
or 

U-. ■71' 

7— ,A t JV- 
tfS 

Substituting the egression (1.2U) into the equalities (1.17) and (1.18), 
and substituting then the expressions obtained for   v   and  a   into the 
formula (1.23), we will find the   %%' 

'.Ve will finally find the following for tyi 

• 16905"' I    a*   X 
P~lOr.<l/.-2<400S)' 7 (1,25) 
U*~6.7t-10,t/.5+14lO'S'   ■  ( 

3. We will examine now a case when the breakdown occurs on the lead- 
ing edge of the pulse, i.e. tr<t^. 

We w ill determine the time tp from the start of the application of 
the voltage until the breakdown of the gap ^0^7 from the following formulai 
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We will determine the value of t^ frcat Raether's condition (1,3), and 
tj — from the expression (1.20) if the following is substituted in the 
place of   Ua   {TUJ* 

V 
,*1 ♦ 3tf 

The final expression will asume the following foist 

A^eJ (1.27) 

It follows from the equalities (1.20), (1.25) and (1.27) that the 
time tj. cm be regulated steplas3ly from single nanoseconds to tons of 
nanoseconds with a constant value of Ua by varying the length of the 
spark gap S. In doing so, with a sufficient intensity of ultraviolet 
irradiation the value of tj. proves to be very stable £ft, hÜJ.   This 
lenomenon can be utilized in high-voltage nanosecond pulse technique /ßi, 
6, kj/.   Some of the networks making use of this effect are shown in 

Paragraphs U.2 and 5.6. 
i 

Par. 1.3. Processes in Spark in the Period of Spark Discharger Commutation 

In the period of discharger commutation the spark resistance varies 
fron a very large value determined ty the developed streamer, to a value 
approaching zero. The rate of the transition of the discharger from a 
nearly nonconductive state into a conductive state determines the duration 
of the leading edge of the pulse appearing on the load. This process of 
the transition of discharger from a nonconductive state into a conductive 
state may be characterized by a curve of the relationship of the voltage 

Uk(t) /%«Ucoaanutation7 
or resistance R^t) ^«Rgparkl/ *• tlae' Jt 

is customary to call the curve \(t)   characteristic of the commutator 
commutation. The duration of the commutation is characterized by the time 
between tiro fixed points U'^. and U1^ on the commutation curve (Figure 1.3) 

Figure 1.3. Characteristic of a spark 
discharger commutation. 
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usually a ü'jj^O.9 UQ ia ueed and U*V — equal to 0.2 or 0.1, according to 
the character cf the curve Uj,(t). If there is a region of a delayed volt- 
age drop on the ccmmtr'ation characteristic (to the right of the point b), 
then the former value of the U*^ is us 2d, and if there is no such region, 
then the latter value of U**^ is used. 

To determine the spark resistance in time, Toepler ß>t h$J suggested 
the following empirical formula 

where S 1B the length of the spark gap; k is a constant characterizing 
the gas; q is the amount of electricity flowing through the spark gap. 

Since  qa^idt, then     -   t.t . 

^-«i-RsparkJ i (1-2B) 

0 "■" 1 
[tat 

Making use of the formula (1.28), Toepler ßd/f  Krutzach j$Üt  Beindorf £"&J, 
Sahner ß"£J and others J%%  22J7 calculated the parameters ofthe leading edge 
of a pulse obtained in a network with a spark discharger as a commutator. 

It is difficult to make practicalx. w jof. the.relations obtained.with the 
aid of the formula (1.28) to determine the parameters of a pulse since the 
quantity k Is actually not a constant but depends on the time /ß$/s  break- 
down voltage and load resistance /"5_/. 

The relationship (1.2B) obtained by Toepler is purely empirical. 
Therefore, theoretical evaluation of k is impossible. However, in spite 
of the approximate character of this formula certain dependences of para- 
meters of the leading edge of a pulse, for example of the maximum steepness 

IdTi) » on ***e pressure and inductance /*&/ agree satisfactorily with the 

experimental data. However, this dependence on the breakdown voltage is 
expressed more markedly than that found from Toepler's formula. 

The characteristic of discharger commutation depends both on the para- 
meters of the discharge circuit and on the conditions in the spark gap. Two 
types of spark discharge are differentiated. Be.'gonging to the first type 
are sparks the msxliiura current of which varies from a few amperes to tens of 
amperes — a low-power discl.arge. Belonging to the second type is a high- 
power discharge in which the current in the spark channel reaches hundreds 
and thousands of amperes. The first type of discharge appears when the 
storage capacity is small or wh«n current-limiting resistances or inductance 
are Inserted in the discharge circuit. In the case of a high-power discharge, 
capacitors with a value of the order of microfarads and more with low induct- 
ances and resistance of the discharge circuit are used as the storage devices. 
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In a low-power discharge the voltage drop and the increase of the 
current in a spark in the air under normal conditions taV .. place in a 

time of the order of 10"° second /^SSj7 and stops at a level of a few tens 
of volts. This corresponds approximately to the potential difference be- 
tween electrodes in the case of an arc discharge. Sometimes there is a 
step on the commutation curve /?9, 5$/ the origin of which remains unclear 
up to the present time £>%•   In the case of a high-power spark the voltage 
drop in the spark gap under normal conditions in the air also takes place 
in a time of the order of 1Q~8 second $0,  59, 60/,    However, unlike a low- 
power breakdown the rapid voltage drop stops at a level of Ua5*(0.1 to 0.2)UQ 
/Ü£=voltage drop/, after which the rate of the voltage drop is slowed down. 
The value of Dg| increases in proportion to the UQ and decreases with an 
increase of the resistance and inductance in the circuit. 

As already noted, to obtain high-voltage pulses with a steep leading 
edge it is necessary to accelerate the process of creating conductance in 
the discharger, i.e. to decrease the commutation time. It was shown as far 
bnck as the work of Rogowski and Tamm U&LJ that the commutation time sharply 
decreases with an increase of the voltage in the discharger higher than the 
static breakdown voltage. Ginger /o"27» Rose/D^, Fletcher JTf7 and others 
/l6f 27LJf reached the same conclusion? Rose ßti/ created special oonditiona 
in the discharge circuit in order to obtain a minimum commutation time. In 

doing so, the inductance of the circuit was equal to 6 • IX)"10 henries. In 
a discharger filled with nitrogen, at a breakdown voltage of $ kv, which cor- 
responded to a relative overvoltage ^^3*6, the commutation time was tk= 

=5 • 10  sec. The relationship of the commutation time to the field strength 
at which a breakdown of the gap occurs ß>Sf is shown in Figure l.U. 

SB Lit/if. 

Figure l.U   Relationship of the commuta- 
tion time   tfc   to the pressure   p   and 
field strength in the gap   E. 

In the works by Beindorf /~6_7> !• S. Stekol'nikov ß£/, Khün ßljff 
and others /Ti, 63, &\j it is shown""that commutation time decreases with an 
increase of the pressure in the discharger above the atmospheric pressure. 
In Figure l.U is given a curve of the relationship of commutation time to the 
air pressure /^x/>    The time   t^   was determined between the levels of (0.9 to 
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0.2) UQ. EN», the available experimental data indicate that oonnutatlon 
tine decreaaea with a rlae of the pressure in the discharger and of the 
overvoltage In the spark gap. 

Table 1.3 

%. * 0 3 S 16 

lr, IttK 7 14 20 21 

It is shown in the work ß£f tha t the commutation time   t^   of a dis- 
charger depends on the shape of the electrodes.   With the electrodes of the 
point—point type the value of   t^   is approximately twice as large as with 
thb sphere—«phere electrodes.    Ultraviolet irradiation of the discharger 
affects the time   t^.    The relationship of the value of   t^   in the air under 
normal conditions to the percent drop of tne breakdown voltage  n» brought 
about by ultraviolet irradiation of the discharger fcGJ is shown In Table 1.3. 
The commutation time in a discharger filled with oil is shorter than In an 
air discharger under normal conditions /%&,    lhorefore, oil-filled dischargers 
are used in some devices to obtain a short-duration leading edge of a pulse 

Welzel and Romple £S0t 68-707 determined the spark resistance vjy exam- 
ining the main processes taking place in the spark-discharge channel.    In 
doing so, it was assumed that during the time of the existence of the spark 
channel, effects brought about by the presence of electrodes were negligibly 
small In comparison with the processes of the transfer of charges in a dis- 
charge region distant from the electrodes.   The discharge current   i   and 
electric field strength   E   are connected by the relationship 

i — *rtenJbtE, (1.29) 

where   n^ 
charge. 

is concentration; be ~ mobility of electrons; e — electron 

During commutation, which under our conditions lasts less than 10   sec, 
no substantial expansion of the discharge channel takes place /13, 6Ü,   In 
addition to this, at high pressures it may be considered that mobility of 
electrons does not depend on electric field strength and so the equality 
(1.29) directly connects the quantities   1, £ and ng. 

The equation of energy balance In the spark chatunel may be written 
as follows 

(1.30) iE-Ws + Wi+-% , 

where Wj is energy loss in a unit of time owing to thermal conduction; 

Wg — energy loss for radiation; u — internal energy of the spark channel. 
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Internal energy of a spark channel consists of the energy of the 
progressive motion of atoms, ions and electrons, of energy spent for Ionisa- 
tion, and for molecular gases also of the energy of the excitation of oscil- 
latory and rotational states and of the bond dissociation energy. It is 
assumed that electron gas receiving energy owing to the field transfers it 
to the heavy particles of the plasma so slowly that in the time intervals 
being examined neither the kinetic energy of ions, atoms or molecules nor 
the degree of excitation of the oscillatory or rotational states hardly 
change. The processes of molecular dissociation may be neglected* Con- 
sequently, internal energy in a discha ge channel is completely spent for 
ionization processes. It is also assumed that energy losses for the thermal 
conduction W«p and radiation Vg are also absent« It Is easy to see that 

all of the assumptions listed are valid only for discharges of ahcrt duration 
in high electric fields. 

Internal energy is defined by the expression 

« - « ''"* \ * Tt + r r*aX«,v (1.31) 

where the first term represents kinetic energy of the electrons and the 
-p'iond — energy lost by electrons In the process of ionization (k is 
Boltzmann constant and Te is electron temperature). 

It follows from the expression (1.29) that conductance 

F—£-criMi,«. (1.32) 

Both the internal energy and conductance are proportional to electron con- 
centration with the proportionality constants depending little on the temper- 
ature T. If this dependence is neglected, then conductance may be approx- 
imately expressed in the following form 

where 

fl'= 3,2* £+,«,'• (1.3M 

Since b =p & and /v**p . the expressions (1.33) and (1.3Ü) may be written 

as follows» 
F-±u, (1.35) 

P 

°~  3ß*Jt + *u,   * (1»36) 

where   p   is gas pressure;   % — electron free path length:,   ^e — factor of 
proportionality connecting   be   and    A'. 
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If   W5   and   Wip   equal to zero are taken ß9t 6$f and the equations 
(1.30) and (1.35) are solved simultaneously, eliminating the internal energy 
u, we will obtain 

1 

/=» — .if- X"~Ydt U-37) 

From the expression (1.37) we will find the spark resistance   R^ 

tf„(0 = f£ . 
2a J Pdt 

(1.38) 
I) 

Conditions on the basis of which formula (1.38) are reproduced most 
satisfactorily only during the stage of a rapid voltage drop in the spark. 
In doing so, the faster this stage progresses, the more the pattern described 
corresponds to reality. 3h the operation of spark dischargers, conditions 
are specially created in the high-voltago nanosecond devices to obtain a com- 
mutation time tjc <10~8second. 

Investigations of the applicability of the foramla (1.38) for analyzing 
the processes in a spark were conducted in the direction of checking the time 
constancy of the coefficient a. Khun's /ß$7 investigations did not confirm 
the time constancy of the coefficient "a" for discharges in the air and hydro- 
gen. The main reason for this discrepancy consists in that the investigations 

of the spark were conducted with the times of 10"? to ID sec when the basic 
premises used in deriving the formula (1.38) were nc longer observed. In 
addition to this, the breakdown of the gap investigated in the work ffifl was 
initiated by an auxiliary spark which, as shown above, highly affects the 
length of the commutation time. 

S. I. Anc'reyev and M. P. Vanyukov ßSJ investigated the time depend- 
ence of "a" 1A the air under normal conditions and its relationship to the 

resolving power of oscillograph equal to 10"° SGC. It follows from the data 
they obtained that during the first 10 nanoseconds the coefficient "a" changes 
insignificantly and the following "a" may be assumed 

a»(l to 1.3) cm*-' • atm/v* • sec. 

Unfortunately, the coefficient "a" has not as yet been determined ex- 
per4vantally for the other gases. Theoretical evaluation of the quantity waw 

may be done using the formula (1.36). 

Par. I.U. Bastoration of Electric Strength of the Spark Gap 

In obtaining the high-voltage pulses with a high repetition rate it 
is important to know how fast the electric strength of a discharger is re- 
stored after a spark discharge. 
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When current no longer flows through a spark a column of heated and 
highly ionized gas remains in the channel, in which the pioceasea of diffu- 
sion and recombiiiQtion bringing about a decrease of electrical conductvity 
of the spark channel with time take place. However, the voltage on the dis- 
chaiger electrodes increases at the same time owing to the charging of the 
9hapir,g element of the network from a charging device with this voltage 
slowing down the restoration of electric strength of the gap« If the break- 
down voltage of the spark channel becomes restored faster than the voltage 
on the electrodes increasey, then the shaping element of the network will 
become charged to the full voltage and the network will be able to produce 
the next pulse. If the increasing voltage on the electrodes reaches the 
breakdown voltage sooner than the shaping element is fully charged, then an 
uncontrolled breakdown will appear. 

If the repeat-operation voltage at which the contro?.led operation of 
fche discharger stops is found by means of a simultaneous construction of the 
~"rve of voltage  rise  on the discharger Uy(t) /^r^dlscharger»/ a™* the 
?urve of the restoration of the breakdown strength Uy(t) ^ö^restorationj 
an' ij defined by the ordinate point of their tangency or intersection. 

Many works a review of which is given in the work (%Sf are devoted 
tc Mie investigation of the process of restoration of electric strength of 
th3 gap after a spark discharge. 

A. V. ftibchinskiy £f£/ investigated in detail the restoration of elec- 
'r.Lr strength after a spark discharge in hydrogen, nitrogen, oxygen, air, 
inert gases and their mixtures at voltages of up to 10 kv, pressures up to 
one atmosphere and interelectrode distance? of up DO 20 mm. The discharge- 
cun-ent pulses reached 1,000 amperes with a different duration of them. The 
steepness of the voltage applied to the discharger is equal to 0.5-1 kv/micro- 
second, Electric strength is restored fastest of all in hydrogen and slow- 
est of all in nitrogen. The difference in the rate of strength restoration 
in hydrogen and nitrogen is very great. For example, $0 percent of original 
strength is restored in hydrogen in 1*600 microseconds and in nitrogen in U,000 
microseconds. No substantial differences in the rate of strength restoration 
are observed in pure inert gase3. The dependence of the restoration rate on 
the pressure is little marked in all gases. The steepness of the Uy(t) char- 
acteristic is vory highly affected by various admixtures to the pure gases. 
For example, an addition of C.l percent of hydrogen tc argon increases the 
restoration rate nearly twofold. An admixture of oxygen to argon also has 
a similar effect. In addition to this, the lower the rate of the voltage 
applied to the discharger, the more effective the action of an admixture of 
oxygen. An addition of nitrogen to argon slows down the restoration of the 
strengtht Nitrogen proved to be more sensitive to the admixtures than the 
inert gases. Four thousand microseconds are necessary to restore $0 percent 
of the original strength in pure nitrogen, and in nitrogen with an admixture 
of 1 percent of hydrogen — only 1,300 microseconds. 

The shape and polarity of the electrodes have a considerable effect 
on the rate of restoration. When the point is the anode the restoration of 
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strength in nitrogen and bytfioger takes place faster than in the case of 
flat electrodes or when the point is the cathode. The material of the 
electrodes has no substantial effect on the shape of the curves Oy(t). 
Investigation of the effect of duration and amplitude of a pulse of current 
flowing through the gap indicates that with an increase of the duration of 
the flow of current through the discharger the rate of the restoration of 
the strength decreases to a higher degree than with an increase of the ampli- 
tude. 

Co most of the curves Oy(t) investigated in the work £f£7 there are 
two sections differing in the slope: initial section with a high rate and a 
flattened section where the rate of strength restoration is considerably 
lower. In the opinion of A, V« Rubchinskiy figj the initial steep section 
of the curve tJy(t) is determined by the breakdown strength of the ion layer 
which forms at the cathode under the action of voltage applied to the gap, 
and the following flattened section is connected with an Increase of gas 
density in the discharge column as the gas cools. 

With a decrease of the concentration of charges the thickness of the 
ion layer grows and Uy increases. When the concentration of the charges be- 
comes so small that under the action of the voltage applied to the gap this 
layer extends over the entire gap,the second section of the curve Uy(t) starts. 
Since the cooling process of the gas continues slower than the decrease in 
the concentration of the charges, the second section of the restoration curve 
has a flatter shape than the first. Calculations showed a qualitative cor- 
respondence of the experimental and theoretical curves OV(t) for all gases 
except nitrogen and argon. The influence of oxygen and hydrogen admixtures 
on the increase of the steepness of Uv(t) in nitrogen and argon may be ex- 
plained by the tendoncy of hydrogen and oxygen to the formation of negative 
ions. Recombination of negative ions with positive proceeds faster than the 
recombination of electrons with positive ions« Therefore, an addition of 
hydrogen and oxygen to argon and nitrogen accelerates the fall-off of the 
concentration of the charges in the gap and restores its strength. In addi- 
tion to this, the molecules of the impurity may break down the metastable 
molecules of the basic gas which reduce the breakdown strength of the gas 
owing to stepped ionization. 

In addition to the methods examined) gas or magnetic blowing /8), 21, 
337» a discharger with a number of gaps larger one, etc. may be used to 
accelerate the process of restoration of the strength of tbe_gap. after a spark 
breakdown. 

It is clear from the foregoing that the pulse repetition rate depends 
on the time for the restoration of the breakdowr strength of the gap. How- 
ever, the characteristic Uv(t) is not the only characteristic of the frequency 
properties of a discharger. It is also necessary to know the characteristic 
of the voltage rise on the discharger Ur(t) which should lie lower than Uv(t) 
and not touch or intersect it. It is especially important to have a flattened 
initial section of U?(t). It is of interest to note that this is helped by 
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the low after-discharge resistance of the discharger, which for a certain 
tine after the discharge stays approximately equal to aero. The last cir- 
c«instance prevents the voltage rise on the discharger since nearly all of 
the charging voltage will be applied for a certain time to a "hn^fog resistor 
(or inductance). The lowering of tha rate of Increase In the initial por- 
tion of the characteristic u>(t) is helped by the charge of the shaping 
capacitance through the Inductance (especially in the case of a resonant 
charge) unlike a charge through a resistor jj^J.    In addition to this, a 
charge passing through an inductance Increases the efficiency of the gen- 
orator in comparison with a circuit arrangement with a charging resistor. 

Owing to a long time for the restoration of the discharger strength 
the pulse repetition rate in pulse generators has a value of the order of 
Ify cps with the currents in a pulse of up to 1 klloamp and voltages of the 
order of ten kilovolts. 
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CHAPTHt 2. ANALXSJS OF PHOCESSES IN DISCHARGE CIRCUIT WITH A CC&tfUTATE» 
DISCHARGER 

Introduction 

Before passing on to an analysis of processes in a discharge, circuit 
and their effect on the shape of a voltage pulse we will introduce the basic 
notations of the pulse parameters (Figure 2.1a). Here tf is duration of the 
leading edge of a pulse; t8r — duration of the cut; t^ — pulse duration; 
tJa — pulse amplitude; A-*- voltage horn. 

Par. 2.1. Discharge Circuit of a Pulse Generator 

The substitution network of the discharge circuit of a generator of 
nanosecond pulses to shown in Figure 2.2 where UQ is the voltage of the 
shaping element; Cn — the load and wiring capacitance; C — shaping capac- 
itance; RJJ —- nonlinear resistance of the commutator; L — discharge-circuit 
inductance; ty — damping resistance and internal resistance of the shaping 
element. 

Depending on concrete conditions the parameters of a substitution 
network may assume different values (including zero values and infinitely 
large values). Unlike the microsecond pulse networks, in the discharge 
circuit of a nanosecond network the pulse shape is considerably affected 
by the variation of the commutator resistance R^ in time, which decreases 
in the course of the commutation time from infinity to a value approaching 
zero. 

In the general case an exact calculation of the parameters of the 
leading edge of a pulse in a network with a commutator is made difficult 
owing to mathematical difficulties. Calculation may be carried out with 
certain assumptions; for example, the conmutation characteristic of the 
discharger is specified. In doing so, a source of emf with a zero internal 
resistance instead of the commutator resistance is inserted in the substitu- 
tion network of the discharge circuit. The time dependence of this emf is 
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Figure 2.1. Determination of pulse parameters (a)j 
voltage pulse on the load ^ (b); pulse on the ca- 
pacitance C (c). 

t       ft       P 
ppnru-cz>-o 

Tj  

t      *,^   t 

2J*   R^__J- 
i      rt. •     * 

'fC_}fc d_] 
Figure 2.2. General substitution network (a); 
substitution network with account taken of the 
circuit inductance (b); substitution network 
with account taken of the value of the capac- 
itance of the shaping capacitor (c) and network 
with account taken of the spurious parameters of 
the L,Cn discharge circuit (d). 
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described by the commutation characteristic U^t) which changes insignifi- 
cantly with a change in the active and reactive parameters of the circuit 
ffi*  5^7» Therefore, with a variation of these parameters in a certain 
range the characteristic t^(t) may be considered invariable, 

We will examine the effect of parameters of the discharge circuit and 
commutation time on the duration of the leading edge of a pulse in the case 
of invariable voltage on the shaping element (C»oq;. It follows from the 
diagram in Figure 2.2b that with a unit voltage on the shaping element the 
transfer characteristic of the circuit on the terminals of the load has the 
following form 

where Zn(p) is the load impedance; Z(p) — aggregate impedance of the circuit, 
Including Zn(p). 

If the commutator is replaced by a rource of emf ea-Uj^t), then the 
aggregate relative emf is equal to 

ÄX7 '^-^t- (2.2) 

The characteristic e*e(t) always bears a monotonic increasing character. 
If h(p) is also a monotonic increasing function, then the duration of the 
leading edge of the pulse on the load ßSJ is equal to 

&f*t^leading edge_7    t, = Vt* + fi+ (2,3) 

where t^ is the commutation time of the discharger} t0* ««- the duration of 
of the leading edge with the condition that 

e *(t)=0 
e9*(t)*l 

t<Oj 
t>0. 

In the general case the value of   t0»   can be determined with good approxima- 
tion directly from the transfer characteristic   h(p).    If 

h {p) ~ \Z*J+h? + ...+*r ' C2.W 

where   m«£n - 1, then according to ß"SJ 

t^VZfa-bJ + bf-o,*, (2-5) 

where h  is a 'actor which depends on the method of determining the tö«. 
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In practice, in all of the arrangements of the discharge circuit teed hencafcofth 
A/«2.2 if the duration of the leading edge 1B determined between the levels 
of 0,1-0.9 of the pulse amplitude. 

An important conclusion follows fron the formula (2.2) that tf is 
not dependent on the form of a function approximating the commutation char- 
acteristic but depends only on the value of t^.. In the simplest case, «hen 
ZQ* and Z(p)*Lp ♦ R, the value of tQf ■ 2.2 ± . If tk<bQf, then it 

follows from the expression (2.3) that 

Thus to decrease the duration of the leading edge it is necessary to de- 
crease the commutation time and the time constant of the discharge circuit 
Ii 

ff* 

Formula (2*3) may be used approximately also in the case when the 
function h(t) is not raonotonic, if the voltage horn at the vertex of h(t) 
is less than 10 percent ffhjr. However, In doing so, it is necessary to de- 
termine tf not by the formula (2.5) but directly from the curve h(t)» 

Usually the commutation characteristic is determined experimentally 
and approximated by SOIM suitable function, usually by the exponential 

UAt)-U9r*. (2.7) 

For an exact calculation of the pulse parameters with account taken 
of the conditions in the discharger and of the circuit parameters it is nec- 
essary to know the resistance of the commutator R (in our case this Is the 
spark resistance Hj.). It is impossible to calculate the transient in the 
circuit in Figure 2.2a with account taken of nonlinear resistance of the 
spark according to Weizel and Rompl ^T, 377« Actually, there is even no 
need for this since all of the pulse generators used have only three differ- 
ent substitution networks of the discharge circuit, a detailed analysis of 
which will be given in the following three paragraphs. 

Par. 2.2. Determination of Parameters of the Leading Edge of a Pulse With 
Account Taken of the Inductance of the Discharge Circuit 

To obtain rectangular pulses with a large current the substitution 
network of the generator has the following parameters! C=oo, CQ*0, R^SO. 
Thu discharge circuit of a generator with a shaping line has such a substi- 
tution network (see Figure 2.2b) and also a circuit with a shaping capacitor 
for which the %C is several orders larger than the duration of the leading 
edge of the pulse tf. 
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Differential equation for the current of the discharge circuit with 
account taken of the spark resistance U± according to the formula (1.38; 
has the following foxn 

/,'f (2.9) 

In the place of i and t we will introduce new variable quantities: 

2*>r^%ark7 *-*£*   —fJ   f-T^- <2-9> 
where p is gas pressure; 3 — the length of the spark gap; *a« — a con- 
stant characterising the gas. The -variable x is a relative pulse voltage 
across the resistance iUj. We will substitute i and t expressed by x 
and T into (2.8) and introduce the coefficient 

A    _?«•!£_ (2.10) 

In doing so, we will obtain 

«l/U. (2-n> VI 
It follows from the expression (2.11) that x=f(tO depends only on 

one parameter A and has no exact solution except for the case when A=0. 
In doing so,  — 

-T,n»—x + -4(i-,r + *- (2.12) 

The integration constant kn is determined from the condition that V=0, 
x^D.Ol and is equal to 1.537« Numerical solution of the equation (2.11) for 
nonzero values of A was carried out by Sahner ß2jt and the curves x=f (tfl 
for different values of A are shown In Figure 2V3a. 

Making use of the curves x=f (ir) it is possible to calculate the com- 
mutation characteristics of the discharger with different coefficients A (see 
Figure 2,3b). It may be seen from the figure that the commutation character- 
istic depends little on the value of A. This characteristic may be condi- 
tionally divided in the region of a rapid voltage drop in the discharger gap 
and the region of a slow drop where this drop is protracted. The same shape 
of commutation characteristics is observed experimentally in the case of large 
currents in the spark (a high-power discharge). Such a behavior of the com- 
mutation characteristics draws xhe transition region of the leading edge to- 
ward the top of the pulse and increases the duration of the leading edge. 

The Tf vs A characteristic determined from the curves in Figure 2.3a 
is Tiell approximated ly a straight line when 0<£A^25 
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or 

T^PIO.5 ♦ 2.2 A > 

PS? 

* aU0
2 

♦ 2.2 L_ 

This formula is analagous to the expression (2.6). 

(2.13) 
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A* 
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Figure 2.3.   Time dependence of the relative 

voltage     X*TT~ across the resistance RQ (a) 

and commutation characteristics of the discharger 
xr«ff(t) for different A (b)j the equivalent ex- 

ponential   Xj.se"0'°753tr  ^ ai30 shown here. 
He 

Making use of the equation (2.11) we will calculate the maximum steep- 
ness of the leading edge of the pulse.    For this purpose we will denote the 
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second term of the equation (2.11) by y. In doing so, 

f*»rft--iL (2.1U) 

We nill differentiate the equality (2.1Ü) wj.th respect to T.  We «ill sub- 

stitute into the resulting expression the y and  — found from the equa- 
dT 

ticn (2.11). If it is taken into account that for the maximum steepness 

^§■0» then 

(2.15) 

The values of the voltage xn and the steepness x^.1 pertain to the point 
with the maximum value of the steepness. The maximum steepness cannot as yet 
be determined from the equality (2.15) since XQ is not known. It may be 
seen from Figure 2.3a that in the region of maximum steepness the relationship 
xafto) approaches rectilinear relationship. Therefore, it is sufficient to 

determine the value of XQ approximately in order to find (— j with high 

accuracy. We will assume that the value of x^ does not depend on A. Ik that 
case, after determining it for any one value of A (for example, A«0), this 
value may be considered valid for the other values of A. 

Making use of the equation (£.11) it is possible to show that with 

A«0  XJJ-^. 

If we substitute this value of x^ into the equation (2.15) and transform 

somewhct the equality obtained, we will obtain the following 

"("*.- f)'-8(^'-- £)'- *(**•■ -T)+ 

+|=o. 
(2.16 

Solution of the equation (2.16) and substitution of A and Xj,  with their 
values from the equality (2.9) and (2.10) lead to the following formula 

V7Tk=l*'7*]l-f(A* (2.17) 

The following empirical formula may be used when 0<A<^25 

. ?(/i)-_O.I57^+OlOl08-4,-0.00017i4'. (2.18) 

It may be seen from the formulas (2.17) and (2.18) that to increase the 
steepness and decrease the leading edge of the pulse it is necessary to decrease 
the parameter A. 
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Verification of the correctness of assumptions made in the derivation 
of the formula (2-17) may be carried out by asans of a comparison with the 

exact values of (zH)   calculated in the work g&] for sons of the values 
of A. 

Comparison of the results shows a good agreement of the formula (2*17) 
with the exact data «hen A^g> (discrepancy in the results does not exceed 
5 percent). 

fir« 2.3. Effect of the Value of the Shaping Capacitor on the Poise 
Parameters  -—»-■—» *-     ■ -      *~      -™~~ — - - - 

If the tine constant of RQC is congruent with the commutation time 
of the discharger, then it is necessary to calculate the voltage drop in the 
capacitor C attributable to its discharge. In this case, the effect of CQ 
ray be neglected and it nay be considered that CQ"0. If it is necessary to 
damp the oscillations at the pulse tail, then a resistance R^ is connected 
in series with RQ. 2h the calculations we will consider that RQ is the 
3'ci of the dating and load resistance (see Figure 2,2c). 2h a generator 
with such a circuit it is possible to obtain a duration of the "»«««Hug edge 
of the pulse shorter than the commutation tine t^ owing to a certain dis- 
charge of the capacitor during the commutation. However, in this case the 
pulse amplitude Ua<Do, and a shorter pulse duration (see Figure 2.1b) can 
be obtained, than the commutation time. If Rf*) and L"0, then the pulse 
-will have a sawtooth shape with the following duration at a level of 0.1 

t^.3 RXJC, 

We will pass on to an analysis of the processes taking place in the 
discharge circuit (see Figure 2.2c). Differential equation for current in 
the circuit has the following form 

«*.-*/?.) + L ~ = Ut. (2.19) 
at 

If instead of the Rj, its value from the formula (lt38) is substituted 
into the equality (2.19) and the following series of new constant and vari- 
able quantities are introduced: 

B = M.. k=YE.   a-Äi.        (2.20) 

%=T>  *■*"&'*  *■** I —-Äi.       (2.21) 

then we will obtain 

1 dz 
L+BZ+kl*.=x. (2.22) 

«ft 
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Hare y=>. ■ - ■ ■  is a quantity proportinal to the inner energy of the dls- 
0.5 ugc 

charge channel. The following relationship exists between 2, y and ft 

22» = y-^L. (2.23) 

In this case the relationship between Z, y and x has the following 

z=-±.<m (2.2U) 
font 

Z=--L.- 
4   ax 

It follows from the expression (2.21) that -iL-= -Z -** 
dt    dx * 

We will eliminate Z and X from the equality (2.22), and integrate 
with respect to x the right and left members of the equation obtained. In 
doing so, we will determine the integration constant on the basis of the 
following conditions i t«0, ysO, x=*l. After all transformations we will ob- 
tain a differentiax equation which describes the relationship between plasma 
energy in the discharge channel y and the voltage across the capacitor x* 

*\4*) (2#25) 

The equation (2.25) was obtained by Weizel fBsJ for analysing the 
process of plasma formation during a discharge and he solved it for certain 
particular values of B and k. 

The relationship between Z and V is defined in a parametric form 
in terms of x   

Z=-T'7T- *=4fgs+«*    »'     (2.26) 

Later on, we will be concerned not with the current Z but with the 
voltage across the resistance 1^, equal to 

ZgwSB. 

In this case the expression (2.26) assumes the following form 

Zü=_J_..£l-;   ^-ß[JiJL + const. (2-27) 
4      äx J AZ 

The equation (2.25) cannot be solved exactly in the general form. However, 
when kO it changes into an ordinary quadratic equation with respect to 
"Vap,    After finding Cp(x) and substituting it into the expression (2.27) 
we w ill find the followingt 
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where 

" = K,+M"-^ <2.W) 

The integration constant can be determined from the condition that T=0, 
Z^eO.Ol. An analysis of the relationships (2*28) and (2.29) indicates that 
the curve 2g(t3 has a maximum. From the condition _*2«o ire will deter- 

5 
mine Zg „^ and the value of xaax   corresponding to it 

-/0±ä ma - ,/ ^JEEIIsE,    . (8.30) 

If we substitute the value of x from the equation (2.30) into the equality 
(2.28), then we will determine the tin» t^gy   with which Zg assumes the 

maximum value. She quantity t^ax cannot be a technical characteristic of 

the leading edge of the pulse since at the beginning the leading edge has a 
rapid increase which changes into a very slow rise. Therefore, it is impor- 
tant to determine the maximum steepness 2!y  of the leading edge. For 

this purpose, we will determine y from the expression (2,22), square it, 
take a derivative of y2 with respect to <z end taking the equality (2.23) 
into account we will obtain an equation in which we will take a d* n 
Then we will obtain the following <j^ 

where the subscript nm" indicate« values corresponding to a point with the 
maximum steepness of the leading edge. In order to determine the maximum 
steepness Z m from the expression (2.32) it is necessary to know the values 
of Zm and % when B are specified. It Is impossible to determine  Z^ 
and 3%i in the general case when te^O. 

To determine x^   and Z^ when k«0 we will perform on the equation 

(2.22) the same operations as in the derivation of the formula (2.32), and 

then take from the left and right members the derivative with respect to t 

and assume a i-Ü=o. In doing oo, after substituting Z with Zy we will 
dT2 

ot^ain: 
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*"* (2.33) 

Since   Zg n<0.25 (see Bar. 2.2) and   x^l, then the expression (2.33) 
can be simplified by proceeding from a concrete value of   B.   For example, 
with   B}$ 

x.seAZu. (2.3U) 

The second relationship for the determination of connection between 
% and ZQB can be provided by formula (2.29)* In this case we will ob- 
tain 

It follows from these expressions that with B>5, *%mÄ$ 
and ^^sl» i»e« 

the voltage across the capacitor C hardly changes. Consequently, with 
B>5, formula (2*17) which was obtained with a replacement of the capacitor 
C with a source of Infinite power (see Far. 2.2), can be used to determine 
the maximum steepuess of the leading edge of the pulse. 

m order to have an idea of the steepness of the leading edge of the 
pulse when 0<B<5, we will determine ZUm and Xj, when B^l. In doing 
so, the expression (2.29) will assume the following form 

Zg^BxJl-Jc/). 

Substituting this value of Z^m into formula (2.33) and neglecting 
small quantities we obtain 

tfr*« - 12rfa ♦ 1-0 

or 
xm = 0.8399*0.84;   Z„. = 0.247B. ,Ä     „ 

(2.36) 

If the obtained values of x^ and Z^m    are substituted into formula (2.32) 

having first substituted 1^ with the quantity Z« m, we will obtain 

(^2.)^ 0,3420. (2.37) 
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i.e. with a decrease of B the maximum steepness decreases and In the unit 
with B-*0 it also tends to zero. The reason for this phenomenon consists 
in a large decrease of the puls a amplitude when 8 are small. With the 
values of B<5 the pulse maximum becomes more explicit and the pulse shape 
approaches a peaked shape. Therefore, the duration of the leading edge can 
be determined by the value of t^ from the formulas (2.28) and (2.30). 

We will dwell in a greater detial on the effect of the value of k 
on the pulse parameters. We will determine the condition for aperiodicity 
of the capacitor discharge. In the limit with X-+eo liie voltage on the 

d» dflp 
capacitor x-K), dx*0. Substituting these values of x and Jj l*1*0 

formula (2.2>) wewiU determine the limit value of the quantity <^oc   and 
then - — 

,/— ViTBF-i 
y. =V?» = 5  (2.38) 

If the expression obtained is substituted into the equation (2*22) and 2 
is expressed in terms of x, we will obtain the following equation of the 
asymptote of the curve x(tO   

*,T?'+5(, + 7f?W=i)-^ + 't = 0- (2.39) 

With       k<±(\+2B + VTT2B) (2JiO) 

the asymptote becomes aperiodic and, consequently, the curve x(t) will not 
have zero and negative values in the interval 0 <f <PO. With an ideal 
commutator (i.e. with H^aD) the condition of discharge aperiodicity has the 
following form f-~ 

(2.10.) 

*<-f 
If the condition (2.hl) is observed, then -ehe condition (2.U0) will also be 
observed, and with an increafie of B the condition (2.^0) approaches (2.U1). 
This is explained by a decrease of the effect of the spark resistance. 

We will determine the effect of k on the pulse amplitude. When k=C 
the pulse amplitude can be determined by the formula (2.31). Prom the equa- 
tion (2.2^) we will express cp in terms of x, g-*, B and k and will take 
a derivative of q> with respect to x. Taking the equality (2.27) into ac- 
count we will assume that at the point where Z-\fZy xaax the derivative —^»0. 
In doing so, we will obtain *c 

Zu AM —Jttffli ] - 
/ 2** 
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In order to determine the pulse amplitude it is necessary to know 
Xj^^ when WO. When the values of B are large the curve Z(x) has 
a flat maximum. Therefore, in order to know Z™ ^^ it is sufficient to 
determine x^ only approximately. Formula (z.jOj obtained for W) may 
be used for its approximate determination. The validity of the formula 
(2.li2) for B*l, Bai and k*"V2 to 10"V2 was verified by the graph* shown 
in Weizel's work n^J-   This verification showed that the largest error 
is about U percent. Thus, the use of the formulas (2.U2) and (2.30) for 
the determination of the pulse amplitude gives a good correspondence with 
the results of exact calculations. 

We will reduce formula (2.U2) to a form more convenient for use by 

substituting the parameter k with the parameter **-*- (see Par. 2,2) 

and substituting Xggx from the expression (2.30). In doing so, we will 
obtain 

ZuMi=V   ^~* (2.U3) 
X [i - -7=JL 1- 

Par« 2.U. Determination of the Pulse parameters With Account Taken of 
the toad Capacitance "~ ~~ 

The load and wiring capacitance Cn in the substitution network of 
a discharge circuit have to be calculated in the generators to obtain rec- 
tangular pulses when the load resistance Rn is high. In doing so, a re- 
sistance Rd is inserted in the circuit to damp the oscillations at the top 
of ths pulse« The capacitor C is replaced with a source of infinite power 
having a voltage VQ   (see Figure 2.2d). 

If the duration of the leading edge of the pulse on the load 

'♦«/?«£„. (2.Uii) 

then the current during the commutation period ip <^i-,  and« consequently, 

the effect of the resistance H^   on the process in the circuit may be ne- 
glected and it may be considered that R^CO. 

If the discharger is to be considered an ideal commutator (i.e. Rj^>), 
then the value of the damping resistance % found from the condition that 
A^pi percent (see Figure 2.1c) is determined from the relationship 

*'>V~^F£cY (2-u5) 
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When th-3 equality (" .US) is observed the duration of the leading edge of the 
puloe between the levels of 0-1 Is found from the following formula 

/, = _"- 3« VLC 
2/i     r 

v,+l 
(2.J*6) 

We will analyse the effect of spark resistance on the pulse parameters 
when the condition (2Mi)  is satisfied. For the sake of analogy with the 
calculation given in Ffer. 2*3 we will omit the subscripts "n" and *d* aft r 
the C and R. 

Differential equation of the current in the circuit (see Figure 2.2c) 
will be written as follows: 

B I 

After the transformations of the equation (2,1+7) similar to those carried 
out in the derivation of the equation (2.2?) we will obtain the following 

-£- + ** + *■ .££ + ,«,. (2.148) 

The same notations have been used as ir. the preceding paragraph. The differ- 
ences consist only in the connection between Z, x and i?, and also between 
Z, y and x. In this case          , 

2  " ' . (2.50) 

The equation (2.1;?) may be reduced to the following foim 

i_ /o2 H    \tfx ) where    cp sy*. 

(2.51) 

After determining the relationship    ^(x) from the equation (2.5l) 
the relative voltage on the capacitor   x\Tf) with which we are concerned will 
be written a3 follows: 

J dfldx + ronst. (2.52) 

Like the equation (2.25) the equation (2.51) is not solved in the general 
form. An idea of the curve x{V)  (see Figure 2.1c) will be sufficiently 
complete if the voltage horn at the vertex of the pulse A and the steepness 
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of the leading edge -nL are known. First we will find the condition *7ith 

which A«0. For this purpose, it is necessary to determine yc§ v*gr*0, 

xaO) from the expression (2.51), substitute it into the inequality (2.U0) 
and find aperiodicity condition of the curve x(t). As in the preceding 
case, it turns out that this condition is the inequality (2.1*0). However, 
fulfill»«* of the condition (2.U0) is not always expedient since this leads 

k—2- 
to a decrease of the steepness of the leading edge of the pulse. If * ^g 

or B«y2 Ir , then the steepness is higher than with the condition (2.hP) and 

the horn Zwis equal to h percent even in the most unfavorable case when Ri* 

We will determine the maximum steepness of the leading edge of the pulse 

(äL)    for k=0. For this purpose, with k*0 we will find q? from the equation 

(2.>L), take a derivative of <f with respect to x,  after which taking into 
account the expressions (2.U8), (2.U9) and (2.01) we will obtain 

tx   _±ZJ() ! -\ 
*x B    \        Y'l -2BJ + 4BX ) 

(2.53) 

dx 
If a derivative of "Jg with re3pect to x is taken and it is equated to zero, 
then we will determine the value of x^   at which steepness assumes the maxi- 
mum value * "    

Xu s , _ yftl+M^I+Mfc (2.5U) 

Substituting this expression into the formula (2.53) we determine lläEfrL "*(B)• 

To determine   fiÖ    when   \&Q we will substitute   ff ** ' -j| into the equal- 

ity (2.51).   Next, we will express   <p  in terms of B, k, x   and   — , we will 
take a derivative of <p   with respect to   x   and equate the terms containing 
x" to zeroi 

V a* h * {      /i-wrfcf-w^B«,} (2'55) 

If x^B, k) is known, then   {rfcj      is determined by solving the transcen- 

dental equation (2.55).   The value of   x^   can be determined approximately 

by proceeding from the following.   The   —   vs   x   characteristic has a flat 
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maximum when   x^.    Therefore, steepness in the region close to   x^   de- 
pends little on   x.    It is sufficient to find only an approximate value of 

ML "" ith high accuracy. Xm in order to determine 

It is possible to find the value of % approximately considering 

th«t with one and the same B % is not dependent on k, determine Xg 

with k*) by formula (2.5k) or find r^ considering that %*). 

As the numerical solution of the equation (2.J>1) indicates, with 

B<5 the best results are obtained in determining x^   by the first method. 

In Table 2,1 are given the values of te\ obtained with an exact and ap- 

proximate determination of x^ when the equality  k»-~- is observed. 

Table 2.1 

B 0 1 2 4 

mi 
0.3849 0.3033 0,1433 0.0927» 

0.3649 0,2041 1   0.1431    0.0920** 

1 * OnprAu.rrca « 
2 •• TovHoe unwn 

1  ncptoro HJIOM« 

Key: (1) Detenninedl from the first condition (2) Exact value of x^ 

As it follora from Table 2.1 the difference between the exact and 
approximate values of the maximum steepness does not exceed one percent. 

To determine the maximum steepness of the leading edge of the pulse 

with the conditions of **^    and B<5 the following empirical formula 

obtained from the formulas (2.#l) and (2.55) may be recommendedt 

(^-).=,rs;-['-°'6876,^+Mis3{<¥)'- - 
-MM, (JOS-)1]. 

where. U« is the voltage of the sourcej  Qn  j? . 

(?.56) 
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Formulas for calculating the pulse parameters according to the condi- 
tions In the discharge gap and circuit parameters were obtained in Par. 2.2- 
-2.li. It follows fron formulas (2.13), (2 1?), etc. that to deore&ae the 
duration of the leading edge of the pulse xt is necessary, with other con- 
ditions being constant, to decrease first <f all tho values of the spurious 
parameters L and C. But if L and C are negligibly small, then the 
duration of the leading edge tf will be determined by the spark resistance. 
In doing so, to decrease tf it is necessary to decrease the tiae constant 
of the discharger 

We will examine the methods of decreasing the Ö. As it follows from 
the equation (l.U), for the right branch of Paschen curve the breakdown volt- 
age increases with an increase of pS. In a certain range of pressures UQ= 

»const when pS^const. We may write PS=PQSQ where p* is pressure cor- 
responding to normal conditions and usually taken to be equal to one atmos- 
phere; SQ is the length of the spark gap at the atmospheric pressure and 
the breakdown voltage UQ. 

Then we obtain      „ _ _A 

6 = 

S: 

2S..1 

<*»</». * (2.57) 

Consequently, to decrease the 0  it is necessary to increase the pressure 
in the discharger p with the UQ being constant. This conclusion agrees 
with the experimental data cited in Par. 1.3. 

A very rapid increase of the breakdown voltage with a decrease of pS 
is observed In the left branch of Paschen curve (see Figure 1.1). If it is 
assumed approximately that 

U0=n - mp 

where n and m are certain constant quantities, then 

With an invariable p3 the denominator tends to "an" with a decrease in the 
pressure p while the numerator continues to decrease. This leads to a de- 
crease of o. This conclusion is in qualitative correspondence with the re- 
sults of investigations of low-pressure dischargers fj%J. 

If a pulse breakdown of the discharger takes place when p=const and 
the voltage is higher than the static breakdown voltage U.^, then 

-U3 - 



and 

[a P * pr »breakdown/ (2.59) 

Consequently, with an increase of overvoltage f$ in the gap the value of 9 
decreases, which leads to a decrease of the duration of the leading edge of 
the pulse. This is confirmed by experimental data given in far,  1.3* 

If in the expression for 8 the numerator and denominator are divided 

by 32 and a p=l atmosphere is taken, then we will obtain 

6 = 
«£» (2.60) 

where E is electric field strength at which a breakdown of the gap takes 
place. 

It follows from formula (2.60) that the value of 6 can be controlled 
by selecting a gas with different coefficients "a" - -d the strength E. In 
addition to this, the value of E changes with a *  l'erent shape of the 
"lectrodes. In the case of electrodes with a nonunlforra field in the gap 
the average value of E is smaller than in a uniform field. Consequently, 
0 should increase with an increase in the degree of nonuniformity of the 
field in the discharger. In the work ßffl it is shown with the point-to- 
point electrodes the commutation time t"j£ exceeds the tfc with the sphere- 
to-ephere electrodes. 

A decrease in the value of 0 at a constant pressure p with a de- 
crease in the length of the spark gap should be expected from formula (2.60) 
since in this case electric strength of the gases E increases. In Table 2.2 
are given the values of the field strength E at which a breakdown of the 
gap in the air takes place according to the length of the gap S in a uni- 
form field /?9, 767. 

Table 2.2 

S, cm 1 0,1 0,06 0,01 0.0C6 ».001 0,0005 

E,KV/&r4 31 45 53 97 i25 400 700 

With a decrease of   S   from 1 to 0.01 the value of   E   increases ap- 
proximately threefold while the value of Ö  (and consequently also the com- 
mutation time   t^) decreases in this process by nearly one order.   This con- 
clusion is confirmed by experimental data {]>$}»    However, this effect may be 
utilized only with low pulse amplitudes. 

The relative parameters of the pulse depend on the coefficients which 
unite      Q    and the circuit parametsrs.    For the substitution network (see 
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Figure 2.U. Curves of the relationship 
of the time ^0.8 *° *^e 'VSi^UB °* Bi 
1 — experimental j 2 — theoretical. 

Figure 2.2b) such a coefficient is A, and for the networks in Figures 2.2c 
and d — E and k. It is of interest to verify this experimentally. In Fig- 
ure 2«lj are shown the curves of the relationship of the duration of the lead- 
ing edge at a level of 0.1-0.8 to the coefficient B for the substitution 
network in Figure 2.2c. The value of the parameter B was controlled by 
varying the p, Rn, C and üQ. The discharger was in an air-filled coaxial 
metal chamber. An LaO could be considered in all experiments. Also shown 
here is a curve obtained theoretically from formulas (2.28) and (2.29) by 
eliminating x with an a=l. Experimental points lie around the curve which 
runs close to the theoretical curve. Thus, in the first approximation it may 
be considered that the value of tf depends only on the final value of B 
regardless of the character of the variation of this coefficient. 
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CHAPTER 3. METHODS OF DECREASING THE DURATION OF THE LEADER* EDGE OF A 
KIQH-VOLTAGE FUISE 

Par, 3.1. Capacities Correction of the Leading Edge of a Poise 

In a generator with a shaping line, insertion of a noninductive capac» 
l+.cr (Figure 3.1a) parallel to the shaping line can be used to decrease the 

b ' 

Figure 3.1. Diagram of capacitive correction of the 
leading edge of a pulse in a generator with a shaping 
line (a), substitution network (b) and substitution 
network of the discharge circuit of a generator with 
shaping C0 and correcting C capacitors (c). 

duration of the leading edge. The substitution network of this device with 
account taken of the inductance of the discharge circuit is shown in Figure 
3.1b. We will replace the commutation characteristic with the following 
exponential 

VAt) = u*-* (3.1) 

In the cääe of unit voltage, the voltage across the load may be written 
in operator font according to the dimensionless operator qsr^- as follows: 
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hl<,)- <♦ + !>(« (» + »> +if' (3.2) 

where 

Wien      fltfL       ^1   the original   h(t) has the following fora> 

«*-T[ 1+2 
/j»_ß —* + 2 S4-&- B+V 

Xe^ÄÜÄ), (3.3) 
ihr    J 

where 

(3.3') 

The factor | in the expression (3*3) indicates that in a network with 
a shaping cable the pulse voltage decreases by one half In comparison with 
the charging voltage. 

When °Jt,P <1 the hyperbolic sines and tangents in the equality (3.3) 

are substituted with trigonometric sines and tangents, and in the expression 
for a> the sign under the root is changed to the opposite sign. The char- 
acteristics hfe) for b=0 ard different values of B are shewn in Figure 3«2a. 

i With an increase of B the duration of the leading edge decreases but 
with large B a spike A appears at the vertex, which distorts the shape of 
the pulse. The maximum of this spike may be found from the equation dh(T)_Q 

dir 
In Figure 3.2b are shown the curves of the relationship of the duration of 
the leading 6dge tf to B and b. We will determine the optimum value of 
the parameter B at which A%5 percent. For this purpose we will substitute 
tsT   and h(T)=|u- + A(t}j into the equation (3.3) and find the curve of 
the correction boundary B=f(b) (see Figure 3.2b). The optimum value of the 
capacitance C may be found from this curve. When 0^b^2 the value of 

C^O.63-^—0.19-^-. (3.U) 

With L«0 and the optimum value of C the duration of the leading 
edge decreases by more than one half. It follows from Figure 3.2b that the 
effectiveness of correction decreases with an increase of L- When L>tkZ 
correction hardly decreases the duration of the leading edge of the pulse. 

A decrease of the duration of the leading edge of a pulse using the 
arrangement described is possible in a network with a shaping line. Howover, 
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Figure 3.3. Substitution network of a 
discharge circuit with a compensating 
capacitance (a) and voltage character- 
istic across ft in the case of an ideal 
commutator (b). 

correction network with a large shaping capacitance when it can be replaced 
with a source of infinite power (see Figure 3.1c) follows directly from the 
substitution network (see Figure 3.1b) when L*0. 

tVhen Hi«R2 the analysis of this network will bo the same as in the 
network in Figure 3.1b. la addition to this, owing to a decrease of the pulse 
amplitude by one half the tf decreases by more than one half. 

When using a corrective capacitor the duration of the cutoff increases 
owing to a protracted discharge of the capacitor. 

If it is necessary to obtain high^voltage pulses with a steep leading 
edge, flat top and long duration, then paper oil-filled capacitors with a 
large capacitance are used. The self-inductance of these capacitors (see 
par. 5.U) is high. This prevents the ob+aining of a short leading edge. In 
addition to this, sometimes small dimensions of a discharge circuit cannot 
be used, for example due to the necessity of observing insulation distances 
in the case of very high voltages. Because of this, the inductance of the 
circuit will be high and, accordingly, the duration of the leading edge of 
the pulse will be long. 

The effect of spurious inductance on the duration of the leading edge 
of the pulse may be decreased by inserting a noninductive capacitor between 

-U9 - 



the high-voltage electrode of the commutator and tho grounded lead of the 
load (Figure 3.3a). 

In Figure 3.3a   Lj.   is inductance the effect of which has to he elim- 
inated, and    L2   is inductance remaining In the circuit. 

If   Li^L2   and   C-j^Cp» then in the first period after the operation 
of the commutator for the load the primary current will be provided by the 
capacitor   C2   and not by the shaping capacitor whose current «111 be Un- 
ited by the high Inductive reactance   Ljj).    If a sufficiently large value 
of   Cg   was selected and it does not have tine to discharge considerably in 
the period of shaping the leading edge, then the duration of the leading 
edge of the pulse in the case of constant load will be determined only by 
the inductance   I^*   However, oscillations nay appear on the top of the 
pulse in this case (see Figure 3.3b).   To evaluate these oscillations we 
•'fill examine the transient in the circuit shown in Figure 3.3».   The voltage 
across the resistance   "R   for an ideal commutator with unit voltage on the 
shaping capacitor has the following form in the operator for» 

where 

*(-) = . *£±J . (3.5) 

q = ——p;     Ü—-?—,   0—-J-. sj,5  ) 
it A» -1 

It follows from the condition (3*5) that when the values of B are large 

A(?)*-57rT' 0.5«) 

or 

A(/)*l-e~'"£". (3.5,M) 
Ii9 Consequently, the duration of the leading edge of the pulse   tf»2.2 —= 
R 

T/ith account taken of the conmutation time tjj can be determined from the 
equation (2.3) since the transfer characteristic h(t) tends to a nonotonic 
characteristic when 3 are large. 

The value of B has to be determined from the condition for permis- 
sj.bie dip £k at the top of the pulse. In doing so, we will determine the 
characteristic h(f) for the case of oscillatory process in the circuit. Jn 
the case of aperiodic process the capacitor C« has time to become alreadjr 
discharged on the leading edge of the pulse, we will determine A when b^l 

*Wal--4= e'^sin ^^ x, 0.6) 
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where 

?*t-£- 

The distortion of the top Is brought about by the second addend of this 
equality, i.e. X 

If a derivative   S=LS!   is taken in this equation and equated to 
zero, then the highest amplitude of the spike  &(t3°Au   corresponds to 
the smallest value cf    T«^n   found from this equation.   To decrease   Am o 
it is necessary first of all to decrease the amplitude     ■ -    __-,   i.e. to 

VüB-1 
increase   B.   The following formula may be used to determine the value of A 
when    AJJ^IO percent 

A-Ä-^ = -^-- Ö.8) 

In doing so, the value of 1^ is determined xYom the formula tg*    ■ ■• 

The relationships (3.8) and (3*9) were obtained for b^l. However, 
a detailed analysis of the original of the representation (3.5) indicates 
that in all of the cases used in practice (&m<lß percent; b^0.5) these 
relationships give a good approximation. This analysis is complicated and 
is not given here. 

With the aid of compensation method the duration of the leading edge 
of the pulse (when Rj.0) can be decreased for the network shown in Figure 
2.2b by 

*fj3 *Ie i +b 
r~*a — , times, 
tf2   Ij.     b  *"■ ' 

and for network in Figure 2.2d by 

times. 

In concluding this paragraph we will examine the problems of the cor- 
rection of pulse shape by selecting the value of the shaping capacitor. 
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It was pointed out In Par. 1.3 and 2.2 that the steepness of the 
commutation characteristic of the discharger changes with tine with the 
steepness being very marked at the start of the commutation and sharply 
decreasing at the end. If a line is used as a shaping device« then with 
small spurious parameters of the discharge circuit the leading edge of the 
pulse will Iterate the commutation characteristic. In this process the 
duration of the leading edge between the levels of 0.1 and 0.9 will he long 
y.ith the greatest portion of the leading edge being between the levels of 
0.9 and 0.8 of the amplitude. Another important drawback of a network with 
a shaping cable is the decrease of the pulse amplitude by one half In com- 
parison with the charging voltage. 

Y/e will introduce the following coefficient for the characteristic 
of the region of transition from the leading edge of a pulse to its top 

v.! <?re t0>Q is the time for the increase of the voltage on the leading edge 
of the pulse from 0.1 Ua to 0.8 Ua, and t^o — from 0.1 Ua to 0,9 Ua. 

In a network with a shaping cable with A=0 the coefficient Ql<*0.33 
(see Figure 2Ja) whereas for and ideal rectangular pulse c(=l. By select- 
ing the value of the shaping capacitor the c( may be increased and tf de- 
creased by oeans of a small decrease of the amplitude in comparison with the 
cliarging voltage. This method of correction is based on the circumstance 
that in the period of slow voltage drop on the commutation characteristic 
the voltage in the capacitor also drops owing to a partial discharge. Because 
of this, the transition from the leading edge to the top of the pulse takes 
place more sharply. In Table 3.1 are gi?en experimental data on the effect 
of the value of the shaping capacitor on tho pulse parameters when the air 
pressure in the discharger p=l atmosphere, charging voltage UQ»1J> kv, the 

load resistance is 75 ohms and inductance of the discharge circuit is less 

than 10"° henries. 'Vith the time tm the pulse voltage assumes the maximum 
value equal to Ua, and with the time t'0*9 it drcps on the pulse tail to 
0.9 Ua. 

«}>oprK[iy«>mMfi 
1            SJeHCKt fh-3 

C2000 
n<f> 3 

C-100C 
nip 

C-500 C-250 

U„ tu  *▼ 15 13.4 13 11,3 8.6 
fa. nit«  nsec 7.5 6.8 6.4 6.3 5.6 
/a9.  KCtK 

rtJ.  MUM 

21 8,3 
47 

7.5 
27.8 

7,1 
W.l 

6.9 
12.8 

■ 0.36 0.K2 0.85 ».89 0.81 
/., neat 00 32 20,3 15,4 10.9 

Table 3.1 

Key: (l) Shaping element  (2) Cable RK-3 (3) pf»picofarads 
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It follows from Table 3*1 that when 0=2,000 picofarads the pulse amplitude 
ia only U percent \ower than the charging voltage. The coefficient oC ap- 
proaches unity and the leading edge of the pulse is nearly three tunes 
shorter than 5JI a network witii a shaping cable. The shape of a pulse ob- 
tained in a network with a capacitor is not alway3 acceptable owing tc the 
slow voltage drop on the tall. By using circuits for shortening the pulse 
duration it is possible to obtain pulses approaching in shape the rectangular 
pulses. We will assume that the voltage drop at the top of the pulse is ten 
percent relative to 1he ^plitude voltage. For the case examined in Table 3*1 
*fs*0.9r*fa3«3 nanoseconds, tj^o.o ♦ "& O.0^*^ nanoseconds. It is assumed 
that the duration of the cutoff tar^*tf (see Figure 2.1a)- The duration 
of the leading edge will amount only to 1/7 of the duration of the entire 
pulse. In most cases this satisfj.es the requirements demanded of the rec- 
tangular pulses. 

In Par. 2.3 it was shown that with a small inductance of the discharge 
U0 

circuit all parameters of the pulse depend on the value of B=tL,C —-» . On 
2pS2 

the basis of the data in Table 3.1, to obtain a pulse approaching in shape a 
rectangular pulse it is necessary to have a B^lOO or 

•200f£. c^ Tufa 
(3.10) 

Par. 3.2. "Peaking" Spark Discharger 

To decrease the duration of the leading edge of a pulse a spark dis- 
charger P is sometimes used, which is inserted in series with a long line, 
usually a cable (Figure 3.Ua), over which tne pulse propagates. The latter 
creates considerable overvdtage in the discharger and upon its breakdown the 
leading edge of the pulse is shortened. Overvoltago is created owing to a 
delay of the breakdown of the gap of the discharger P and owing to a doubling 
of the pulse voltage, as in an open line. 

These dischargers were given the name "peaking" dischargers. At the 
present time they are used to obtain pulses with a leading edge of the order 

cf 10"^ seconds and an amplitude of tens of kilovolts (see Par. J>«7). 

An equivalent network of the discharge circuit of the "peaker" for 
the period of the conversion of the leading edge of the pulse is shown in 
Figure 3.hb. The network has no self-inductance of the discharge circuit 
since the peaker chamber is usually well matched with the cables 1^ and Ig. 
For the simplicity of the calculation we will asurae that voltage on the lead- 
ing edge of the primary pulse increases in accordance with the following lin- 
ear law 

U=-£-t, (3-11) 
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und the voltage at the top of the pulse remains equal to  ifR   (Figure 3.5) for 
and infinitely long time. 

b i 

Figure 3.U. The circuit diagram of the 
peaking spark discharger (a) and the sub- 
stitution network of the discharge cir- 
cuit (b). 

Figure 3.5« On the calculation of peak- 
ing of the leading edge of a pulse. 

Th! 

The duration of the leading edge of the pulse at the output tf (see 

Figure 3.5) depends en the overvoltage which is brought about by the delay 
time of the breakdown of the peaker tz. The latter depends on the duration 
of the leading edge tf. With other conditions being equal the time tz 
%ielay ? depends on the length of tha gap S and bears a statistical character. 
he longer the tz the higher the voltage Up at which the gap breaks down 

and the shorter the length of tho leading edge of the pulse tf2, and vice 

versa. It follows from Figure 3.5 that if with the shortest of the possible 
tz the breakdown occurs at the point n, then regardless of the value of tz 
the breakdown voltage remains equal to Ua. The smallest value of tz is 

equal to    «r t„ — the discharge-formation time, 

^tpstj^ischarge-formation time7 

Therefore, the condition 

*♦. = ', (3.12) 
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corresponds to the highest stability of the value of   tf„ 

We will show thatwhan condition  (3.12) is satisfied the value of tf2 

turns out to be minima].   Indeed, if the breakdown of the gap takes place 
et the point   n, then taking into account the doubling of the voltage due 
to the reflection of the wave from the peaksr and taking into consideration 
that   p«l atmosphere, we obtain (see Par« 2*2) 

t±~m 
apUtf 

(3*13) 

where   m   depends on the method of determining the duration of the leading 
edge of the pulse. 

If the length of the gap   S   is increased and consequently that of 
t2 also, in such a manner that the breakdown takes place at the point   n", 
then the breakdown voltage will not change but   tf«   will increase owing to 
a decrease of the overvoltage.    If   S   is decreased so that with   tz*ip   the 
breakdown would occur at the point   a1, then   tf2   will also increase owing 
to the Increase of   tW£   ijcid of the voltage in the gap in the period of the 
commutation of the discharger*   Urns, the value of   S   at which   tf2   is min- 
imal is also determined from the condition (3*12).   Henceforth we will indi- 
cate this value of   S   by   Sj,. 

Iii the breakdown on the leading edge of the pulse the discharge-forma- 
tion time is determined by formula (1.26) which with the condition (3.12) will 
assume the following form for our case 

/2t/,(2k'.- 2M-W-SJ 

where 

V"ua 

bl * 3tfl 

The value of t-; is determined from Iteether condition (1*3). With the pulse 
amplitudes V&s$ to 50 kv the characteristics S0ssf(tf1) found from the con- 

dition (3.1U) may be approximated with the curves of the following form 

1 (3.15) 

where y\«1.9  . lO"2; £=0.21 if Ua is expressed in kilovolts and t^ in 

nanoseconds. 
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To determine the relationship of tf2 to tf_ we substitute the 

values of S^ from the expression (3.15) into the equation (3*13) 

<* = *$. (3Jj6) 

where 
* = -=*: «,=*. (3-l6') 

It follows from the expression (3.16) that the value of tf2 is dependent 

on tf^ and is not dependent on the pulse amplitude. To decrease tf? 

it is necessary to decrease tf  with the pressure in the discharger being 
constant. 

v, 
The peaking efficiency ^w—Z   decreases with a decrease of tf2. 

*f2 
According to the work ß$J»  to obtain a pulse with V^'QO kv and tf a0.6 

nanosecond the value of kgÄ?3. 

It follows from the equality (3*16) that with atmospheric pressure in 
an air peaking discharger, to obtain a pulse with a duration of the leading 
edge tfp^l0"9 seconds it is necessary to have a tf, of +-he same order as 

of_. To create a generator of primary pulses with such a short leading edge 
is very difficult. Sooetims the pressure in the discharger is increased to 
increase the tf.. 

By increasing the pressure of nitrogen in the discharger to 100 atmos- 
pheres with Ua*60 kv and tf «0.3 nanosecond Fletcher /^T/ increased the 
peaking efficiency kg appi <jx:[mately to 60. 

To increase ke it is possible to make use of the method of succes- 
sive peaking of the leading edge of the pulse when several peaking dischargers 
connected with lengths of cable are installed. If a pulse with a leading 
edge of tf. comes rver the line Ij, then in the line 1^ we will obtain 

'*. =< ft (3.17) 

where   n   is the number of dischargers. 

The method of successive peaking may be used even when the value of 
tf.    is of the order of several microseconds. With such a great length of 
the leading edge of the pulse the overvoltage during the breakdown of the gap 
P>L   will not exceed unity. 

It follows from Figure 3.5 that 
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where 

^„■Up-ovcrvoltage/ r,=slöi"^-' (3.19) 

The value of   t'f   Is approximately equal to   t^   — to the commuta- 
tion time of the discharger in the case of a static breakdown.   With   p»l 
atenosphere toe value of tjc-tj^ajO"8 second and depends little on the break- 

tw 
down voltaga and with   p>l   atmosphere the time t^^-i. 

P 
If in the formula (3.19) the voltage   Dp   ia substituted with its 

value expressed by the product of   pS   (feschen curve), then 

<_=-^+ <»('-.£*). (3.20) 

It follows from the egression (3.20) that if by varying the pS the second 

term in parentheses approaches 1, then tf9-»Jjl, ThJa 1B achieved by increas- 
P 

ing the S until the beginning of stable breakdowns of the gap. Consequently, 
even with p=l atmosphere}  by controlling the S the tf can be decreased to 

10"° second with the aid of the first peaker. The further decrease of tf 
takes place after the subsequent peakings. 

Investigations showed that with the use of three peakers the duration 
of the leading edge of a pulse with an amplitude of Ua»3Q kilovolts decreases 

from 0.8 • 10"° tc 10"^ second. Thus the peaking efficiency ^»800. 

Practically any primary pulse has a duration limited either by a volt- 
age drop owing to the discharge of the shaping capacitor or by the length of 
the shaping cable. Therefore, statistical variations in the breakdown of a 
peaking discharger will vary the duration and amplitude of a pulse. To sta- 
bilize the operation of a peaking discharger it is necessary to use ultra- 
violet irradiation of the cat; ode or other methods of eliminating the statis- 
tical lag. 

Par. 3.3. Artificial Lines With nonlinear g and C Elements 

One of the effective means of increasing tb« steepness of the leading 
edge of the pulses is the use of lines with nonliu>ar inductance or capaci- 
tance. There are materials in which a decrease of magnetic inductivity takes 
place with an increase of the current or a decrease of specific inductive ca- 
pacitance with an increase of electric field strength. If a line is made up 
of such materials, then the propagation velocity of an electromagnetic wave 
increases with an increase of the voltage. In a propagating wave the points 
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with a large voltage will be "overtaking" the points with a smaller voltage 
and the length of the leading edgd of the pulse will decrease. 

We will examine the propagation of a plane linearly polarised wave 
in a homogeneous isotopic nonlinear medium rl'jjj*   WewJJl consider that In 
a wave propagating along the axis z magnetic field is oriented along j 
and electric field — along x, If a change In the fields takes place suf- 
ficnetly s3owly, then the connection of magnetic field strength H with 
magnetic induction B and of electric field strength E with electric in- 
duction D is not time-dependent and is defined by the following functions 

3yz=B(H,);   DX-D(ES). (3.21) 

If we limit ourselvea only to the nonlinearity of the first relation- 
ship in this expression and consider the second a linear D»CE, then the 
solution of Maxwell equations will assume the following form 

dB 
There c is the velocity of light in vacuum j  (H)*3g $  and *(£) 1* an 

arbitrary function defined frc boundary conditions. 

Solution of the equation (3*22) describes traveling waves each point 
of the profile of which moves at a velocity which depends on the magnitude 

of magnetic field strength at this point y« ° _ — .  if  U(H) is a de- 

creasing function of H, then the points of the wavefront where H is larger 
in absolute value, will propagate at a higher velocity. Because of this, the 
wavefront of the magnetic field strength H will decrease and the droop will 
stretcn out. Starting with a certain instant t an Infinite derivative will 
appear in the function H(t, Z). This indicates the appearance of an electro- 
magnetic shock wave. Theoretically in this case t^Oj however, in practice 
the value of tf is always larger than zero and is determined by the prop- 
erties of the medium in which the wave propagates. The condition relative 
the characteristic B(H) is satisfied, for example, in ferrite magnetized 
to saturation by a longitudinal (in relation to the direction of the wave 
propagation) uniform magnetic field HQ. 

I. G. Katayev £&07 suggested using the phenomenon described in an 
artificial line with nonlinear L or C to increase the steepness of the 
leading edge of the pulse. In doing so, pulses with an amplitude of several 

kilovolts and duration of the leading edge of (0.3 to 0.5) 10"^ sec were 
obtained in a line with inductances wound on ferrite cores and with linear 
capacitances with the field in the ferrite being 500-700 oersteds. When using 
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a line employing ferroelectrics it is possible to obtain pulses with a lead- 
ing edge of only a few nanoseconds owing to the small breakdown strength of 
the ferroelectrics which prevents an increase of   E   and a decrease of &. 
The work /&Cif shjws the feasibility of using nonlinear capacitances of n-p 
junctions for the purposes indicated.    However, in the latter case it is 
possible to obtain pulses with an amplitude of several, tens of volts. 

We will dwell in a greater detail on the operation of a lias with 
ferrite colls   L(X)   and capacitances   Co*coast (Figure 3.6).   An analysis 
of the operation of such a line was carried out by I. a. Katayev. 

-flR*- 
U i*W j/r 

r 
Tc    utTc,   fft,7Tc, 

Figure 3.6. Diagram of an artificial line 
with nonlinear inductances. 

If there is no mutual induction between the cells and the following 
conditions are observed 

\Um-U,+,\€Um 
(3.23) 

then by analogy with the formula (3.22) two simple waves will exist in the 
line: 

(3.21*) 

It follows from the relationships obtained that the propagation veloc- 
ity of the wave depends on the current* Therefore, in the process af propaga- 
tion in a nonlinear long line the wave becomes deformed as In a continuum. 
With a decreasing characteric L(I) the wavefront will be teeming steeper as 
it moves in the line. If the character of the characteristic L(l) does not 
change, then a break appears on the wavefront which leads to a sharp decrease 
of tf in comparison with the input wave. 

If the field in the ferrite is uniform (for example, the core has the 
form of a toroid or thin rod) and the cores were brought up to saturation by 
and external constant magnetic field HQ, then when the current of the wave 
is larger than a certain critical current the characteristic L(l) has a droop- 
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ing character* It can be shown that the following relationship is observed 
after the formation of discontinuity 

where \,B$ ^p.s' Ts are *he tine 00rxS'tant8 ©* *»« cell beyond discon- 
tinuity, before discontinuity, on discontinuity respectively. The shortest 
possible duration of the shock-wave front depends on the relaxation time of 
the ferrite XQ   and the time constant of the cell 1a.   With the condition 
that 1^4% for a ferrite core with a rectangular hysteresis loop the current- 
time relationship on the shock-wave front has the following form 

V   e~*~'+l 

where   X  is relaxation frequaneyj PQ — coefficient dependent on the para- 
meters of the coil (for example, for a toroid   pg«0,U «—-   where   n   is the 

number of turns and Dgp — the average diameter of the toroid)j M — mag- 
netic moment of a unit of volume o£ saturated ferritej IÄ — amplitude of 
the wave of current 

&2c*2sJ /, = *.     £4    . (3.26) 

In the last expression the value of k^ depends only on the dimensions and 
design of the coil, IQ is the inductance of a coil without ferrite. 

It follows from the expression (3.25) that the duration of the lead- 
ing edge between the levels of 0.1 and 0.9 of the amplitude value amounts to 

_M_ 

Pah* ^-d-7±T- (3.27) 

The delay time o£ one cell found from the formula (3.26) amounts to 

*. = |/l«C, + *.Ä. (3.28) 

Wave impedance of a long line does not depend on I bi't depends on Ia 

Therefore, conditions for matching remain the same as in an ordinary lino. 

Oscillations brought about by spin precession are superimposed on the 
shock wave in some cases. The duration and frequency of these oscillations 
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depend on the quality of the feriite and on the degree of saturation* Oscil- 
lations increase with an increase of the cell's tin» constant 1?s. 

It follows from the equality (3.27) that the duration of the leading 
edge decreases with an increase of the currant amplitude. However, with ?n 
increase of 2^ the oscillations on the top of the wave increase. To elim- 
inate these oscillations it is necessary to decrease f8. 

Zh the work /E}J is shown the feasibility of creating two disconti- 
nuities in a line t£e inductance L(l) of which has a falling and an ascending 
section. The Hast circumstance may be utilised for shaping rectangular 
pulses. 
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CHAPTER h.    METHODS GP OBTAINING AND CONVERTING PULSES IN DEVICES WITH 
LONG LINES 

Introduction 

long lines find wide application for shaping short high-voltage pulses. 
Gable lines ar*j used for shaping, delaying, shortening of the duration and 
increasing the amplitude of the pulses. They are also used as noninductive 
loads. 

In analyzing the network attempt was made to determine its basic char- 
acteristics without taking into account the attenuation of the waves in a 
cable since the last problem is examined separately in Far. 5.2. In accord- 
ance with this, wave impedance of a line Z, propagation velocity of the 
naves v and delay time per unit of length T are expressed by the well 
known formulas:   

r_,/T". „__!___£  z-y~' "-/!?-/*• n ^ 

where c=300 meters/microsec is velocity of light; £ and f* are respectively 
spec:!lie iiductive capacitance and magnetic inductivity of the medium surround- 
ing the line. 

Par, k.l» Shaping of Pulses With the Aid of Sections of Long Lines 

We will examine the diagram of a transmission line. In Figure lula is 
shown the source of emf E with internal Impedance Zh • The source of emf 
is located at the point x=0 and supplies a line of the length L    having 
waive impedance Z. The line terminates at the arbitrary impedance Zg. The 
voltage at a certain arbitrary point A which is at a distance x from the 
start of the line may be written in operator form as follows fcljx 

y.^ = .^-^-,) B. ik'2) 
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where 

are coefficients of reflections from the end and the start of the lines. 

o * I 4> 
8* ^ 

Figure li.l. The simplest networks for shaping the 
pulses with the aid of long lines: pulse shaping 
netirork in a general form (a) with an open shaping 
line (IU^S) and with a short-circuited shaping 
line (cj. 

Input Impedance of a line terminating at an arbitrary load % is 
equal to 

The voltage across Z^   will be written as followsi 

We will examine certain particular cases which follow from the formulas 
(U.2)-(luli). 

1. If Zj-Z, Z2«0, then 

,i/JlW.^|i-«-»r«'-^.        <w»f> 

Using the inverse Laplace transform it is possible to show that 
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where      L  * L   - x. 
E When   E=const   a rectangular voltage pulse with an amplitude   Ua= - 

and duration   t^a2Ttx   defined by a double length of short-circuited section 
will appear at the point   A.    The value of the load resistance insert«a at 
the point   A   must satisfy the condition that   R^Z   /Ptf&Loat&J   i*1 order 
not to disturb the matching of the line. 

Sending to the input of the line a pulse with a finite rate of the rise 
of the leading edge, for example 

^F8sfl?v»tlme constant^ E(t)=E(\ -e     r« ). (U.6) 

we will obtain, after shortening, a pulse which from the instant of voltage 
rise to the instant of the fall-off (i.e. in the course of the time   tj.) will 
'■> described by the equation (U.6).    If the time constant   Tv< ZljL t then it 

may be considered that input voltage became completely stable in the time   t±. 
Then, with   t^t^   the cutoff of the pulse will be expressed by the following 
relationship 

t-Tl, 

Ut(t) = -jEe r«     . (li.7) 

If in the time   t±   the   E(t)    does not reach a value approaching a 
3teady-etate value, then the cutoff is described by the following equation 

_J_    Jig 
Ut{t)=±-Ee      r» (e r- - I). &*Q) 

In the cases axnrained the pulse amplitude turns out to be smaller by 
one half than that of the input signal. This is explained by the insertion 
at the input of the line of the Impedance Zj*Z   which is necessary to quench 
a pulse reflected from the short-circuited end of the line. If a Z^O is 
taken, then no decrease of tha pulse amplitude takes place and numerous pulses 
reflected from the start and end of the line will appear following the pri- 
mary pulse. 

Additional pulses appear whan Z]_«Z if the voltage at the input of the 
line E(t) is a pulse of finite duration. For exanple, if the leading edge 
of a pulse is infinitely steep and the voltage on the top drops in accordance 
with the exponential 
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1   "    ' ■  '■  '»■■   - 

E(t) = Ez~  T» . (k*9) 

then the expression for the voltage of the additional pulse will assume the 
following form 

Z^d^additional pulseJ     Ut{t) = \E{\-t     r- ). UuW) 

When   Tv^2Ttx   the amplitude of the additional pulse will be deter- 
mined from the following fomul« 

t/,*£-?A. (fc.ll) 

By varying     Lx   and   Tv   the amplitude of the additional pulse can be made 
as small as desired. 

If a pulse of rectangular shape, for example with a duration   t^  is 
sent to the input of the line, then following the primary pulse a pulse sim- 
ilar to the primary pulse but having opposite polarity will appear after 
the time   t^ - 2Tlx. 

2.   We will examine now a case when   Z\*Zt 22* oo, E=const.    In this 
case the expression (k.U) will assume the following form 

or after transformation 

</z,0>) = -f <l-e-2'r'), (lull1) 

t/*,0»)=-f-li-K'-2rQ]. (u#12) 

In this case the expression for input impedance will assume the following 
form 

z.,=zcth„n. (U3) 

The equation (U.12) describes a rectangular pulst» with an amplitude E/2 and 
a duration of 2T£. It is easy to see that with the values of Z\ and 22 
indicated above the network in Figure U.la changes into a substitution net- 
work with a shaping line as shown in Figure U.lb. 

The condition of equality of the load impedance and of the wave im- 
pedance of the line is not always observed in such a generator. The ratio 
Z]/2 may prove to be somewhat larger or smaller than unity. To analyze a 

pulse when  -i^l we will expand the denominator in the egression (U.U) 
Z 

into a series. The representation of the voltage across thu load will assume 
the following form 

UzAp) = aiEiX-e-^T')\X+P.^
T'+H^~4pTl+.,\. (U*13<) 
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Inverse transformation leads to the following expression for the voltaget 

(U.Ui) 
Uz. (t) =atE(\-Ht- 277) + Po[l (t - 277) -\{t- *Ti)\ + 

+ t*\Ht-4TI)-Ht-BTt) -...]), 

where 
\{at)= 1 Ann tt>0. 1 (Af) = 0 AM &<<0, 

z, 
l, + Z A* r= t - n77, n s 2, 4, 6.   .; a, =        '     . (U.lU* ) 

It follows from the expression (U.lU) that in the case of mismatching 
of the load impedance and of the wave impedance of the line the voltage pulse 
has a stepped shape. These steps have one and the same sign if Z^>Z, or 

periodically change the sign if Zi<Z, In the general case the expression 

for the value of the k-th step bas the following form 

^TTTrfrfrr'' cus> 
where ksl, 2, 3 

When k=l the value of \   is equal to the pulse amplitude. The 

permissible ratio Z]/Z is usually determined by the relative height of the 
second projection. If, for example, it is specified that TJj> must amount 
to not more than 5 percent of the amplitude, then Z]/2 assumes the values 
of 0.9 or 1.1, i,e. the load impedance must be within the following range 

0.9Z<Z1<1.1Z. 

In addition to the network in which voltage is used for charging the 
line there exists a network with a short-circuited line, which is charged 
with current /ßjf  (see Figure U.lc). 

At first the line is connected to the power-supply source E and a 

current 1= —-a const is set up in it. At the instant t«0 the commutator 
zl 

K is moved from the position 1 into the position 2, the line is cut off 
from the supply source and is connected to the load impedance equal to the 
wave impedance Z. The wave process taking place in this case is similar to 
the process in a network with a shaping line charged with voltage but the role 
of the voltage waves in an open line is performed here by the current waves 
and vice versa. Consequently, a currert wave will have an amplitude i^" 

a L   and the duration tj«2(/T. 

The amplitude of the voltage pulse on the load impedance may be found 
from uho following formula: 
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i     ! 

: 

"• = '•*= £• U..16) 

The advantage which a short-circuited Una has over an open line fol- 
lows from this expression.   When   Z^Z   it is possible to obtain a -voltage 
pulse with an amplitude which considerably exceeds the voltage   E   of the 
power-euppDy source.   However, owing to the difficulties connected with 
switching the commutator and with a prolonged flowing of the charging current 
large in magnitude, a network with a short-circuited shaping line Is seldom 
used /$$[* 

Figure U«2.   Pulse shaping networks with 
two (a) and three (b) lines. 

The networks with the pulse shaping lines examined above are the sim- 
plest.   The chief drawback of the first two networks is the small value of 
the ratio of the pulse amplitude to the voltage at the input of the network 

which is equal to   -«£«£.   More conylex networks are used to increase this 
ratio.    In Figure U.za is shown a network with a two-step shaping line JZ"SJ» 
Two identical lines with a wave impedance   Z   and a length    I  are charged 
to the voltage   E.   In the time   TI     after moving the key   K   from the posi- 
tion   1   into the position   2   a voltage with an amplitude   Ua°E   and dura- 
tion   tj^&lT   forms on the resistance   RJJ. 

In a network with a two-etep line the shape of the pulse is somewhat 
less satisfactory than when using the usual shaping line since the process of 
pulse shaping takes a longer time (3%    instead of   2T6   in a network with 
one line).   This leads to an attenuation and distortion of the pulse« 

In Figure h.2b is shown a pulse-ehortening network formed by the con- 
nection of three lines.    It is possible to show that if Zi=«Z,   l^a^L, Z1* 
sGns£Z, the line    1%   *•■ short-circuited and   l±   is open, then a pulse with 
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an amplitude Ua*E and duration t^n2lL   forms at the end of the open UM 

(the point A). If E(t) is a pulse with a drooping vertex or a rectangular 
pulse, then additional pulses appear at the point A after the primary pulse. 
When using poises with a drooping vertex it is necessary to use the formula 
(lull) to eliminate the additional pulses. 

In a network with three lines a pulse with an amplitude u^<E may 
be obtained if a Z^O is used. However, In this case a train of additional 
pulses brought about by the reflection of the wave from the start and end of 
the line will follow the primary pulse. This effect may be made use of only 
in the case when the reflected pulses are not interference. 

An important drawback of the networks shown in Figure U.la and U»2b 
is that in order to eliminate the additional pulses it is necessary to in- 
sert an impedance Zi=Z directly at the output of the generator, which is 
undesirable at high voltages since this leads to an increase of the spurious 
parameters L and C of the discharge circuit and to an increase of the dura- 
tion of the leading edge of the pulse. 

In Figure ii.3a is shown a network in which the suppression of addi- 
tional pulses is accomplished by matching the end of the Hoe ($\J•    If the 
nr work parameters are selected in such a manner that 2^*0, ZfeeZ, Ir^L 
and Eaconst, then upon the arrival of the wave into the line there will be 
no voltage between the points "a" and "b" until the wave reaches the point 
"a". When the wavefront reaches the point Kaw the potential of this point 
will immediately increase to the value of E and voltage will be applied 
to the load Z3 until the wavefront reaches the point «b». After this, the 

potentials of the points "a" and *bM will become equal and there will be no 
voltage between them. Thus, a rectangular pulse with a duration t^lT and 
an amplitude Ua«E appears on the load. 

e  b 

Figure u.3. Networks with the suppression of 
reflected pulses at the end of 
the line. 
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In Figure U.3b is shorn a network ß)ü the principle of operation of 
which is similar to the principle of operation of a network with a loop. Two 
identical waves start propagating simultaneously over the lines 1 and 2 
after closing the key K but in the first line the wave will reach the end 
of the load Z3 (the point "a") faster than in the second since ^ < l>. 

In the time Li a voltage B (if Zj-O) will be applied to the Impedance Z3 

but as soon as the wave In lina 2 reaches the point "b* both ends of the 
load Z3 will prove to be energized by one and the same potential and the 
voltage across Z3 will disappear. If Z3 >Z, Z'«»ZnsZ and E=const, then a sin- 

gle rectangular pulse without the following reflections appears on Z3. If the 
pulses propagating in the lines (see Figures U.3a and b) have a finite steep- 
ness of the leading edge and a limited duration, then the evaluation of the 
parameters on the impedance Z3 may be done using the formulas (U.?), (U«8), 
(li.10) and (li.ll) having first substituted |E with the value of t and 21 
with the value of h 

listworks with a loop and a double line have certain new properties in 
comparison with the simplest networks. For example, if in the network shown 
in Figure U.3a a Zi=Z is used and ZgOt  then two pulses of the same polarity 
with an amplitude E/2 may be obtained on Z3. If not one but several loops 
with load resistances are made in the line ox if not one but several loads 
at certain distances from each other are connected in a network with a double 
Una, then pulses shifted by different time intervals relative to each other 
can be obtained on these loads. The main drawback of these networks is the 
existence of a potential relative to the ground at both ends of the load in 
the period of shaping the pulse. 

In a network with a shaping line, which has gained the widest use, 
the entire voltage in the spacing between the pulses is applied to the line. 
In the case of high voltages this leads to an Increase of the insulation and 
dimensions of the cable. 

Figure I4..U. Network with a parabolic line 
and a capacitor for shaping rectangular pulses. 

0. N. Idtvinenko ßfl suggests insertion of a capacitor with the ca- 
pacitance C(j in series with a parabolic line (Figure luU). Wave impedance 
of a parabolic line varies in accordance with the following lawi 
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*(,)=: Z(0)(l--i-)\ (Iul7) 

and input Impedance in tho case of an open ond 

where X  is the time of the wave motion from the start of the line to a 
point with the coordinate xj "a" is a parameter characterising the degree 
of heterogeneity of the line. 

It folioifs fron the equation (U.18) that if a 

is used» then the aggregate impedance of the capacitor and 2^ will be 

equal to the input impedance of a homogeneous line open at the end /BQB 

formula (U.13J7* Therefore, if a Zi=»Z(0) is used, then a pulse will be 

shaped on the impedance Zn   as In the case of a homogeneous open line with 
E 

the parameters t^=2tz, Uft= -. Since the capacitance of a parabolic line 

ÄP*IIM7      
c'^lCdx=lk^T' (i*-18,) 

ta 
then the highest voltage in the shaping line ^Une'ECl - "8T/ where ta is 

the total delay time of the shaping linn. Su-h a shaping device cannot be 
used to obtain single pulses or pulses with a low repetition rate since the 
distribution of voltages in this case will be determined not by the values 
of the capacitances Cd and C^.^ but by the leakage resistance of the 

capacitor and the line. 

Par, lj.2. The Use of Spark Dischargers to Decrease Pulse Duration 

In pulse-shaping networks with long lines the matching impedances de- 
crease the pulse amplitude and introduce high-frequency distortions (see Par. 
5.3). Spark dischargers are often used to eliminate these impedances from 
the generators. In addition to this, networks with dischargers and impedances 
which have certain valuable properties are sometimes used. A diagram of a 
device with a discharger and lines is shown in general form in Figure U.5a. 

We will examine first a case when Z^Z and Z2
a0*. If the break- 

down voltage of the gap o? the discharger P is larger than S but smaller 
than 2E, then in the case of a direct passage of the wave E the gap will 
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C^P^- 

Figure U.5. Network» of the generators with 
long lines and dischargers for 
obtaining short high-voltage 
pulses. 

not break down but after the reflection of the wave from the end of the line 
(the points "a" and *b") the voltage on P becomes equal to 2E and it breaks 
down. The breakdown of the gap of the P brings about a wave -E which 
after reflection at the points "a* and *b* removes voltage from the line and 
the load as a result of which a voltage pulse with an amplitude 2E and dura- 
2T/>3 is shaped on Z^. However, this pulse will be accompanied by additional 
pulses reflected from the discharger and from the end of the line to. If a 

ij< and Z^oo  are used and the length of the gap of the discharger P is 
set to be such that it would not break down under the action of the voltage 

zl 
2E    g alone but would break down upon the arrival of a synchronizing pulse 

Zi + S 

in the time bE after the arrival of the wavefront, then a pulse with an 

amplitude Ua«s2E £, + %   and a duration t^*bz will be shaped on the impedance 

Z±,   When Zj^Z we have a Ua«3E. A network is also usable when 1^0   and 

Z\*Z$  Z2^Z $$>}*    I» this case the voltage pulse on Z2 has the following 

parameters: Ua=E and tj»ta. 

In some experiments it is necessary that the duration of the cutoff tgr 

be much shorter than the duration of the leading edge t^. A network shown 
in Figure U.5a may be used for this purpose If Zi^S, £3=0, the discharger P 

has a short commutation time and the load impedance Z2^Z. If the discharger 

P breaks down at the top f the pulse, then a pulse with a duration t^Lß 
and an amplitude Ua*E is formed on the imp^ance Z2 with the duration of 
the cutoff being determined only by the commutation time of the discharger P, 
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and tj — by the length of the section of ehe line ^ To eliminate re- 

flections in such a network it is necessary to match the generator end. 

Thus, pulse duration and its stability are determined by the value 
of tz. A delay in the operation of the discharger P for a considerable 
time tz may be accomplished by means of circuits for delaying the syn- 
chronizing pulse which ignites the discharger P. As a rule, the initiation 
of this pulse coincides with the initiation of the operation of the commu- 
tator. Thus, it is possible to obtain pulses with a t±*10~7 sec and longer. 

However, in obtaining the pulses with a duration of the leading edge tf KlS) 

sec, a pulse duration of the order to tens of nanoseconds and an amplitude of 
up to 100 kv it is possible to do without the synchronizing pulse by using as 
the tz the time for forming a pulse breakdown of the gap. To eliminate the 
statistical lag it is necessary to irradiate the cathode with ultraviolet rays 
by means of a synchronizing light pulse. In addition to this, the value of 
tz may be stabilized by a considerable overvoltage in the gap by means of a 
steep leading edge of the pulse, under these conditions the value of tz can 

be controlled by varying the length of the gap 3 with the pulse amplitude and 
the steepness of the leading edga bei tig constant. For an ideally steep drop 
v. i ,h a height Ua the relationship between t2, Ua and S with atmospheric 
pressure in the air will be written as follows ^see Par. 1*2): 

',= 
lfi90Sv» <lul9) 

/U;{U.-24 00OS)P 

When the steepness of the leading edge of r.he pulse is finite, evaluation of 
the value of t„ may be carried out by using the formulas (1.25) and (1.27) 

t„,nm 

20 

IS 

12 

f 

/ 

% nsejyi / 

/ 
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> 
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V 2,5 3   S,nm 
mm 

Figure U.6. Relaionship of the delay 
time of the discharger operation to the 
length of the spark gap with the pulse 
amplitude being U> kv. 

In Figure U.6. is shown the relationship of the time tj^z measured 
from the start of the application of the pulse until the breakdown of the gap 
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to the length of the spark gap with atmospheric pressure in the air and dif- 
ferent lengths of the leading edge of the pulse. Since the breakdown of the 
gap S according to the pulse duration take« place with & different over-volt- 
age| the duration of the cutoff determined by the consultation tine t^ of 
the discharger P will increase somewhat with an increase of t^. 

ultraviolet irradiation of the discharger cathode is usually done 
from an auxiliary spark gap the breakdown of which has to be synchronized 
with the arrival of a pulse for starting the commutator by means of a series 
connection of two dischargers with the line or by means of a network with 
a series connection of the dischargers (see Par. 5.6 and 5.7)• 

In conclusion we will examine a pulse-shaping network not critical 
in regard to the value of the load impedance (see Figure U.f>h). This net- 
work involving the use of thyratrons was proposed by Yu. V. Vvedanskiy $£}• 
Normally the line is charged to a voltage E through the charging resistance 
Ra. After the operation of the discharger P2 at the instant t=0 a volt- 

age Ü2 «€ » + z aPPear0 on til-, impedance Z2 and a wave E  ■    moves 
* «2 ♦ Z 

to the left» If in the period %*fa of the motion of this wave over the line the 
discharger P^ has time to operate at the instant of time t«ti, then the 
wave on the impedance 2^ will be damped and a wave ifÜ brought about by 

the operation of Pi will move to the right. After reaching the impedaace 
EZ 

Z? this wave will create on it a voltage U9
W= -   z     . 

' Z   Z2 ♦ 2 
l 

Consequently, the resultant voltage drop on Z9 will be equal to 0. 
Z9 

A rectangular pulse with an amplitude u"a»E —-=•-. and a duration t^= % -t^ 
Z2 + Z 

will be shaped on the impedance   Z%.    If the time   t^   between the operation 
of the dischargers   P^   and   P2   varies in a range of   t^jO to ♦ % then pulse 
duration will be controlled in a range of t^O to 2%.    The network can shape 
pulses on any load   Z^   from a no-load condition of the lit« to a short cir- 
cuit.   Short circuit is used to obtain large-current pulses of controllable 
duration /ß§/> 

Par. Iu3«   Transforming the Short High-Voltage Pulses 

Pulse transformers used in the microsecond range cannot be used for the 
transformation of high-voltage pulses of nanosecond duration owing to the in- 
ductance of the dissipation and spurious capacitances of the windings, which 
increase the leading edge and distort the shape of the pulse.   Measures taken 
for increasing the passband of transformers mate it possible to transform 
nanosecond pulse3 of only low voltage (of the order of 100 volts) /lt 2/. To 
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transform high-voltage pulses of nanosecond duration, long lines with vari- 
able wave impedance are used and also systems of homogeneous long lines con- 
nected in a special manner. 

In essence the simplest transformer is & homogeneous long line with 
wave impedance 2 and a length i if a load impedance Z^Z is connected 

to it at the end« In doing so, in the case of an input pulse with an ampli- 
tude E and duration t^ the pulse amplitude on the load proves to be 
equal to 

ZX *"z 
Ua»2E r^SE. 

However, with a mismatched generator end of the line the primary pulse will 
be accompanied by a train of additional pulses brought about by a successive 
reflection from the end and the start of the line. If t.  network with a line 
and a discharger is used, then these additional pulses can be shunted by the 
operation of the discharger at the proper time. With a series connection of 
the line section with a length ij, lg***« ^n and wavs impedance Z^, Z2,..»Zn 

and the condition that Zg>Z1, Z3>Z2,..., Zn>Zn_1 we will obtain the fol- 
lowing for the pulse amplitude at the output of the line 

where Z  is the load impedance. 

If, for example, ZJSCZJ^ (j=l,2,...n), then 

... _ *"-'»   r E (U.201) 
u'~     3.-1   Z' + Z. 

Ua 
With an open end of the last line and with n»5 the transformation ratio ~= 

«6.31 . If the de3ay per unit of length T of all sections of the lines is 
the same and the duration of the input pulse t^^CijjT where tjj is the 

length of the shortest section of the line, then a transformed pulse nith a 
multiplicity of additional pulses brought about by the reflection from the 
start and end of each one of the sections will appear on Z . This transforma- 
tion method is used if the additional pulses can be shunted or if it is nec- 
essary to have pulses with a steep leading edge and a flat top at a certain 
distance from the start of the leading edge and the subsequent shape of the 
pulse is of no material importance. Such pulses are necessary, for example, 
for the investigation of de "'ay processes of a phenomenon brought about by 
the action of high voltage. When using this transformation method an impor- 
tant limitation are the processes at the junction of the lines, which lead 
to an increase of the duration of the leading edge of the pulse. Lines with dif- 
ferent geometrical dimensions are connected at the places of junction. This 
is equivalent to an insertion at this place of a certain capacitance which 
shunts the line (see Par. $.1), 
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Lines with a variable wave Impedance in which linear capacitance and 
inductance vary along the length of the lines are used to eliminate the 
drawbacks indicated. General theory of heterogeneous long lines is set 
forth in the work £l7*   An exponential line /T> |7 in which inductance, 
capacitance and wave Impedance vary along the length of the line x in 
accordance with the following lawt 

i. = £.etx;C = Cee-
7*; Z = 1/^ = 2.e7*. (U.20B) 

where y  is a positive or negative constant quantity, finds the widest prac- 
tical application. With a transformation ratio larger than two the usual 
heterogeneous lines have large dimensions. Therefore, they are used for 
matching the Impedances £"2j» 

Usually coaxial lines with a spiral inner conductor and variable wave 
impedance are used for transformation. The problems of investigation of spi- 
ral lines are set forth in the works [2t  87-^97. Spiral transformers are 
made with a rectangular and a round cross section. Kuchel and Williams ßtöj 
give the following formula for the determination of wave impedance of a 
round spiral transformer (Figure U.7) when the ratio of the radius of the 
spiral to its pitch is larger than unity» 

=/-^1/T['-(-£)>-§-"• (u-a) 

Figure U.7. Design of a spiral round 
transformer. 

where R^ is the radius of the spiral; R2 — the radius of the shield; T — 
the pitch of the spiral; /UQ, £Q — magnetic inductivity and specific in- 

ductive capacitance of the free space; k — the relative specific inductive 
capacitance of the dielectric filling the space between the spiral and the 

R9 
shield. With the optimum ratio —a 2.06 /517 

R!    *■» 

Having eet the values of Z and R-^ at the start of the line it is possible 
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to determine the pitch of the spiral   fj^   at the input of the transformer, 

Wave impedance at the start of the line   ZQ   and at ^e enc^   ^t   are con~ 
neeted by means of the transformation ration by the following relationship» 

Z, = *»£.. (U.23) 

If the transformation ratio  x is specified, then the pitch of the spiral at 
the output of the line     tr^t   oan °e determined by tbe formula 

^„•tToutJ TM = V7        W =-5- (»»•*) 

The length of a spiral exponential transformer can be determined by 
the following formula 

where N is the number of turns. The total delay time of the transformer 
is determined on the basis of a specified distortion of the top of the pulse 
(voltage drop on the top) ^\ 

/-50-kiii. (U.26) 

v.'here t^ is duration of the pulse being transformed. It follows from the 
equation (U.26) that with invariable tz and tn the distortion of the top 
increases with an increase of the transformation ratio K. Formulas (U.ZL) 
through (U»26) make it possible to carry out an approximate calculation of 
an exponential transformer with a spiral winding of the inner conductor. As 
Yu. S. Belozerov RÖ/ showed, the difference between the parameters of a 
transform' * calculated by these formulas and those measured experimentally 
does not exceed 20 percent. On the basis of the works /C» 90, 91) it may be 
concluded that permissible distortions of a pulse result when x43* The 
highest voltage obtained in these works at the output of the transformer 
amounts to Ua=8,6 kv with the pulse duration tn=lU nanoseconds). 

The main obstacle to the use of spiral transformers with a variable 
wave impedance is the comparntively low frequency passband (of the order of 
2$0-300 Mc) ^9l7« T1^8 Is explained by the variation of inductance with fre- 
quency and by the effect of distributed capacitance between the turns. To 
increase the passband it is necessary to use rectilinear heterogeneous lines 
even though they have large dimensions. 

0* 

pi'C^i 

Figure U.8.    Network with two parabolic 
lines for obtaining and transforming the 
pulses. 
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0. K • Idtvinenko ßlj suggests the shaping of pulses by means of tiro 
parabolic lines 1^ and Ij (Figure U.8). Wave impedances of the shaping 
line 1^ and of the transforming line L2 vary in accordance with the 
following lew: 

(U.27) 

where a<0, b>0, T is the time for the motion of the wave to any point on 
the line. If the following conditions are observed 

Z, (0) = Zt(0) = Z(0); R. = Z,(fH); C, = -—*- . (^) 

then the signal appearing at the input of the line L2 will be transmitted 
without distortion to Z3» When a«b, a rectangular pulse is shaped at the 
input of the Lg. In doing so, a voltage pulse also of a rectangular form 
will be shaped at the output of the line Ig 

</ = .£(,+ -^(,_e-*'*). (U.29) 

It follows from this expression that the pulse duration 

'. = %, xU.30) 

depends only on the delay time tz, and the transformation ratio 

«-§- =0.5(1 + 4.). (U.31) 

The largest value of X can be obtained with the smallest possible value of 

* = « = /„ (fc.32) 

(which corresponds to a short circuit of the line In_). 

To calculate this device it is necessary to set the longest pulse dura- 
tion t^, the maximum transformation ratio >•  and the impedance Z3. As a 
result of the calculation we can learn the law of variation of the wave im- 
pedances Z\   and Z2 and also of C. 

It follows from the equations (U.30) and (1.32) that 

*i a=b*-y 
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From the expression 0w31) we will determine the delay timo of the line Lg 

^ = (2».-D-^-. U.33) 

and from (U.28) — the value of the capacitance 

°* ~ z. 
rYom the formulas (i(.27) we Trill find the wave impedance at the start of the 
lines I4 and L9 

The quantities "a", "b" and 2(0) completely define the law of variation of 
wave impedances of the lines. 

To reduce the dimensions of the device described the lines I4 and 

T>2 may be made spiral. The advantage of a network with tiro parabolic lines 
oTir an exponential transformer is that the shape of the pulse does not de- 
pend on the transformation ratio, and the feasibility of obtaining pulses 
of a strictly rectangular shape. 
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CHAPTER 5. HIGH-VOLTAGE NANOSECOND-PULSE GENERATORS 

Par« 5,1. Discontinuities in Long Lines 

Discontinuities appear in the lines in tiro casest l) upon connecting 
additional impedances to a line, upon connecting the lines with different 
t?ave impedance, in branching the lines, etc.; 2) in the case of a sharp 
change in the dimensions of conductors, in the case of connecting the base 
insulators, in the case of a break in the lines, etc. To calculate the ef- 
fect of discontinuity of the first type on the shape of the wave a substitu- 
tion network is ordinarily used which consists of a series-connected wave 
impedanes of the line and a two-terminal network (Figure 5.1) simulating the 
remaining portion of the line and the connected Impedance or a new line, and 
of a generator with a -voltage 2U„a(j where Up^ is the voltage of nn in- 

cident wave having a random shape. The form of the two-terminal network de- 
pends on the method of Inserting a discontinuity. For example, in inserting 
an impedance Zi or an additional line with such a wave impedancs the two- 
terminal network consists of parallel-connected impedances Z and Z\*    In 

Figure 5,1. Substitution network for 
calculating the discontinuities of the 
first type. 

a series connection the 2-^ and Z are connected in series. If an arbitrary 
impedance Z\   is inserted at the end of a line, then this impedance will 
serve as a two-terminal network. In doing so, in the case of short circuit 
Zi=0 and in the case of an open end of the line Z^co. It is necessary to 
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boar in mind that the substitution network is valid only for the time inter- 
val from th~  "ival of the wave to the place of discontinuity until the re- 
turn from the  d and the start of the line of those waves which were re- 
fracted and reflected at the place of disconuity. Superposition method may 
be used to calculate the effect of reflected waves* 

Results obtained in super-high«<requency technique may be used in 
analysing the discontinuities in transmission and their effect on the pulse 
shape. In doing so, it is necessary to know the highest frequency in the 
pulse spectra which has to be transmitted without a substantial change in 
the amplitude A,id phase. The upper cutoff frequency of the frequency char- 

acteristic corresponding to the point at which the amplitude falls to -yß 

of the amplitude at the center frequencies may be taken as the value of fm. 
The connection between the fm and duration of the leading edge tf of the 
pulse, determined between the levels of 0.1-0.9 of the amplitude has the fol- 
lowing form £"2j 

The effect of discontinuity of the second type on the shape of a volt- 
ana wave is taken account of in the general case {2^  93, 9|Jby inserting in- 
stead of discontinuity a Pi or T-network whose parameters depend on the type 
of discontinuity and dimensions of the line. The simplest discontinuities may 
1 a substituted with a capacitance inserted parallel to the line. 

We will, examine some of the frequently encountered discontinuities. 

The following are possible in the case of a sudden change in the radii 
of the conductors of a coaxial cablet a change in the diameter of the inner 
cor.iuctor alone (Figure 5.2a), a change in the diameter of the outer conduc- 
tor alone (see Figure 5.2b) and a simultaneous change both of the inner and 
outer diameter (see Figure 5.2c). In all cases, discontinuity is taken ac- 
count of by inserting the capacitance 

C=FD 

where D is the diameter of the outer conductor (in the second case it may 
Hi * D2 

be considered that D« r—— ). F is a factor whose relationship to the 

ratio of the diameters is shown in Figure 5*3 ß)*7»    In the case of a break 
di 

in the inner conductor of the line -±=0. The value of the capacitance C 

for the third case is determined from the results of the two preceding cases. 
In doing so, it is assumed that a sudden change exists first in the inner con- 
ductor alone, and then in the outer. The equivalent capacitance is found by 
the addition of the capacitances in the first and second determinations. It 
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is necessary to bear in mind that data given here my bo uso<t if Wie wave- 
length     it>£D   where   D   Is the largest one of the diameters of the line. 
The curves given in Figure 5.3 for the determination of   F   are designed 
for the calculation of overhead lines.    In filling the cable with a dielec- 
trict it is necessary to multiply the value of the capacitance   C   by the 
specific inductive capacitance  I.   If a dielectric with t fills only the 

i \t,l, _jf     f4 j» 
1 -Sc It 
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I  b 
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Figure 5.2. Discontinuities of the second 
type (a. b, c) and their substitution net- 
work (dj. 

e b 

Figure 5 »3. Graphs for calculating the 
capacitance C corresponding to the dis- 
continuities shown in Figure 5.2a (a) and 
in Figure 5»2b (b). 
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line having an inner conductor of a smaller diameter, then the value of the 
capacitance C calculated with the aid of the graphs shown in Figure 5.3 
should be multiplied by I.    In the case when dielectric fills a line with 
a large diameter of the inner conductor, it may be considered in the first 
approximation that the value of C found for an overhead line remains un- 
changed. For lines in which the diameter of the outer conductor changes it 
may be considered that upon filling the line of a larger diameter with a di- 
electric the value of C increases by £ times, and upong filling the line 
of a smaller diameter C does not change« If the dielectric fills only a 
portion of a coaxial line in which dimensions do not vary, then this is equi- 
valent to a sudden change in the wsve impedance. 

In some cases a sudden change in the dimensions of a line may occur 
when its wave impedance is invariable. In this case it is necessary to ob- 

di d2 
serve the condition: nT'S". Discontinuity at the place of the junction 

may be taken into account by inserting the capacitance C into the substitu- 
tion network. Tb.6 effect of the magnitude of this capacitance is reduced by 

A-Pi shifting the inner conductor to a distance ** JQ   from the place of discon- 

tinuity (.shown by broken line in Figure 5»2c). This shift is equivalent to 
vhe insert-ion of a series inductance which compensates the effect of the ca- 
pacitance C. In the case of high voltages in the line, ulectric strength 
of such a transition is small owing to the existence of aoute angles. To 
increase the electric strength it is better to use a stepless conical transi- 
tion element from one line to another (Figure 5«ba). It is expedient to se- 
lect the length of this transition element from the following relationship 

L>2D. 
(5.2) 

A conical transition element is often used in making the discharge devices, 
peakers, etc. Therefore, we will examine conditions which determine the para- 
meters of such a transition element in the case of a high voltage. The maxi- 
mum voltage \ax   between the conductors of a line with large diameters of 
the chamber and all parameters (RQ, TQ, £, Z) of the cable are usually known. 
The values of the diameters D and d are determined from two conditions t 
1) the chamber must stably withstand the maximum operating voltage Ujjax; 

2) wave impedance of the chamber and of the cable must be the same. The fol- 
lowing may be written on the basis of the first condition 

/?*«?VcS sa =Ed»7   U^EA in 4. (5.3) 

where Edi is permissible electric field strength which is determined by the 
strength of the overlap on the surface of the racks, by the pressure in the 
chamber and by the kind of the gas filler. 

The second condition will be written as followst 

z = -«>-,„-£- l*M 
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Figure 5*U* For the calculations of a coaxial 
conical transition element (a) and of the profile 
of the shield of a matched load (b). 

The dimensions of the transition cone are determined with the condi- 
tion that the wave Impedance Z is constant and the necessary electric 
strength is provided. The dielectric d' is laid inside the section to 
increase the electric strength (see Figure 5.Ua). The distance L  is deter- 
mined from the following condition 

where 5_ g is permissible strength determined by the overlap on the dielec- 

tric d' and by the pressure in the chamber. Taking the equality (5»2) into 
account we will find the following from Figure <.h& 

R        20-1 . Bß 

We will determine r^ from the formula (5.U) 

r, = 
=( 

20 ±+ *• 
) 

60_ 

(5.5) 

(5.6) 
4   ' 32* 

If the £ of the dielectric d1 and of the cable insulation are the same, 

then the wave impedance of the cone to the left of the point 0 will be equal 

to Z if -»-. 
rl rx 
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V/e will new find the profile of the dielectric   d'   with the condi- 
tion of keeping the wave jjnpedance to the right of the point   0   constant. 
We nill nake use of the formula for wave impedance of a line with a tiro- 
layer dielectric 

fr'teJ Z = 7?"-£- «5.7) 

where    £e   is the equivalent specific inductive capacitance ß>l]» 

(5.3) 
>,t,In  

r* 

hero   R'x   is the radius of circumference of demarcation of tte dielectrics; >■.—"ft8 

permittivity of the gas filler tf]4L)j *2 — tba permittivity of axe dielec- 
tric   d'.   V/e will find   R'x   from the equations (£.8) and (5.7) 

ln/?,'- 
-("Ä+"""'"",n'fj (5-9) 

if the origin of coordinates is taken at the point 0, then 

Vh 
R 

♦ — IT" 
rx=*l 

r -ri 
-r—x. 

Substituting Rj. and rx into the equation (5.9) we will find R'x in rela- 

tion to x. Hi practice the substitution of the curve Rx'Cx) with a straight 
line introduces into the value of wave impedance the largest error of less than 
ten percent. In most case3 such an error is permissible. 

With an increase of the voltage Um the diameters D and d of the 
chamber will increase. This may lead to the appearance of waves of higher 
orders. The frequency at which the appearance and transmission of the highest 
type1: of waves over a cable is possible is callsd critical. For the most danger- 
ous wave of H;u the critical frequency is determined by the following formula 

ft~r.ZHD + d)   • (5.10) 

where c=3 • 10^ cm/sec is velocity of light in free space. If it is con- 
sidered that a pulse can be transmitted until S^^£mt  then the relationship 

between the duration of the leading edge and the diameters D and d vail 
assume the following form: 
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(for gases   4=1). 

The connection between   tf, U^y   and   Z   may be determined from the 
formulas (5.1*) and (5.11) £Jff. 

JL 

«♦> Tj 5". 

In the flrüt approximation it may be consider*3 that with an increase of the 
pressure p the permissible strength increas&s in proportion to p (see 
Bar. 1.1) 

M7 &«?,* (5.13) 

where E'^ is permissible field strength in the case of atmospheric pressur@i 
Thus, we will ultimately obtain      z 

t «s ««(«w+i> ggg (5.Hi) 

Consequently, to decrease the duration of the leading edge of the pulse being 
transmitted it is necessary to increase the pressure p in the chamber. 

Data for the determination of ELi and JL 3 may be ft, und in the 
works [&,  20, 29, 9§f. v 

We will examine the methods of eliminating discontinuities brought 
about by the supporting elements made of a dielectric0 A method cf reducing 
the effect of reflections from the supports with a decrease of the diameter 
of the inner conductor at the ple3e «here taie support is located has been 
developed in the work by Comes /9?7» The distortions of a pulse decrease 
with a decrease of the Tidth of the support L  and of the wave Impedance Z1 

in the region of the support installation. In a goneral case, if a short 
section with a wavo impedance Z1 and a delay time T is inserted into a 
line with a wave Impedance Z, then with a duration of the leading edge of 
the pulse tf>2T and impedances Z  and Z close to each other in value, 
with a unit amplitude of the input pulse the amplitude of the reflected pulse 

ÄTfB«reflectedJ     ^, = ^gr=f • (5.15) 

In the works ^8, 99/ it is recommended to use supporting beads with a con- 
cave s-urface, and to eliminate the effect of lumped capacitance of the sup- 
port on the shape of the pulse by means of special "recesses" in the inner 
conductor with the dimensions of these recesses being determined experimen- 
tally. In doing so, it is possible to obtain a reflection coefficient equal 
to O.U percent for frequencies of up to 1,200 Mc. 
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Soir.otiji.es a load impedance exactly equal to the wave Impedance of the 
transmitting line cannot be taken, or a matched line with a wave impedance 
different from the transmitting Impedance cannot be used as a load. In this 
case, reflected pulses appear owing to a discontinuity at the place of the 
connection of the line with the load. 

The matching of the lines with the load may be accomplished by two 
methods: connection of resistances to the load so that the equivalent Im- 
pedance of the entire device would be equal to the wave impedance of the 
line, and by connecting the lines with a steplessly varying wave impedance 
between the load and the transmitting line. It is not recommended to use 
the former method of matching owing to the large pulse-power losses In the 
additional resistances, In matching by the latter method the wave impedance 
of a heterogeneous line at the input must be equal to the wave impedance of 
the transmitting line, and at the output — to the lo-~d Impedance. 

Par. 5,2. Attenuation of Waves in Cable Lines 

The most important task of the pulse technique is transmission of a 
generated pulse without distortion to the place of destination. Chiefly co- 
axial cables are used far this purpose since unlike the open lines they have 
advantages (wide frequency spectrum with a comparatively low attenuation, a 
3mall antenna effect, protection from external sources of interference, small 
dimensions and convenient make-up design with high voltages). The work ffilj 
examines in a sufficient detail the problems of propagation of electromagnetic 
'.vaves over the radio-frequency cables and gives the characteristics of the 
latter. 

Propagation of an electromagnetic wave over a long line is character- 
ized by the propagation factor 

T = E-(-yp, (5.16) 

where a is attenuation factor and  ß — phase factor. 

In the absence of ionization procesoes the attenuation of a wave Is 
connected with the existence of the resistance r of the forward and return 
wires and the conductance g of the line insulation. 

__i !/! + .£! AL (5.17) 

where   L   and   C   are inductance and capacitance of the line respectively. 
The resistance of a coaxial line 

r -   2 fO-'- VJ f i/Z . -L + ,/jGt. JL) OMJM (5.18) 
/Ü    VJ  W   «,     *        V   •*    DI ohms/meter 

vrtiere    f   is the frequency of the propagating signal; ft.,   j*   — relative 
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peraaability;   ** — specific electrical conductivity,   m/dbm-mr; D, d — 
the outside and inside diameters of the wire respectively. 

The presence of the factor   "V?   in the expression for   r   takes into 
account the surface effect on the inner wire and proximity effect on the 
outor wire of the cable. 

If both wires are made of the same metal, then 

/I©    V .   .   \d       D /ohu/Mtwr 
If the wires are twisted out of separate strands, then 

^L l/IZ/Ji. + -**-) OM,M, (5.20) 
/TO    V    «  \a  ^ D lotmk/mtor 

_   210- 

where   k^   and   kg   indicate by how many tines the resistance of a twisted 
wire exceeds the resistance of a one-piece wire of the same gage.   For the 
inner wire of a coaxial line   kxakg, called the twist factor, increases with 
the increase of the number of parallel-twisted strands, and for a aeven-wire 
conductor   kg»1.3-    For the outer wire   kg^pi, called the braiding factor, 
depends on the make-up of the cable braiding. 

The resistance of a coaxial line nay be decreased if the outer surface 
of the inner conductor and the inner surface of the outer wire are coated 
with a layer of metal having a low resistivity, for example, with a layer of 
silver. 

V* M. Gorbachev, N. A. Uvarov and L. D. Usenku KQOj investigated the 
attenuation of nanosecond pulses in radio-frequency cables.   Pulses with an 
amplitude of about 100 volts, t^f$0 • 10~° sec and   tf^1 nanosecond were 
sent to the input of the cable.    The data of the experiment were compared 
with the data of the calculation which was based on taking into recount only 
the resistance of the forward and return wire.   For a unit voltage drop at 
the input of the cable the voltage £*lj? at a distance   {, from the input 

h = l-F(x), (5.21) 

where  x» ÜJL J F(x) — Cramp function which is equal to the following when 

the values of x are small 

X«*t - k ;  v — propagation velocity of the waves. In this case, the attenua- 
tion factor 

=-ir]/f \T (-r+ T-)- (5.23) 
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Table 5.1 

1 Tun 
Kiftcj» 

nan 
0 
 .   MX 
2 ' 

0 
TMM Z.   CM 

ohms 
C. mfilM 

2 3 
*« 
4 

10-t 'M-\ 

TR 
PK-6 1.275 4.9 52 96 2.42 1,1 3,01 
PK3 0.635 4.8 75 68 2.43 t 3.02 

PK-2 0.34 3.7 92 55 2.43 *  1 4.» 

PK-50 0.15 3.4 167 25 2.63 ! 5.25 
PK-I 0.34 2.6 77 66 2.9C 1 6.10 

PK-19 0,34 1.5 52 96 3.80 1 12.1 

Key: (1) Type of cablej (2) Picofarads/meterj (3) kQPi=braiding factor 
(li) k.=twist factor. i 

copl 
The calculated values of   01   and experimentally determined values of 

for the cables investigated are given in Table 5.1. 

The calculation and experimental data coincided well.   This shows that 
Yiitli the voltage amplitude indicated, at the frequencies of 200«£00 He (tf   of 
about 1 nanosecond) the power losses in the dielectric are small and their 
effect on the degree of attenuation of a wave may be neglected. 

During the propagation of a high^oltage pulse over a cable ionization 
processes may occur in the cable insulation near the inner conductor.    By 
analogy with the pulse corona on the overhead lines these processes produce 
a high attenuation,    unfortunately, appropriate experimental investigations 
are absent. 

Par. 5.3»    Resistances for High-Voltage Nanosecond Pulse Devices 

Resistances used in the high-voltage nanosecond devices must satisfy 
the following requirements:    the value of the resistance must not depend on 
the voltage and frequency in a certain range of them; the resistance must 
have low spurious inductance and capacitance and be thermally stable. 

It is not always possible to satisfy these requirements.   Therefore, 
the problem of the development of resistances for nanosecond high-voltage 
devices cannot be considered solved.   We will examine some of the character- 
istics of these resistances. 

Carbonaceous film resistances, metal-film and composition resistances 
are used as the nanosecond-range resistances.    Wire resistances are not usable 
owing to high inductance. 

A characteristic of the surface effect may be provided by the depth   3 
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of the penetration of current into the conductor, at which current density 
becomes 2.718 lower than the maximum density at the surface of the conduc- 
tor.   The depth   S   is determined by the following formula 

=/^: 
(5.2U) 

where f is frequency; p*. — permeability of the conductor;   f  — resis- 
tivity of the material of the conductor. Blowing the depth a    in rela- 
tion to frequency it is possible to determine thedagree of the change in 
the resistance at this frequency and the maximum permissible thickness & 
of the conducting layer. The dependence of the value of resistance on fre- 
quency does not show in practice for the entire frequency spectrum of the 

pulse if for the highest frequency f  ft^O»!» The value of 6 for con- 
ductors at the frequencies corresponding to nanosecond pulses may reach tens 
of microns. Therefore, the conducting films must have a thickness of the 
order of units of microns, which does not encounter difficulties in making 
the resistances. The effect of the self-capacitance and self-inductance of 
a line shows when a high-frequency voltage acts on the resistance. The sub- 
stitution network of the resistance at high frequency is analagous to the 
substitution network of a long line with losses. In addition to this, the 
resistance is affected by the capacitance between the end lead-outs of the 
resistance and their capacitance in relation to the ground. The values of 
the linear capacitance and inductance CQ and IQ are determined by the 

form factor of the resistance £&%? (it is assumed that the resistance has 
a cylindrical form) 

where I   is the length of the resistance and D — its diameter. 

£&  =K, 7 C"as ,0**  «#/**; picofarads/cm (5.25) 

I« = 2{ln AT. K* - 1) CM/CM.  cm/o« (5.26) 

In the case of a spiral threading on the resistance, which is made to 
increase the resistance, the value of IQ is determined by another formula: 

L9 = 0,9-^- eMfCM, (5.27) 

where   n   is the number of turns of the spiral.   Since for resistances with 
a spiral threading the value of   IQ   greatly increases, such resistances are 
not used in the nanosecond-range pulse networks. 

In practice it is difficult to use the above-indicated substitution 
network in the calculations.    It is considered that if the value of the re- 
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-\ ßo 
slstance   R>\/jr" » *nen the effect of   IQ   may be neglected and the sub- 

stitution network may be represented in the form of a parallel KC-circuit 
(C=C0l).    In the ca3e of nmaller   R   the effect of   CQ   1B neglected and 
tho substitution network is represented in the form of a series   HL-circuit 
(L=I^l).    The effect of   L and   S   may ba neglected if the respective time 
constants of   i/R   and   RC are four or five times smaller than the duration 
of the leading edge. 

The dependence of the value of resistance on voltage shows under the 
action of high voltages.    In doing so, starting with a certain voltage the 
resistance   R   decreases and Ohm law is not observed.    One of the reasons 
for the nonlinearity of the resistance are local overheatings of the con- 
ducting film, brought about by the nonuniforaity of the distribution of cur- 
rent.    In composition resistances the reason for nonlinearity of the resist- 
ance may be the effect of the conductance of the gap between the conducting 

rrain3, which with the field strengths of lD^-10" volts/cm /DMJ bears a 
nonlinear character.   The maximum permissible operating voltage'Is limited 
by electric breakdown and by sparking on the surface of the resistance.   The 
voltage at which a breakdown occurs on the surface does not depend in practice 
<>n fhe type of the conducting coating and at a given pressure   p   is deter- 
mined only by the distance between the lead-outs, their form and arrangement. 
'Che relationship of the voltage at which the breakdown occurs in resistances 
without threads (of the type MLT. VS, etc.) to the length of the resistance  I 
anr1 the pressure is expressed (for   p6>l ram of mercury colun^ • ohms) with 
goo i approximation as follows fäflji 

i^*rVsUtoaakobwn-7 ""= m{plf* ** volti (**26) 

If the effective voltage is 20-30 percent lower than   ULg., then in the absence 
of heating and outside temperature of 15>-20°C a safe functioning cf the re- 
sistance is guaranteed.    It is necessary to bear in mind that the formula 
(5.28) is valid for pulses with a duration of the order of 10"^ sec, and for 
pulses with a duration of the order- of 10~9 sec the value of   U^   is larger. 
The value of   Uwj.   may be increased by placing the resistances in an insulat- 
ing liquid. 

The assigns of the resistances operating in the nanosocond-range   pulse 
networks are characterized by diverse shapes which are determined by the pur- 
pose of the resistances.    Resistances are a part and even a component member 
of a structure.    Disk and plate-like resistances are also used in addition to 
the cylindrical shapes.    In Table 5.2 are given the basic parameters of some 
of the high-frequency cylindrical resistances of the type UNU with a carbona- 
ceous coating /£f0l7. 

Nichrome which is applied on the dielectric lining by spraying in vac- 
uum is used as the surface coating in resistance of the metal-film type de- 
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Table 5.2 

Typ« 
• 

Tan 

l 
Hon» 

imiK 

Moa- 
aocTk 

2 Pasnepw. MM » 
Bejw- 
iima 

conpo- 
IUM- 
HM«.  OM 

6 
Jlpe- 

JCIkKkTC 
aanpa- 
xtnma 
npa /„- 
I MKcri 

7MascH-1 
Majkiiaa| 

3 

ÜHJÜCTP 

ncnyra 
teJikMaa 

aoia- 
HOCTk  ■ 
HMIiyjk- 
ce. Htm 

OTTO 
yHy-io 
yHy-25 
VHy-ao 
yHy-ioo 

10 

25 

50 

100 

»22 

182 

252 

352 

25 

29 

45 

04 

50.75 

50.75 

50.75 

75 

4lW 

6503 

8700 

12500 

212 

570 

1CO0 

2000 

Keyt (1) 

(U) 
(5) 

Rated power 
Dimensions, mm 
Length 
Diameter 
Value of the resistance, 

ohms 

(6) Maximum voltages with tj=l microsec 

(7) Maximum testing power in a pulse, 
kilowatts 

signed for operation in the area of high frequencies. Resistances with a 
composition coating (mixture of powdered conductor with a dielectric) are 
sometimes used to obtain high-frequency resistances of the order of 1 kilohm. 

In the operation of resistances it is necessary to pay attention to 
the relationship of the value of resistance to the temperature which may rise 
in the process of operation of the resistance. To eliminate the overheating 
of resistances it is necessary to increase their surface or use farced air or 
water cooling. For example, resistances of the type UNU increase the rated 
power by 5-10 times with an intensive air cooling. The metal-film and carbo- 
naceous resistances are sometimes made with water cooling. In doing so, their 
capacity reaches a few and even tens of kilowatts £%&}• 

Aqueous solution of KaCl or of other salts may be used as the resist- 
ances in the case of pulse voltages of the order of hundreds of kilovolts. 
Such resistance! have a low inductance and have a large thermal capacity, The 
surface effect is absent in such resistances if the diameter of the resistance 

D<0.R (5.29) 

Making use of the relationships (5.2U) and (5.29) and taking into account that 
for water  >*= p>Q=h1T10~>  henries/meter we will find the following expression 

for a water resistance with which the surface effect will not appear* 

R^XfilQ-'flfOM, (5.30) 

where f is frequency, cps; I  is the length of the resistance, meters. 
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Thus, knowing tha upper limit of the frequency spectrum of a pulse fm 
and the length of tho rosistnnce I,  the necessary value of R is selected 
by the concentration of salt. A drawback of water resistances is the high 
dependence of P. on the external factorB, especially tempeiature, high self- 
capacitance and considerable changa in R with time. 

To matcn the long lines it is necessary to insert a resistance equal 
to the wave impedance of tho line. If the usual lumped resistance is con- 
nected, then a pulse is distorted owing to the spurious parameters of the in- 
ductance and capacitance of tho resistance and its feeds. Therefore, it is 
better to use a resistance of the disk type. An improvement in the frequency 
properties of the matching resistance may be achieved by placing cylindrical 
resistances with a diameter D and with a value of R equal to the wave im- 
pedance of the line into a cylindrical shield whose length considerably ex- 
ceeds its diameter. In doing eo, a line section with losses and with a cer- 
tain wave impodance Z* is formed. The ratio between R and Z* may be 

selected from the equality R="V3Z^ E^J •    However, a matching device with 
a cylindrical shield has a narrow frequency passband and may be recommended 
with a ratio of the length of the resistance if  to the smallest wavelength 
A/r;1 of not more than 0.1. 

For a better matching of the resistance with the transmitting line 
the profile of the shield surrounding the resistance is selected in such a 
ninner that the wave impedance of the entire device in any cross section be 
equal to the resistance of the remaining portion of the resistance ^0?7» 
If the resistance has a uniform film coating, its value does not depend on 
the frequency and on the distance x from the end of the load Rj^Rox (see 
Firure 5.U) where RQ i3 the resistance per unit of length. Wave impedance 
of the line without losses in this cross section is 

'- = Vt- (5.31) 

where 1^ and 0X   are inductance and capacitance per unit of length in the 
cross section x. Reflections will be absent if 

/: ~f-= /?„*• (5.32) 

It may be assumed that on a small element   Ax    the diameter of the shield 
is constantj then 

L, ~ 0,2 In -^— MKIHJM, 
D    microhenries/meter (5»33) 

C, = -££_ nflM, 
In—~ D     picofarads/meter 

where    L    is relative permittivity of the dielectric in the space between 
the resistance and the shield; U    is the diameter of tho resistance.    On the 
basis of the equalities (5.32) and (5.33) we obtain 

60       2- C5.33") 
7f,n !-==*•* 
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or *.*/r 
v-*e "■. C5.3U) 

The calculation o.f the profile of the shield given above takes into 
account only the radial components of an electric field and does not take 
into account the axial components. In spite of this, coaxial loads with 
an exponential shield give good frequency characteristics. 

A further improvement of the frequency characterise of coaxial loads 
is achieved by making the shield with the profile of a tratrix, a detailed 
analysis of which Is given in the work /Tog/. 

Par» $*h»   Capacitors for High-Voltage Pulse Devices 

The chief requirement for capacitors used in high-voltage pulse de- 
vices is tiiedr low self -inductance. It is also necessary that the capacitor 
have small dimensions since with large dimensions of the capacitor the con- 
necting wires will introduce considerable inductance into the discharge cir- 
cuit. 

Capacitors with a large capacitance are necessary to obtain pulses 
with a large current. Capacitors with paper-oil insulation have the largest 
capacitance from among the high-voltage capacitors. The calculation of the 
inductance of these capacitors is given In the works by P. N. Dashuk ß&SJi 
and by Kuchinskiy and K. M« Irkayeva /loip. 

Capacitors with paper-oil insulation consist of separate sections wound 
into rolls and connected for increasing the capacitance into parallel groups 
which are series-connected to increase the operating voltage. 

The inductance of one section Lg consists of the inductances of the 

plates LQ and the leads Ly. determined by their geometrical dimensions and 
arrangement of the leads on a section. 

In the work /TO1J7 are given the data for the evaluation of Ig with 
the condition of a uniform flow of current over the conductors. Inductance 
is evaluated by formulas derived for busses of a rectangular cross section 

In Figure J>.£ aro shown the possible arrangements of the leads on the 
capacitor plates. If the leads are arranged opposite each other (see Figure 
5.5a), then 

I, = Jj£(3a" + aO. (5.35) 

where "a" is the distance between the plates determined by the thickness of 
the insulation; b, d, L are respectively the width, thickness and length of 
the metal plates. 
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1* I ■ 

r JUS/ 
b |        *        « I 

Figure 5.5» Methods of laying the leads 
in a capacitor section: the leads are 
placed one under the other on one layer 
of insulation (a); the leads are displaced 
(b, c). 

Since usually 3a ^2d, then 

1.=^-. (5.36) 

If the leads are displaced to a certain distance C   relative to each 
other, then L0 is made up of the inductance of the section with an opposite 

,  /*0a(l- V) 
direction of the current LQ = ■■"■     i- and of the inductance of the 

b 
section with a coinciding direction of the current L0" (see Figure 5.5b) 

The value of L0
n depends on the arrangement of the leads relative to each 

other; if they are displaced along the length of the foil within the width 
of the section, then 

V~£-(*-=-*T)' (5-37) 
If the leads are displaced along the length of the foil by half a turn, then 

io' = -^-(3fl'+!W). (5.38) 

where   a'    and   b'    are shovm in Figure 5.5b.    In the roll-type capacitors 
the leads are made in the form of copper busses and are arranged at one end 
to reduce the inductance.    In this case   he   Ly   of one lead is determined 
from the expression (5.35)   where the linear quantities characterise the leads 
and their position relative to each other.    Tlam, Lg=Lo + 21^.    Experiments 
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on a rolled section with a capacitance C^l.O microl'arads and a=80 microns 
showed ßojij that when the lends are placed opposite each other (see Figure 

5«5a) the Lg depends little on the location of the leads and varies from 

0,6 to 2.2 • 2J0"9 henries; with a displacement of the leads by 12 ca (half 

a turn), IQ increases from 2.5 • ID"? to 16 • K)"9 henries upon the with- 
drawal of the leads from the start of the winding. This is explained by the 
increase of the dimension of the a* (see Figure 5»5b). With an increase 
of the distance the &Lg   rapidly increases owing to Lo". Therefore, the 

leads must be placed at a minimal distance from each other on the basis of 
■one overlap of the insulation. It is noted in the work /Tol^ that it is 
inexpedient to make several taps from one section since the current will flow 
mainly through the taps located at the start of the section owing to a lower 
value of L0 at this place. To decrease the inductance it is expedient to 
increase the number of parallel sections in a group since in doing so the 
dimensions of each section are reduced. The inductance of the capacitor 
decreases in proportion to the increase in the number of sections in a group 
and increases with an increase in the number of the groups. Ceramic capaci- 
tors of various types having two plates have a low inductance. From among 
the domestic ceramic capacitors, barrel capacitors of the type SOB having a 
comparatively high value of the capacitance are of the greatest interest. 

Their characteristics are given in Table 5.3. 

Table 5.3 

l 
2 
3 
4 

napmerp 
Parameter 

KO&-1 
KOB 

KOb-2 KOB-3 

Pa6oi*e RanpNceMM. *# 
Bucora,JMf  
RnautTp.JtM  

500 
12 
17 
20 

500 

20 
27 

33 

2500 
30 
40 

S3 

Key: 8) Capacitance, picofarads 
Operating voltage, kv ffi 

Height, mm 
Diameter, mm 

//hen it is necessary to obtain a high-power pulse with a steep leading 
edge and a flat portion, it is expedient to use a parallel connection of a 
ceramic capacitor and of a capacitor   with paper-oil insulation-    In doing so, 
the valae of the capacitance of the ceramic capacitor may be evaluated as 
indicated in Par. 3«1, on the basis of the value of the inductance of the 
capacitor with paper-oil insulation. 

In Table 5.U are given the values of the inductances of capacitors of 
different types /L067. 
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Tablo $.h 

Tun   KOHaetKlTOp« 
? Hmyicrai- 
UOCTb. 10-* M 

iBosayiuHbii oäpaincswl: 
10-30 

1000 n«  30-SO 
3 BojAytuMufl nrpeHeRwB eunocta: 

6-20      I 
io-eo 

)4Kep3MH«ecKMfi AMCKoauB: 
KÜK-3 .      . 1-1.5 
KAK-t.2     .     . 2-4 

5 KepatHHwacuQ TpyCiiTtaa: 
3-10 

20-30 
oOiioatiHOÄ onpetroaamiHä: 

KCO-I 4-4 
KCO-11. KCO-12. KCO-13 .     .    . 15-25 

7Cj!»a»HcS   oöpasuoBkifl   K   öJIOKHPO- 
Q    B04HUÜ: 
nBysjaxuufi: 

50-100 

HMHi puM«poB KBr-4 ft-ll 
cpeAMHx  paaucpoB KBr-M. KB 39-60 
paawoTHna      CO.II.UJHX      paiuepoa 
(KUIhUIOft   CKKOCTI)         .... 50—100 
OOJMIUOfl    «MKOCTH   C   HCIipaBIUIMItiM 
pacnaioxeHHeu  Buaoaoa . 200-150000 

Key: (1) 
(2) 

(3) 

(U) 

(5) 

Type of capacitor (6) 
Air reference capacitori 

100 picofarads 
1,000 picofarads (7) 

Air variable-capacitance 
capacitor ofi (8) 

small dimensions 
medium dimensions 

Ceramic disk capacitor: 
KDK-3 
KDK-1.2 

Ceramic tubular capacitor 
KTK-1.2 
KTK-3, U, 5 (9) 

Mica molded capacitori 
KS0-1 
KSO-11, KS0-12, KSO-13 

Mica reference and blocking 
capacitor 

Paper capacitors 
of small dimensions KBG-4t 
of medium dimensions KBG-M, KB 
of radio type of large dimensions 

(of large capacitance) 
of large capacitance with irreg- 

ular arrangement of the 
leads 

Inductance, 10"*9 henries 

Par. 5»5.   Spark Dischargers Triggered With Nanosecond Accuracy 

When using spark dischargers in oscillographs for recording very short 
pulse3, in the high-epeed-photography devices, in circuits for the conversion 
of high-voltage pulses of nanosecond duration, etc. it is necessary that the 
time between the arrival of the triggering pulse and operation of the dis- 
charger amount to a value of the order of 10     sec, and stability —to 10 7 

sec.   Asa  rule, three types of dischargers are used for this purpose»    trig- 
atrons, light (spark) relays and three-electrode dischargers.   The trigatron 
T    (Figure 5.6a) was suggested by I. S. Stekoi'nikov ß%J* 

-96 - 



Figure 5*6. Circuit diagrams for triggering a 
trigatron (a) and a spark relay (b) with nano- 
second precision. 

After the arrival of the trigger pulse at the rod Y a discharge 
takes place between the rod and electrode 1. Ultraviolet irradiation of 
this discharge initiates a breakdown between the main electrodes 1 and 2. 

The operation time of the trigatron is usually equal to 10"" sec with a 

spread of the order of 10"? sec /TOT7. Theophanis ^Ü3T7 investigated the 
feasibility of triggering the trigatron with nanosecond precision. The 
trigatron was in a freon atmosphere with a pressure of ü.lhl atmosphere. 
The maximum operating voltage was equal to 5>0 kv. Investigations showed 
that the operation time of the trigatron was shorter when the polarities 
of the trigger pulse and of the potential on the ungrounded electrode are 
opposite. A pulse with an amplitude of 15 kv and duration of the leading 

edge of 2 • ID"" sec appeared during the discharge of the capacitor through 
a  thyratron ß±%J.   With a voltage in the trigatron with v£ percent 
lower than the lareakdown voltage the spread in the operation time was equal 

to $  * 10~" sec. With a decrease of i\ the spread decreased but spontaneous 
operations of the trigatron appeared owing to the random ri3es of the voltage. 

When an open end of a line (R^Z, see Figure 5.6a) was connected to 
the electrode T the amplitude of the trigger pulse doubled. In this case, 
for a '•V^LO percent the operation time of the trigatron was equal to 2 • 

• 10"^ sec with a spread of not more than 10"^ sec. The operation time of 
the trigatron and its spread decrease with a decrease of the duration of 
the leading edge of the trigger pulse. This is connected with the creation 
of a large overvoltage between the electrodes 1 and Y. 

A spark relay has two spark gaps (see Figure £.6b): the main gap 
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P^ and the initiating gap Fg ^P»gap7» ultraviolet radiation of the spark 
in ?2   initiates a breakdown of Pi (see Par. 1.1). For a stable opera- 
tion of a spark relay the distance between the gaps must not exceed a few 
centimeters, "investigation of the operation of a spark relay was carried 
out by I. S. Stekol»nikov ß& who showed vhat with i\*L to 2 percent and 
an operating uroltage of about 10 kv the tiire between the breakdown of the 
initiating and the main gap i3 equal to l+p*5 • *-0~6 sec» *he initiating 
discharge in these @$J and later j^sSJ investigations was created with a 
discharge of the capacitor in the spark gap. 

Oodlove ß€f investigated the triggering of a spark relay with the 
insertion of P? in a break in the cable over which a trigger pulse (see 
Figure 5.6b) with an amplitude of about 7 kv and a duration of the leading 

edge tfslO""" sec comes in. Owing to the steep leading edge of the trigger 
ultnge pulse the g»io of Pg was broken down in the case of overvoltage. 

In this process the deepness of the leading edge of the light pulse was 
greater than in a m\ *ork with a capacitor discharge, and the stability of 
the time t3 between the breakdowns of 'one dischargers P^ and Pg was 
higher. In Figure $.7 is shown the relationship e»f the time ta to the 
v lue of the voltage Ü in the gap of the main discharger P^ with spher- 
e-sal brass and stainless-steel electrodes and interelectrode distance S= 
-3.18 mm and different distances t   between P^ and P2. It follows from 

Figure 5>.7 that the material of the electrodes has little effect on the value 
of t« "S" 

twee 

12,0 U^t KV 

Figure £.?• 
between the 
Pi and P2 
voltage U 
between the 

Relationship of the time 
operation of the dischargers 
(see Figure £.6b) to the 

on P^ and to the distance J. 
di.3 chargers j 

0  and X — stainless-steel electrodes; 

• — brass eloctrodes. 
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With the constant Tallies of S and with an increase of U the time 
tg approaches a certain limit which may be evaluated by the following for- 
mula t 

where v^ Is the velocity of the motion of avalanche in the gap; E — field 
strength at which the breakdown of the gap takes place. Depending on the S 
and t the time tsm in Qodlove's experiments ß§J amounted to 10-60 nano- 

seconds with a variation of i\ in a range of 0-$ percent leading to a varia- 
of ts«(l to 2) tam with spreads of about 10 percent of t3m. 

It is shown in the works (%€J and [y^J that cleaning of the electrodes 
of the main discharger hardly affects the value-of tsj the angle between the 
axes of Pj^ and Pg must not exceed 20°. It is not recommended to place 

barriers between P^ and Pp even when the barriers are made of the most 
transparent materials (IdF, etc.). 

The advantages of a spark relay consist in a complete electric insula- 
tion between the firing and the main gap with short times of the spread (about 

10"^ sec)j the stability of the operating voltage is equal to 6 percent. 

The main drawback consists in the small range of operating voltages 
when the interelectrode gap of P^ is constant. 

A three«*lectrode relay in the pulse circuits operates in the follow- 
ing manner (Figure 5*8a). The point A is connected to a source of direct 
voltage U^ and the point B is grounded through a load. The length of the 
gap Pi is selected to be such that no breakdown would occur with the volt- 
age U^, and F« —■• such that it would not break down under the action of 
the voltage Up of the trigger nulse. Upon the arrival at the point V of 
the trigger pulse Up with a polarity opposite of that of the U^ the gap 
P^ breaks down and the voltage U^ is applied to Pp. The Pp breaks down 

with an overvoltage the greatest magnitude of which may be created in the gaps 
P^ and Pg respectively and amounts to 

Investigations of the operation of a three-electrode discharger ffiZJ 
showed the following. To decrease the initiation time of the discharger 
and increase the stability of this time the amplitude and the steepness of 
the leading edge of the trigger pulse should be increased. Spreads of the 

order of 10"" 3ec are obtained with a steepness of U0-5>Q kilovolts/microsec 
and an amplitude of the trigger pulse equal to 50-70 percent of U^, The 
operation of the discharger is considerably accelerated and stabilized if 
the gaps P^ and Pp are irradiated with ultraviolet rays. 
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Figure 5.8. Circuit diagrams of a three- 
electrode spark discharger» the usual 
circuit diagram (a)j with an additional 
discharger P3; relationship of the oper- 
ation time of the discharger to the length 
of the gap in P3 (c). 

In Figure 5.8b is shown a circuit diagram of a three-electrode dis- 
charger with an additional spark gap of the P3 series-connected with the 
cable 1^ over which the trigger pulse arrives /ZotiJ,   To irradiate two 
gaps simultaneously the center electrode is divided into two and the gaps 
Pi and P2 are arranged as shown in Figure 5.8b. The length of the spark 

gap F3 can always be set so that the delay of the breakdown of this gap 

would be small. If B^  > R2&Z  (Z is wave impedance of the cable 1^), then 

the stoepensss of the leading edge of the trigger pulse is doubled owing to 
the doubling of the voltage at the end of the cable. For a normal operation 
of the discharger it is necessary to have Rn^Ro^Z. 

We will determine the relationship between the voltages U^ and Uo 

assuming that statistical deLiy time in P^ and P2 is equal to zero and 

that the trigger pulse has a perpendicular leading edge. Under these con- 
ditions the triggering time of the discharger will depend only on the time 
for forming the discharge of the gaps Pj_ and P2. Then, the following may 
be written on the basis of the formula (1.21): 
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but it follows from the expression (Z.hP)  that 

, (5.U2) 

If in the equality (5«iil)   r-,    is substituted with the quantity   f 2, then 

from the condition that   !^2.s0    we will determine the optuniw value of the 
dp2 

overvoltage      Pn    with which the operation time of the discharger will be 
minimalt 

M»-if«i. (5,1*3) 

It follows from the equations (5.U3) and (5.Ü2) that     £-=1.82 and   /4_s 

1.55*   Consequently, the optimum relationship between the operating voltage 
of the discharger   U^   and the amplitude of the trigger pulse is 

Ut = 0.554/,. (5.UU) 

In Figure 5.8c 1B shown the relationship of the operation time of a 
three-electrode discharger to the length S of the spark gap F^ with a 

voltage of 111 and 12 kv with the distances between the electrodes In the 
gaps P^ and P2 remaining invariable. The duration of the leading edge 
of the trigger pulse is equal to 15 nanosec. The relationship between U^ 
and Up approaches optimum relationship. WJta SO the discharger operates 
without irradiation. Vertical lines correspond to the spread of the values 
being observed. The best results were obtained with a U]=lU kv and S=0.1 mm. 

In this case, the operation time tss(U2+l) nanosec. A decrease of the volt- 

age to 12 kv (i.e. by ih percent) leads to an increase of the time t8 to 

(62+7) nanosec. 

Works have recently appeared devoted to the investigation of vacuum 
dischargers and low-pressure dischargers, which make it possible to commutate 
the currents of up to hundreds of kiloamperes, have a long service life and 
a short triggering time. 

A, A. Brish, Ab. Emitriyev et allf/SoSj/ have developed small-eized 
vacuum dischargers of the type VIR. In*fhese dischargers the breakdown of 
the main gap is initiated by an auxiliary breakdown on the surface of mica 
which separates the electrodes of the firing gap. The use of this insulation 
layer makes it possible to reduce the breakdown voltage of the firing gap, 
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Figure £.9.   Coaxial make-up of a vacuum discharger (a): 
A — anode, K — cathode, P — mica layer, T — con- 
trollable electrode; make-up of a low-pressure discharger 
(b) and circuit diagram of a high-power vacuum discharger 
(c). 

and thereby also to reduce the amplitude of the trigger pulse.   The discharg- 
ers of the type VIR have a large range of operating voltages.   For example, 
V3R-7 operates reliably with a variation of Ihe operating voltage from 10 kv 
to 100 volts.    The triggering time of a discharger and its stability depend 
on the make-up of the discharger and the steepness of the leading of the 
trigger pulse.   Coaxial make-up (Figure £.9a) proved to be the best.   With 
an amplitude of the trigger pulse of 2,2 kv and a steepness of the leading 

edge of 22J? kv/micro3ec the triggering time is about   3 • Iß     sec with a 
spread of less than 1 • 10*"^ sec.   A drawback of this discharger is the rel- 
atively small number of cut-ins and a large spread of the breakdown voltage 
of the firing gap.   This sometimes limits their application. 

The lew-pressure dischargers developed by S. I. Lobov, V. A. Tsukerman 
and L. S. Eyg ß^J do not have these drawbacks.    The dischargers operate in a 
neon or argon atmosphere at a pressure   p=0.1 to 0.7 mm of mercury column. 
The product of   pS   corresponds to the left branch of Paschen curve (see Par. 
1.1).    In this case the breakdown voltage   decreases with an increase of the 
interelectrode gap. 
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A schematic arrangement of the electrodes in the discharger is shown 
in Figure 5.9b.   The pressure and interelestrode distances in the discharger 
are set to be such that tne main discharge gap A-K have a breakdown voltage 
which is on the left branch of Paschen curve and the voltage of the firing 
gap A-P be about the minimum.    Until the arrival of the trigger pulse a 
"guard" discharge with a current of 10 microamperes burns between the trigger 
electrode   P   and the cathode   K.   After the arrival of a negative trigger 
pulse on the electrode   ?   the gap   P-K   breaks down; in doing so, the elec- 
trodes rush to the node through the opening   0   in the cathode and bring 
about the main discharge between the anode   A   and the cathode   K.   These 
dischargers operate in a range of operating voltages of 2-10 kv with an 
amplitude of the trigger pulse of 2 kv and a steepness of the leading edge 
of 5 kv/microsec.   The delay time of the triggering amounts to 20-JiQ nanosec, 
the operatin   current is 3-5 kiloamperes. 

In Figure 5.9c is shown a diagram of the arrangement of the electrodes 
and a device for triggering the discharger with a current of up to 300 kilo- 
amperes, developed by Mather and Williams /TlD/.    The discharger consists 
of two identical sections 1 and 2 fastened Inside a chamber out of which gas 
is continuously pumped out by a rough-exhaust pump.   The pressure in the 
chamber is kept at a level of 0.05 mm of mercury column.   After the operation 
of the thyratrons, trigger pulses with an amplitude of 20 kv and a duration 
of the leading edge of i0""*%ec arrive on the firing electrodes of both sec- 
tions.   The cable over which the trigger pulses arrive is not connected di- 
rectly to the firing electrode.    Owing to this, a doubling of the voltage 
of the trigger pulse takes place.    Ihe discharger operates in a range of   -. 
voltages of 300 volts to 20 kv with a triggering delay time of (5*2) • 10"0 

sec.   Vacuum dischargers and low-pressure dischargers for currents of 1,000 
to 2,000 kiloanperes ^^and a volta^ofiplD 100 kLlovolts /Zltf are also known. 

Par. 5*6. Series Dischargers 

Several seriesHSonnected spark gaps are called a series disch rger. 
Usually the voltage is distributed among the spark gaps by means of resist- 
ances.    Sometimes each spark gap is shunted by a capacitance.    A series dis- 
charger has small dimensions of the electrodes and can be made in smaller 
sizes than a single discharger for a full voltage. 

G. A. Vorob'yov fi&J proposed a circuit arrangement for obtaining 
pulses with a steep leading edge, where a series discharger is used (Figure 
5.10a).    The potentials of the upper electrodes of the dischargers relative 
to the ground amount respectively to U^, U2 and Un.    The first one to break 
down is usually the gap   P^   in which the "heating" capacitance   C]_   discharges 
creating a conducting channel in the gap.    0»»ing to the capacitance   C2   the 
potential at the point of its connection is kept practically constant. There- 
fore, the gap   P2   breaks down with an ovarvoltage    ff-jj 1 where    Up^- is 

u2pr 
the breakdown voltage of P2.    The discharge of Cp creates a conducting path 
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Figure 5.10. Circuit diagrams of a series 
multiple spark discharger (a) and of a pulse 
clipper (b). 

in P^ and maintains it in P^. In this manner all of the n gaps succes- 
sively break down with an overvoltage. 

The number of spark gaps in a series discharger may be determined by- 
setting a certain quantity 

where j=l, 2, 3, ..»nj UQ is the potential of the upper electrode of the 
j-th gap. Under normal conditions the gap Pj must have a safety factor 
equal to 

"l* {5.U5) ^nP%r-7 »/= 
UJ-UJ-,   ' 

where U.^, is the breakdown voltage of the j-^th gap. The connection be- 

tween cu and the overvoltage  (*. has the following form 

or 
*y=(tf/-"/->=—- 

V-   ay By '    */ 

(5.U6) 

(5.U6-) 
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It follows from tiiia expression tl.at 

*« = *.(! -7S) = *,(I -fHl -T0.. = */(1 -i,)(l —r,)...X     (5.U7) 
X (1 - y) ..= ...-*„(! - Tl) (! - 7a)... (1 - T± 

Three methods of voltage distribution over the dischargers are of in- 
terest. 

1. Suppose "y.j«"y=con8t. In this case, whan the factors dL are equal 

all of the gaps break down with the same overvoltage ft.   Since kn*i, then 

it follows from the expression (5.1i7) that  k =i\~  V*-" 

0T la*. 
to(l-7) 

2. With a unifom voltage distribution over the dischargers 

(5.U8) 

Yj=j and »"£ (5.U9) 

3* Suppose the voltage is now distributed over the dischargers in 
such a manner that k3**2^%"k3ss#»,kn"*:n-i ^^ kg-k^k. In this case it 
is easy to show that 

«1=4 + 1. (5'50) 

To explain the operation of a device with a series discharger it was 
assumed that in the pre cess of the breakdown of the gaps the potentials of the 
electrodes of the gaps which did not break down remain unchanged, and that 
calculated overvoltages are attained in the gaps. Actually these conditions 
are not always observed. 

In the time TJ between the breakdowns of the gaps p. - P.   the 

capacitance Cj may discharge owing to the shunting of a portion of the ac- 

tive divider by the broken-down gaps. To eliminate the discharge of Cj it is 

necessary that 

During the operation of the dischargers the potential distribution is affected 
by the self-capacitance of the dischargers Cp1, onto which the C. discharges 
after the breakdown of the Pj„i» Therefore, it is necessary that 

The value of the overvoltage at which the breakdown of the gaps takes 
place is also affected by the relationship between the commutation time t,, . , \ 
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of the discharger P, ^ and by the delay f, of the breakdown of the gap 

Pj relative to the breakdown of Pj_i» If t..  ) ^T.» then the potential 

difference In the gap will net have time to attain the maximum value of Uj 

since a breakdown of the gap Pj will take place. In doing so, the over- 
voltage in the gap P.* will be smaller than the calculated voltage. This 

increases the commutation tine of a series discharger» An analysis of the 
time between the breakdown of adjacent gaps in the air in relation to the 
values of Cj, Rj and Z* inserted in the discharge circuit of the "heating" 
capacitance was carried out in the work fTifJ with different arrangements of 
the gaps. IWo different distributions of the voltage over the gaps were used. 
In the first case with the number of the dischargers n*U, %»28,6 megohms, 
P^^'I^O.öÖ megohm; in the second case — with n»3» Ri*2'«3a10.2 megohms. 

The dischargers were arranged in such a manner that a mutual irradiation of 
the ga-38 would occur. 

In Figure £.11 are shown the curves of the relationship of the time % 
between the breakdown of the second and third and also of the first and second 
gap tc the length of the gap In P-> for the first and second distribution with 
different values of the heating capacitances and of the loads Z. vertical 
lines indicate the spread of the values observed,   The value of Cj»const=G. 

The increase in the spreads of the value of If   with an Increase in S 
Is cojinected with a decrease of the overvoltage in the gap, and the increase 
of thuse spreads with a decrease of Cj is explained by an attenuation of 

Lie intensity of irradiation. Using the curves 1 and 3 in Figure 5.11c it 
is possible to determine the total time ts of the discharger operation from 
three gaps: %sXz * *y   Thus, with a safety factor «UfljO percent and S2= 

=S-j=l»lt am, t3=20 nanoseconds. The value of ts decreases and becomes more 
stable with a decrease of a, and it is also not sensitive to the value of C* 
up to a certain minimum value of C-jm*30 picofarads. With C-j^C^ the ts 

greatly increases and also the spread of its value. With Cj>C.m the tQ is 

steplessly regulated by varying the distances of the gaps but up to a certain 
limit determined by the necessity of creating a certain overvoltage in the gap. 

With certain additions the diagram in Figure $.10a may also find another 
application. If a series discharger is installed as the first discharger of a 
pulsed-voltage generator using Arkad'yev—Marks circuit, then the synchroniza- 
tion of a GIN /puls9d-voltage generator^ and electronic oscillograph may be 
made easier and stabilized. 

If different circuits are connected to the gaps of a series discharger, 
then these circuits will operate at the instants which differ little from each 
other. This can also be achieved if the circuits are left uncoupled to each 
other and their dischargers are irradiated with sparks obtained in the gaps of 
the series discharger. 
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Figure 5.H. Relationship of the tine X between 
the breakdown of the dischargers to the length of 
the gap 8 in the first (a, b) and second (c) 
distribution of the voltagei 

If** 
(a) T3(S3) with Sz*3 mm, Cj^OO picofarads? 1 — Zy 

Oj 2 — 7.jsl20 ohms; 3 — Zjsiokobmsj k 

(b) 'Sjty) with S2=3 ma; Zj=120 ohmsj 1 — C% 

»2,500 picofarads; 2 — Cj=5Ö0 picofarads; 3 — C^= 

«33 picofarads; (c) 1 — ToCSo) with 0^1,000 pico- 
farads, Zj*75 ohms; k —  3^3) with Zj=00. 

If load impedances are placed in the circuit of the heating capacitances, 
then pulses repeating at a certain rate will be separated on these impedances. 
In order that these pulses be short, it is necessary to connect special cir- 
cuits to the load impedance to clip a pulse to the necessary duration. The 
time between the pulses will be conircüled bythe length of the spark gaps. These 
pulses may find application in high-speed photography for taking frame-by-frame 
photographs with the aid of electronic-optical converters and electrooptical 
shutters. 

Light flashes with a small controllable interval of their recurrence 
can be obtained with the aid of a series discharger. Flashes appear as a re- 
sult of a breakdown of the spark gaps. A series discharger can serve as 
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a circuit for delaying high-voltage pulses with a steep leading edge. The 
pulse which has to be delayed for a time tz is sent to trigger the dis- 

charger F^* After the breakdown of the discharger Pn a new pulse will 

appear on Zload with a certain delay tz relative to the input pulse. The 

tin» is steplessly regulated by varying the length of the spark gaps Pj. 

In the work ^13/ aTe given data on the use of a series discharger for 
obtaining clipped waves with an amplitude of £00 kilo volts and higher. The 
discharger (see Figure 5.10b) was connected to a pulse generator using Arkad»- 
yev~4£arks circuit. The distribution of the voltage over the gaps of the 
discharger was accomplished by means of an active divider with a total im- 
pedance of 39 kilohms. Each spark gpp represented a trigatron. The discharge 
took place in each gap between the lower hemisphere and a segment of the 
'. pper electrod'j. In doing so, a potential difference would appear between 
the hemisphere and the firing electrode in the following gap with this poten- 
tial difference bringing about the initiating discharge. Natural capacitances 
~etween the electrodes and between the electrodes and the ground are used as 
the heating capacitances. The pulse duration is set by the delay line 12. 
Srporiniposition of several oscillograms with a clipping time of a few tenths 
of i microsecond showed a practically complete  coincidence. The spread of 

tr^ operation time of a series discharger is less than 10"' sec. 

rar. 5*7» Generators 

In obtaining high-voltage pulses of nanosecond duration the main prob- 
lem is to decrease the duration of the leading edge of the pulse. In the gen- 
erators using the dischargers this is achieved by decreasing the spurious 
parameters of the discharge circuit and the commutation time. The commuta- 
tion time \   is decreased for many generators upon placing the discharger 
into a chamber with a high pressure and upon creating an overvoltage during 
the breakdown of the discharger. 

A peaking spark discharger the theory of which was given in Par. 3*2 
is often used in generators with a gap overvoltage. 

In 1917 Hers /Tli7 used for the first time a series connection of a 
long, line with an oil-filled sparic discharger to obtain short waves. Buravoy 
£~3^j  created a generator with a peaking discharger in oil to obtain high- 

voltage pulses with a duration of the leading edge of about 10™^ sec and an 
amplitude of the order of 100 kv. This generator was used to investigate the 
delay of a pulsed breakdown of gases. 

In Figure 5»12a is shown a diagram of one of the generators developed 
by Fletcher £277, in which a spark discharger under a pressure of about 100 
atmospheres in nitrogen is used for peaking a pulse. The primary pulse is 
shaped by coaxial cable Irj_ which is charged through the resistance ft, from 
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Figure 5*12. Diagram of a pulse generator with 
a peaking discharger in nitrogen under high pres- 
sure — as 1 — mercury lamp; 2 — three-elec- 
trode discharger; 3 — peakerj 

and diagram of a generator with a thyratron com- 
mutator — bt 1 — primary-pulses generator using 
thyratronsj 2 — coaxial device for pulse conver- 
sion; 3 — peaker; k — differentiating section. 

a source having a voltage of 20 kv. A three-electrode discharger is used 
in the primary-pulses generator. Alter the arrival of a negative trigger 
pulse of -E> kv at the center electrode the discharger operates and a pulse 
with a tf, ^f »leading edge/ of about 20 nanoseconds Is received in the 

cable Xg. After the peaking the duration of the leading edge decreases to 

tf2 0*3 nanoseo. An Important drawback of this generator is the large value 

of tf . Oiring to this, instability in tf  is observed and, in addition 

to this, it proved to be necessary to maintain a high pressure in the peaker 
to decrease the tf?. 

lit the generator developed by Heard £?&/ the value of tf  was de- 

creased owing to the use of two series-connected hydrogen thyratrons with a 
steep commutation characteristic (see Figure 5.12b) as a commutator in the 
primary-pulses generator. The lower thyratron T2 is triggered from the 
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trigger pulse and the» thyratron T^ proves to be energized by a double 

overvoltage and quickly operates. Voltage pulses with an amplitude of 
25 kv and a duration of the leading edge of 1.7 nanoseconds are obtained 
at the output of the thyratron generator. Structurally the generator using 
thyratrons is made in the form of a coaxial line. This ensures a good 
matching with the shaping cable and connecting cables and makes it possible 
to reduce the spurious parameters of the generator. The peaking discharger 
is in the air at atmospheric pressure. After the peaking of the leading 
edge the pulse ia shortened by a short-circuited section. The duration of 
the pulne at the output is controlled by the length of this section. After 
the peaker the duration of the leading edge of the pulses decreases to 0*6 
nanosecond and the pulse duration is equal to 2.5 nanoseconds. 

On, £lM 

Figure 5.13. Diagram of a generator of 
pulses of controllable duration using a 
series spark discharger as the commutator. 

Key: (l) L}  (2) L?  (3) Triggering of 

EO /electronic oscillograph^ (U) PK-16? 
/type of cabley^. 

Ia Figure 5.13 is shown diagram of a generator /Llj£7 xn which a series 
discharger with three spark gaps described in Par. 5»6 i3 used as the commu- 
tator. The cable L^ of three meters in length is charged from a direct- 

voltage (30 kv) source. After the operation of the discharges, P a voltage 
pulse with an amplitude of 15 kv and a duration of I4O nanoseconds appears in 
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the cable I^» The operation of the comemtatlng device starts with the 
breakdown of the first gap. After this, the second and third gaps break 
down with an overvoltage. 

The duration of tiie leading edge of a primary pulse tf j, decreases 

with an increase of the overvoitage in Po but with a relative overvoltage 

P^2 tf-^ it hardly decreases and with 0^=0 2*3° picofarads amounts to about 

5 nanoseconds. A correcting capacitance 0^=50 picofarads is used to de- 
crease the tf.. to 2.5 nanoseconds. A peaking discharger Pz was used in 

the air under normal conditions for a further decrease of the duration of 
the leading edge of the pulse. The optimum length of the peaking gap is 
about 3 mm. After the peaker the duration of the leading edge of the pulse 
did not exceed 1 nanosecond. A "clipping" discharger P8 built-in into the 
chamber of the discharger P (see Par. 3*2) serves to decrease the duration 
of the pulse. The discharger P8 is irradiated with ultraviolet rays from 
a spark In a special gap PQ. The instant of the breakdown of the gap PQ 

is synchronized with the triggering of the commutator in the following manner. 
The voltage is distributed among the PQ, P« and the pushbutton "Triggering11 

in proportion to the values of the resistances r^, ^ and r?. Upon depressing 

the pushbutton "Triggering" an overvoltage is created in the gap PQ and it 

breaks down. The discharge ^f the capacitance CQ through the PQ creates 
a spark necessary to eliminate statistical delay in the gap Ps. After the 
breakdown of PQ the gap Pp proves to be energized with an overvoltage and 
breaks down bringing about the operation of the commutator. The pulse dura- 
tion is controlled by the length of the clipping gap in a range of not more 
than 0-liO nanoseconds. 

A generator of pulses having an amplitude of $0 kv with the use of a 
peaking discharger was developed by Tucker /IS/» The conmutating discharger 
of the primary-pulses generator is under a pressure of 60 atmospheres in ni- 
trogen atmosphere. The commutator operates upon a sudden decrease of the 
pressure in the discharger chamber. Puloe generators in which overvoltage 
in the spark gap is used to decrease the duration of the leading edge are 
described in the works flt  11, 22, 23, 216/. 

The duration of the leading edge of a pulse obtained in a generator 
with a peaking discharger has a certain statistical spread owing to the fact 
that the delay in the breakdown of the peaker bears a statistical character. 
Generators with conmutating dischargers under high pressure are used to cor- 
rect this drawback. Such a generator was developed by Fletcher [%fj>    A 
thrtje-^leetrode discharger under nitrogen pressure of U2 atmospheres was used 
as the commutator. The shaping element is a coaxial cable. Wien using a cor- 
recting capacitance the duration of the leading edge of the pulse at the out- 
put of the generator is equal to O.u nanosecond with an amplitude of 20 kv. 
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Figure 5.1U.    Basic diagram of a relaxation 
generator of short pulses:    EO — electronic 
oscillographj PYa — the plates of the event] 
capacitance    C   is inserted when obtaining 
pulses with a   t^lO~° sec (a).    Photograph 
of the discharging device of the generator (b). 

Key:    (l) The triggering of EO.; (2) To the PYaj 
(3) To the load 

In another generator with a commutating discharger at a high pressure 
a capacitor is used as the shaping element.    Therefore, the ratio of the 
pulse amplitude to the charging voltage is about 1.    The value of the shaping 
capacitance 2 Co is 1,000 picofarads (two parallel-connected capacitors of 
the type KOB-2)  (Figure 5.Ilia).    To decrease the inductance    L   of the dis- 
charge circuit the capacitors were placed inside a discharge chamber in which 
a pressure of 9.5 atmospheres was maintained.    During the breakdown of the 
discharger the shaping capacitance discharged into the cable    L.    The load 
in th- cable had an input capacicanne of 10 picofarads.    Therefore, it was 
necessary to calculate the optimum value of the wr.ve impedance    Z   of the 
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load cable L. Since the duration of the leading edge without taking account 
of the commutation is determined from the expression: 

tf]=2.2£, 

the duration of the leading edge on the capacitive load Gn may be found 
from the following formula analagous to the formula (2.3) 

<♦= |/(2.2^-)S + (M2C.)», (S.£l) 

where 1.1 ZCn is the duration of the leading edge of the pulse on Cn dur- 
dtf 

ing the action of a rectangular pulse. From the condition -3=-a0 we will 
dZ 

find the optimum value of the magnitude of the impedance Z at which the 
leading edge of the puLse will be the smallest, 

z.=y 
On the basis of these calculations a wave impedance of the line L equal to 
37.5 ohms (two parallel-connected cables PK-3) was taken. The pulse duration 
was controlled by the length of the short-circuited section Lj_. The pulse 

repetition rate was changed staplessly from 1 to 50 cps by changing the values 
of the charging resistance Hg and of the voltage of the charging device with 
a constant length of the discharger gap. With a constant pressure in the 
chamber the pulse amplitude was steplessly regulated from h  to 18 kv. The 
pulse duration at the output was equal to 3 nanoseconds with a duration of the 
leading edge of less than 1 nanosecond. In Figure $.Ilib is shown a photograph 
of the discharge device of the generator. 

A generator with a shaping cable was developed to obtain pulses with 
and amplitude of 100 kv and a current of 5 kiloamp. The power for the gen- 
erator is supplied by pulses with an amplitude of 300 kv from Arkad'yev-4iarks 
generator. The shaping and the load lines were made of coaxial copper pipes, 
and transformer oil was used as the insulation. The discharger was in a her- 
metically sealed chamber under a gas pressure of 10 atmospheres. The adjust- 
ment of the length of the gap was accomplished by turning the inner conductor 
of the shaping line on the side of the charging voltage. Pulses with a dura- 

tion of the leading edge of not more than 1 nanosecond and a flat top of 2 • 

• 10~° seconds poosibly appeared at the output of the generator. 

Generators of high-voltage nanosecond pulses using high-pressure dis- 
chargers are described in the works £19 kt  3'4, 22, 118_7. 
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Par. 5.8. Obtaining High-7oltage Pulses in Voltage Multiplying Circuits 

Figure 5.15. Simplified circuit diagram (a) 
and longitudinal sectic1 (b) of a GIN /volt- 
age pulse generator/ with dischargers in com- 
pressed gast 

1 — capacitor; 2 — bushing; 3 — bakelite 
pipe. 

Voltage pulse generators GIN using Arkad'yev-Marks multiplying circuit 
are used in high-voltage laboratories to obtain pulses with an amplitude of 
hundreds and thousands of kilovolts and a duration of the leading edge on the 

order of 10"' to 10~" sec. Such pulses are necessary for high-voltage tests 
of power equipment and for carrying out certain experiments in physios ^21, 
22, 267. The shortest possible duration of the leading edge of the pulses is 
limited by the capacitance C of the load and of the wiring of GIN and by 
the inductance of the discharge circuit L, which increase with an increase 
of the dimensions of GIN, i.e. with an increase of the operating voltage. 

In Figure 5«l5a is shown a simplified circuit diagram of a pulse gen- 
erator built by Schering and Raske A7 for 500 kv. The generator uses a 
multiplying circuit; to reduce the commutation time the discnargers are 
placed in it in a chamber with carbon dioxide under a pressure of 13 atmos- 
pheres. There are five stages in the generator; two capacitors for 50 kv 
are series-connected in each stage. The capacitance of the GIN Min a stroke" 
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amounts to 0.0033 microfarad. The low-inductance plate capacitors consist 
of a larger number of parallel-connected plates of aluminum foil with paper 
insulation. The length of the capacitor is 106 cm, the width is 75 cm. To 
decrease the Inductance of the discharge circuit the capacitors are "zigzag"- 
connected forming a bifilar conductor during the discharge. In Figure 5.15b 
is shown a longitudinal section of the generator. The length of the leading 

edge of the pulse with an amplitude of 375 kv is equal to 1.1 • 10  sec. 
The dimensions of the generator aret height —- 180 cm, the base — 1UG x 90 cm. 

Coaxial cables may be used as the shaping devices in order to decrease 
the inductance of the discharge circuit of the GIN. Rectangular pulses with 

an amplitude of 60 kc, pvlse duration of 0.8 microsec and duration of the lead- 

ing edge of 10^> sec were obtained In such a generator with six coaxial cables. 
A voltage pulse generator with shaping cables is described in the work fcW-J» 

a        *^    • 

M. 

4> *  f * ar 
b 8 

Figure 5.16. Simplified circuit diagram of a 
GIN with a compensating capacitance (a), a com- 
plete substitution network of the discharge cir- 
cuit of the GIN (b) and arrangement of the com- 
pensating capacitor (c): 

1 — capacitor plates j 2 — shieldj 3 — trans- 
former oilj h  — the load R^. 

It follows from the foregoing that in order to decrease the leading 
edge of the pulse the commutation time t^ of all dischargers and the in- 
ductance L of the entire discharge circuit are decreased. If compensation 
of the inductance of the discharge circuit of the GIN by means of inserting 
a noninductive capacitance as shown in Figure 5.16a is used, then there is no 
need to decrease the t^ and L in the entire discharge circuit of the gen- 
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erator. It is sufficient to do this only for the circuit C, Pg. tin« A sim- 
ilar decrease of the value of tf in a single-stage GIN is described in the 
Par, 3.1. 

The capacitor C2=Ck is selected with a low self-inductance and the 
circuit C2, Po* Rm which is energized by pulsed voltage alone has small di- 
mensions and low inductance.    In selecting the value of Cg determining the 
quality of the flat portion of the pulse the characteristics of the opera- 
tion of the circuit shown in Figure 5»16a are taken into account. 

In doing so, the substitution network of the discharge circuit (see 
Figure 5.16b) of the GIN will consist of two circuits and two commutators 
Ki and Kpt    Kn is the penultimate discharger and Kg — tne ^as* discharger 
of the GItf.    The commutator Kg operates following a certain time tz after 
the operation of Kj..    Upon the closing of the commutator K^ oscillations 
are excited in the first circuit, which after the operation «f Kg may be 
transmitted to the load.    If it is necessary to eliminate these oscillations, 
then the resistance Hdi is inserted in the first circuit.   We will analyze 
the operation of the circuit when Cj^Cg assuming the capacitor C^ as a 
so'irce of direct voltage nU0.    If Bdi<2"\ /&, then upon the closing of Ki 

toe voltage across the   Cg   and the current in the first circuit will vary 
in accordance with the following law,    ^f)= j _ e-?t(cosmt+ X,in.*). 

1       u     ' (5*53) 

where ' 
1 nr  ,_**.    (5.53') 

?= 
i,Cs        4L,* 21, 

The shape of the pulse will be different, according to the values of Ra^ and 
tz.    To analyse the process at tha top of the pulse   we   will consider that 
L2=Gj C*l; Rd2^

RnJ tk]*5- 
Ll 

Depending on the operator   ^RTP    the voltage across the   B^   will 
assume the following form after the closing of Kg 

where 

Lx        .        il *■ 

A = l(t,)R.. 

If R<j_ is comparable in value with Rn, then Rn + ^d? instead of Rn should be 
written in the expressions for B, b, d, A. Since the parameter A may be ex- 
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pressed in terns of B, b, d, then h(q) depends only on these parameters. 

The original of the representation (5.5U) has the following form 

where 

/.,        2B   '      l      y    B 4B* (5.55') 
!g? = 2B|ftc(/,)rf-|),, 

Three cases are of interest. 

•l 

In addition to this, it follows from the equation (5»5>U) that the pulse ampli- 
tude will, amount to a value of ha=2 (Figure 5.1?a) when T*0, i.e. a doubling 
of the voltage takes place at the output of the GIN when the conditions (5»55) 
are observed. Moreover, it turns out that it is possible to obtain even a 
fourfold increase of the voltage. Indeed, suppose Bdo30* C^^J &2^&L; Rn3 

»oo, and tj^ (i.e. the damping action of the spark resistance does not show). 

Then, considering the voltage at the input of the second circuit (across the 
capacitor C2) as a constant voltage and equal to 2, we will obtain 

A(')=2(I~cos7^)- C5.56-) 

Consequently, at the instant of time t^cJtyLjjC we have h=k. 

When the first condition is observed the voltage across C2 increases nearly 
monotonically to h*l (the horn at the top is less than h percent). No effort 
should be made to achieve a complete monotonicalness of h(t) since this leads 
to an increase of R^ and a decrease of the pulse amplitude at the output. In 
this case the voltage h(t) depends only on the parameter B since 

» = V2B:<f=i + j/X; PlS=!±j£2;*,fc)=l; 
, 1. *.:   w       (5.57') 

A = *   SUMSES*.    tg, = /aB+2/2B. 
The characteristic h(t) is shown in Figure 5.17b. 

The parameter B may be limited below by a permissible quantity     — 

which is a steady-state value of the pulse voltage h(oo).    In doing so, 

p-,»''">- (5.58) 
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Figure 5.17«    The shape of the voltage on the 
elements of GIN tinder different conditions! 

a — Rfo =0; ta
3 2' 1 *"~ voltage across RJJ in 

aperiodic process j 2 — voltage across B^ in 
oscillatory processj 3 — voltage across Cg 

without the closing of K2i b — Rdi=\/2 —} 

trz=oa 

To obtain a pulae approaching in shape a rectangular pulse the value 
of h(oo) must approach unity. For example, when h(oo)^0.9, the parameter 
B^l62. In order to have a complete notion of the characteristic h(f) it is 

also necessary to know the value of AQ. For this purpose we will determine 

the smallest value of tm from the equation —r^=0 and substitute this •m dir 

hM = h{<x>) 

value int« the equation (5.55)*   With the large value3 of B which arc obtained 
from the equalities (5.57), hra will be dotermirad from the following simple 
relationship (        -—\ 

!   4    . (5.59) 
/s / 

where e is the bass of a natural logarithm. With the values of B indi- 
cated the second term Of this expression is much smaller than 1. Therefore, 
it may be neglected and then hm'ÄJh(oo), i.e. the -voltage at the top of the 

pulse decreases nearly monotonically from 1 to h(oo). 
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3. 3 ',= *. *,.«/?.„ = 2j/-£-. (5#60) 

Processes taking place in the circuit in this case are similar to those in 
a single-etage CUN with condensation, which was examined in Par. 1.3. If C2 
is selected from the equation (3.8), then the shape of the pulse will approach 
rectangular shape and the amplitude will be equal to nUß. In practice this 
case may be realized if the breakdown of the last discharger (the commutator 
K2) is delayed for a time equal to 1 when the oscillations in the circuit will 
be damped. The aggregate resistance ef the first circuit and the dischargers 
contained in it may serve as the R^. In all of the three cases the duration 

and the steepness of the leading edge are determined by formulas (2.I46) and 
(2.56). 

Using the compensation method a QIN was built for obtaining pulses 
with an.amplitude of 100 kv. The generator consisted of five stages with 
two-way charging with s voltage of 15 kv. Each stage consisted of two series- 
connected capacitors KBGP with a voltage of 15 kv. The parameters of the GIN 

were as follows J Rn*l,500 ohms; Li*2.7 • 10"^ henriesj L2=0.39 • 10"^ henries; 

C2a250 picofarads; Gp^b picofarads; Ci=l,500 picofarads; Rjh-100 ohms. A co- 

axial cylindrical capacitor filled with transformer oil (see Figure 5.16c) was 
used as the capacitor C^.  Copper pipes served as the capacitor plates t an 
outer pipe — grounded, an inner pipe — insulated. A glass tuba with an 
aqueous solution of NaCL which was the load resistance RQ was built-in co- 

axially with the inner pipe. A discharger P0 was built-in between the un- 

grounded end of the Rjj and the inner plate of the capacitor. Such a design 
of the capacitor C2 substantially decreased the value of Lg. The duration 
of the leading edge of the pulse obtained in this generator was 5 nanosec. 
Without the use of the compensating capacitor tf was equal to 55 nanosec. 
Thus, the use of capacitive compensation of the inductance of the discharge 
circuit made it possible to decrease the duration of the leading ^dge by one 
order. In addition to this, it Is important that tf depends only on the proc- 
esses in the circuit Rgj C2, P2 and, therefore, in order to obtain a pulse 
with a steep leading edge any laboratory QIN may be used regardless of the 
value of inductance in the discharge circuit. 

Arkad'yev-Marks multiplying circuit has many spark dischargers. This 
has a bad effect on the stability of the parameters of the pulse and compli- 
cates the fabrication of the circuit and its handling. The voltage multiply- 
ing circuit with cable lines suggested by Lewis /}Zy has advantages in this 
respect. Several identical coaxial cables (in t*Te general case n cables) 
are parallel-connected at the input and series-connected at the output (Fig- 
ure 5.16a). If a pulse with an amplitude E is sent to the input of the cables, 
then an increase of the voltage by n times may be obtained across the re- 
sistance SgsnZ with the impedance of the points on the sheathing of the load 
leads relative to the ground being Zs=00. Actually the impedance %^ce. 

Therefore, it affects the value and shape of the voltage at the output of the 
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device, as this follows from the substitution network in Figure 5.18b. 
Z The matching of the device may also be achieved, with the condition Z^= -, 

TL* °o»   The length of-the cable should exceed the length of the pulse. 
The impedance Ze  depends on the arrangement of the cable sheathing. To 
increase the Zg the cable has to be twisted into a coil or wound on an 
insulating rod and inserted in a shielded housing. In the latter case the 
Zg will be equal to the input impedance of a spiral coaxial line with the 
cable sheathing as the inner conductor. 

With the aid of a network with n cables it is possible to obtain 
a multiplication of the voltage by 2n times if the condition Zj^, Rj^nZ 
is satisfied. However, in this case the primary pulse will be accompanied 
by additional pulses brought about by multiple reflection of the pulse from 
the beginning and end of the cable. To eliminate these reflections the load 
may be shunted by a discharger which closes at the necessary instant of time. 

An analysis of a ladder network of n active L-shaped two-terminal 
pair networks (see Figure 5'.l8b) shows that the voltage at the output of 
such a device *■) «  

2£~-(l —**») 
U
r! = 77—-7~, " — •     (5.61) 
out <* -*> [(' + "7")(1 + *"■'>+ T"(1 ~X)(1 -l"-'>] 

where 

"-■+-&■*/•*('+-4-)' (5-61'' 

It follows from the expression (5.61) that with an infinite number of 
cables and a matched load Rn=*nZ the voltage 

. tC^Trr- (5.62) 

Consequently, the voltage at the output of the transformer will be determined 

by the ratio -£ and not by the number of cables. For example, when -y-ff10 
Z 

the voltage tF(mt will amount only to 7.5 E. Consequently, with a specified 
Zs 
~—  it is .ilfqp necessary to search for a certain optimum number of cables 
n with which Uout approaches the maximum (5.62) and their number is within 
reasonable limits. With an open end of the multiplier the voltage at the 

1) It should be noted that the formula obtained by Lev;is £&!/ f«r 
uout to  incorrect. This maybe ascertained upon substituting Zg=> ,-••<. 
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output has the rolloring form 

u   -      2gfl"->)..._.. (5.63) 

It Is easy to show that with a very large number of cables n formula (5*63) 
will change into the equality (5*62). 

The expression (5*61) waa obtained without any preliminary conditions 
relative to the character ef Z, Zg and Rn. In the general case Zs and Rn 
may be of the operator form. Therefore, formula (5»6i) nay be used to take 
account of the effect of reactances on the pulse shape» Wien rolling the 
cables into a coil it is ascdssary to consider that Zg--* _L- , where C is 

Cp 
the capacitance of the coil relative to the ground, to analyse the loading 
edge of the pulse. In analyzing the top of the pulse it is necessary to con- 
sider that 2g=Lp where L is the inductance of the coil. la addition to 
tliib, the magnitude of the leading edge of the pulse will be affected by the 
inductance of the connections of the cables at the end, and also by the capac- 
i tanc-'J and inductance of the load. A, I, Bavlovskiy and 0. V. Sldizkov ßlZj 
developed a device for obtaining high-voltage pulses with fi*© sections of " 
the cable EK-106 (see Figure 5.13c). The primary pulse is shaped by means 
of cable sections with a length of 25 meters (FL) connected in parallel. A 
length ef the transforming line (TL) no smaller than the length of the pulse 
is selected. To increase the Zg the line sections are wound into coils on 
an insulating pipe. A discharger of coaxial design operating under £ pressure 
of several atmospheres was used as the commutator. 

The authors state that with a charging voltage of 70 kv a pulse with 
an amplitude of 160 kv, a current of 600 amperes and a duration of 0.25 micro- 
second was obtained in such a generator using a matched load. A pulse with 
an amplitude of 300 kv and duration of the leading edge of 50 nanoseconds was 
obtained with a load resistance 1^=2 kilohms. 

Par« 5*9» Obtaining Short Pulses in Networks With Nonlinear Inductance 

In some of the ferret jietic materials the curve describing the rela- 
tionship of magnetic inductivity u, to the current i flowing through the 
coil has a clearly marked maximum (Figure 5«19a) with a certain current i^. 

With the currents i>im and Ki^ the value of p  is several orders 
smaller than with i3^ 

'» . 1 li 
a b 

Figure 5.19.    Relationship of magnetic inductivity 
to the current (a) and simplified circuit diagram 
for obtaining pulses (b). 
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Kult /~8_7 »uggedted the use of this property to obtain high-voltage 
pike-shaped short pulses. He usod a oeil with a ferrite core. If such a 
coil  it inserted Into a circuit with a quick ciianging of current, then 
conditions are created for obtaining a short voltage pulse on the coil With 
an increcjo of the current the inductance of the coil L reaches its maxi- 
mum value la at a certain instant of time t^   which corresponds to the 
current i^. Jh doing so, L Increases considerably faster than the current 
passing through the coil. This brings about a steep leading edge of the 
pulse. If the current increases further at the same rate, then the inductance 
decreases approximately in the same time to its minimum value lo- 

The voltage on the inductance is equal to 

UL«l(t) ^ 

Consequently, to obtain a large pulse amplitude it is necessary to have a 

high degree of the steepness of the current §£ in the circuit. To satisfy 

this condition it is necessary to use a commutator with a short time t^. 

For example, Kult used a high-voltage hydrogen thyratron. S. I. Andreyev, 
M. P. Vanyukev and V. A. Serebryakov (j&ij shewed that an effect similar to 
that described may be obtained if a heavy-gage conductor with ferrite rings 
put on it is used. In doing so, the voltage pulse is taken off from the ends 
of the conductor. A circuit arrangement for obtaining short pulses by means 
of a coll of ferromagnetic material and a device with ferrite Is shown in 
Figure 5.1°b. 

If the resistance R2 is lower than the critical resistance Rcr corre- 
sponding to the values of the capacitance and inductance of the circuit, then 
one positive and one negative voltage pulse on the inductance L will corre- 
spond to each half-period of the current. The decrease of the amplitude of 
the pulse train forming in this process is determined by the parameters Rg, 
L and C of the circuit and by the voltage at the input Uo. When R2>Rcr it 

is possible to obtain a single pulse if the steepness of the current on the 
rise is much greater than on the droop. The last is achieved by selecting 
the value of the resistance R2. 

An experimental investigation of the effect of the type of ferrite and 
ef the parameters C, IQ and Rj> of the discharge circuit on the amplitude and 
duration of pulses was carried out in the work [&$}•   A spark discharger was 
\ised as the commutator. A brass conductor on whicn ferrite rings were placed 
had a length of UO mm and a diameter of 20 mm. Nickel-zinc ferrites (F-600, 
F-1000, F-2000), magnesium-zinc ferrites (MT-2000) and ferrites with a rec- 
tangular loop (K-27, K-6jj) were investigated. The pulses obtained in a net- 
work with ferrites of the first and third type differ little from each other. 
When using the ferrites of the brand MT-2000 a substantial difference of the 
pulse parameters in comparison with the other parameters was observed. The 
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amplitude of the pulses increases with the increase of the charging voltage 
UQ. In doing so, tho duration of the pulses decreases. For the ferrites 
F-2000 and lff-2000 (with C-3,300 picofarads, L-0.1 microhenry) the ampli- 
tude of a single pulse (fto=20 ohms) is considerably smaller than that of the 
pulse with the largest amplitude in the train (R^) • 

The value of the capacitance C has little effect on the duration and 
amplitude of the pulses. However, by varying the value of C it is possible 
to control the frequency and the attenuation rate of the amplitude of the 
pulses in a train. An increase of the inductance L in the circuit leads to 
a decrease of the amplitude and increase of the duration of the pulses. An 
increase of the resistance fy from 20 to 160 ohms has practically no effect 
on the duration of a pulse and its amplitude. 

It is necessary to bear in mind that the pulse parameters cannot be 
determined with the aid of static characteristics of the ferrites. For this 
purpose it is necessary to take into account the relaxation processes con- 
nected with the magnetic polarity reversal of the ferrites in a time of ap- 
proximately 10~9 sec. 

Pike-ehaped pulses with an amplitude of up to 10 kv and a duration 
ti*5 • 10-9 sec were obtained in the works /$, 123/ by means of a coil with 
a ferromagnetic core and a device with ferrite. In doing so, it proved to 
t-3 possible to transform these pulses by means ot a transformer with a ferro- 
magnetic core /"0_7« The primary and secondary winding of this transformer 
was wound on the core in the form of a ring. The amplitude of the transformed 
oulse amounted to 30 kv and duration increased to 10"? sec. 
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CHAPTER 6. MEASUREMENT OF PARAMETERS OF HIGH-VOLTAGE NANOSECOND PUISES 

Introduction 

Electronic oscillograph EO is the most suitable instrument making it 
possible to measure parameters of short pulses with acceptable accuracy. The 
voltage delivered to the plates of the event PYa of the electronic »scillo- 
graph is usually equal to 1-3 kr. Therefore, to measure pulses with a large 
amplitude a voltage divider DN is necessary which produces at the output a 
pulse with a lower amplitude. In Figure 6.1 is shown electric circuit of an 
apparatus for measuring the high-voltage pulses. The connecting wires be- 

t      ..  Rd 

ü 
■rwrevft- 
10 DN 

¥ 
PYa 

Figure 6.1. Simplified circuit diagram for 
measuring the pulse voltage] 

10 — the object being tested; DN — voltage 
divider; K — coupling cable; PYa — the plates 
of the event; R and Rj — damping resistances; 
L — inductance of the connecting wires. 

tween DN and 10 create on DN a voltage different from the voltage on 10. The 
voltage at the output of DN differs in shape from the voltage acting on the 
DN owing to the influence of the spurious parameters of the DN. Attenuation 
of the wave in the cable connecting the DN and Pia leads to a smoothing of the 
leading edge and a decrease of the amplitude of the pulse propagating over 
the cable. With the effect of the capacitance of the PTa and inductance of 
tba connecting wires the voltage appearing on the PTa differs from the -roltage 

■ ■ 
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at the output of the cable.    All elements of the high-vcltagd measuring cir- 
cuit must b» selected In such a manner that the aggregate distortion of the 
pul3e bein* investigated be within p^reiaeible liaits. 

Par, 6.1.   Analysis of Errors Appearing During the Measurement of High-Voltage 
Pulses 

The object of the analysis consists in determining the errors intro- 
duced by each element of the network (Figure 6.1) and by the entire network 
as a whole.    Each element of the network may be represented as a two-terminal 
pair network the analysis of the transient process in which is carried out 
by the single-function method or by using the harmonic analysis. 

1.    Single-Function Method 

The function h(t) — an expression of the signal at the output of the 
circuit upon the action of a single function on its input — is called the 
transfer characteristic of the circuit,    upon the action of the voltage U(t) 
on the input of the circuit the output signal is equal to the following if 
Duhamel Integral is applied 

t 

i 
whore Uf(t) is the time derivative. 

SV)=$k(t)U'(f)dt, C6«1) 

Pulses used in nanosecond technique approach in shape the triangular 
or trapezoidal pulses. Thus, the functions with which we are most concerned 
are U(t)=U0 and UO)*at. 

Ua 
For a triangular pulse U(t)=at, a= r» where Ua is the maximum value 

t 
of the voltage? tf is the length of the leading edge S(t) »a J h(t)dt. The 

*f 0 
maximum value of the signal Sm=a J h(t)dt. The relative error in the measure- 

CD 
ment of the amplitude is equal to 

&-£J *</ = »-i-fr. ;     (6'2) 

$\} will be positive if h(t) is a monotonic or weakly oscillatory function. 

For a trapezoidal pulse, with t^tf 

U(t)=at - a(t - tj) 

and 
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S(/) = fl f t(t)dt -a    [   h(t)dt =   J   h[t)dt ^63) 

If the pulse has an exponential form, then U(t)»U0(l  - e     ) 
t 

S(/)=t/fBjA(/)e— Ut. (6.U) 

After determining the S(t) it is possible to evaluate the distortion (lengthen- 
ing) of the leading edge of the pulse. 

Application of Harmonic Analysis 

Every function may be expanded into a harmonic series 

t/(0 = i4,5in(«/-(Pl) + >I1sin(2»/-91) + ... + „ ,i| 
+ Amsin{n*t-<fJ. 

The signal at the output of a tiro-terminal pair network 

S(y-) = *(«)f(/-), (6>5) 

where A(<*)) is a separate sinusoidal component; F( jo») is a composite function ft) 
called the transfer function and determined when the output of the tiro-terminal 
pair network is open. F(jcJ) consists of two factors» real and Imaginary, The 
former indicates the  "transfer"  of the amplitude, i.e. its change by the 
two-terminal pair network, the latter indicates the "transfer" of tho phase. 
The expression for S(t) may be obtained after determining S( ja>) with respect 
to all components. However, as a rule the pulse voltages encountered in 
practice have a continuous harmonic spectrum, i.e. the number of harmonics 
approaches infinity, and the amplitudes of the harmonics become infinitely 
small. In doing so, the function U(t) and its spectrum qp(ja$ are connected 
by two Fourier transforms» 

•(/•)'=] U(t)fTJmtdt ^•^,) 

U{t) = "t  J •<»«<•■ (6.5») 
and 

IE this case the operations are carried out not with a single harmonic but 
with a unit band of the spectrum. The expressions fir S(t) resulting when 
using the harmonic analysis d~> not lend themselves to analytical solution and, 
therefore, the use of graphic methods is necessary, i.e. chiefly the single- 
function method is used. However, the effect of the circuit on the leading 
edge of the pulse determining the harmonic component v;ith the greatest fre- 
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quency fm is of interest. The connection between fm and duration of the 
leading edge tf is determined by the relationship (5-1). A more complete 
presentation of the analysis of distortions is given in the works ^7, 12h, 

If the transfer characteristic of the circuit h(t) has a Monotonie 
charao er, then the lengthening of the leading edge of the pulse at the out- 
put of tiie circuit may be determined by making use of the principle of quad- 
ratic summing of the leading edges £fkj 

'♦.= V'V+'V (6,6) 

where tf, and tf  are the duration of th* leading edge of the pulse at the 
input and output of the circuit respectively; t0f is the duration of the 
leading edge at the output of the circuit during the action of the single 
function upon its input. The value of fc0f may be determined by formula (2.5)» 

If n two-terminal pair networks are series-connected so that none 
of them affects the transfer of the pulse by the preceding tiro-tsrminal pair 
network, then r — 

'♦ = },  <*♦. + £<%.. (6#7) 

For the circuit shown in Figure 6.1 it may be considered that the impedance 
inserted at the output of the DN does not affect the transmission of the 
pulse of the DN and impedance inserted at the FTa does not affect the voltage 
at the output of the DN. The last is true if there are no reflections in the 
cable. In this case the duration of the leading edge of the pulse at the PYa 

'♦. = V<V+ >% + >',♦ + '%, (6.8) 

where tf., is the duration of the leading edge of the pulse on the 10; t^f is 
the duration of the leading .edge of the pulse appearing at the high-voltage 
lead-owt of the DN and brought about by the impedance Z and by the lumped 
characteristics of the DN; t^ is the duration of the leading edge of the 
pulse at the output of the DN; t^f is the duration of the leading edge of the 
pulse on the FTa; t]*, tjf and t3f are determined during the action of the 
single functiion on the input of the respective circuit.    If necessary, the 
smoothing-out of the leading edge owing to the attenuation in the cable should 
be taken into account. 

Suppose tf exceeds tf.. by k#.    Then we find the following from the 
equation (6.8) 
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Da the case when the leading edge of the pulse at the output of the circuit 

is expressed by the exponential (U«l-e ) the length of the loading edge of the 

pulse defined by the points 0.1 and 0.9 is equal to 2.2T. In an oscillatory- 
process an optimum case is considered that when the horn above the flat por- 
tion is equal to i^. In this case the length of the leading edge defined 

0.35 1 
by the points 0,1 and 0,9 is equal to —r— where fr« . ...a, is the fre- 

r0     u 2%\/W 
quency of the natural oscillations of the circuit. The left term is deter- 
mined by the expression (6.9) and the maximum permissible values for t^, 

t2f and tjf and the respective values of T or fQ may be specified. 

Ifa.', 6.2. Voltage Dividers for Hlgh-7oltage Pulses of Nanosecond Duration 

Ifany original and survey works ß2t 67, 125-127J7 have been devoted 
to the development of voltage dividers producing small distortions and to 
the analysis of errors caused by them. We will endeavor to note the main 
features of the voltage dividers which may be used for the nanosecond range. 

Active DN (made up of resistances), capacitive DN, and also DN util- 
izing certain features of wave propagation in a cable are usac. to measure the 
high-voltage nanosecond pulses. Each voltage divider consists of a high- 
voltage aim which takes up the greater portion of the volbage Un of a high- 
voltage pulse, and a low-voltage arm from which the divided voltage Ujj is 
taken off for the measuring instrument. The ratio k= =i is called the 

scaling factor and usually for the high-voltage voltage dividiers k&L. 
Therefore, the impedance of the low-voltage arm does not produce appreciable 
effect on the distribution of voltage on the DN, which had been created by 
the high-voltage arm. The elements of the high-voltage arm may have a longi- 
tudinal capacitance, capacitance relative to the ground and self-inductance. 
These spurious parameters explain in the main the errors introduced by a 
voltage divider. 

In active DN the measurement errors are connected with the existence 
of self«inductance and capacitance relative to the ground C_. Upon the ac- 
tion of a pulse with a perpendicular leading edge and a flat top on the volt- 
age divider the voltage in the low-voltage arm is expressed by a composite 
relationship which in an aperiodic mode may be approximated by an exponential 
from the condition of the equality of the error, i.e. 

ZM>nJ v<v7 „    u. „   -T (6ao) 
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where UQ is the -voltage in the low-voltage ana; UY is the voltage in the 
voltage divider. According to the data given in the work jf&k) the tine 
constant T may be expressed as follows 

A«fc7        r-_£. + *<* (6-u) 

where R is the resistance of the voltage divider. The value of T nay be 
reduced by means of decreasing the L and Cz. With the specified values of 

L and Cz the optimum resistance of DN RQ ■"V^f- 
The capacitance Cz is determined by the dimensions of the voltage 

divider and by its distance from the ground. Thus, the capacitance of a 
vertical cylinder with a length I and radius r, the lower end of which 
is removed to a distance "a" from the ground is defined in the following 
manner according to /j£§ft 

i C,= l.ll 
fci-hÄ=Ä. (6.12) 

r    /-»-4a 

(linear dimensions are given in centimeters). 

The length of the divider L   is determined by the voltage Uy and 
by the permissible longitudinal gradient E^ which for the pulses of micro- 
second duration is equal to 3-f> kv/em in the air and 1$ kv/cm in the trans- 
former oil. For the pulses of nanosecond duration E^ may be considerably 
increased but as yet there are no respective data for E^. 

Distortions caused by Cz may be decreased by using various methods 
of shielding the DN. With this aim, a shield usually in the form of a ring 
placed somewhat lower than the top of the DN is connected to the high-voltage 
end of the voltage divider. To avoid the appearance of oscillations brought 
about by the capacitance of the shield relative to the ground and by the in- 
ductance of the device the shield is connected with the high-voltage end of 
the DN through a resistance of appropriate value. In some of the DN placed 
in oil the high-voltage shield electrode made in the form of a solid of rev- 
olution covers a considerable portion of the DN. 

I» voltage dividers described in the works /£L2ö, 12?7 there were sev- 
eral (two or three) concentric columns with a resistance, "in this case the 
outer columns were a shield and improved the distribution of voltage over the 
inner column which was the divider proper. 

High-resistance alloys (constantan, nichrome, etc.) are usually used 
as the material of the voltage-divider resistance. Resistances made of aque- 
ous electrolytes having low self-inductance and high thermal capacity are not 
used owing to their instability with time and temperature dependence. High- 
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resistance alloys are used in the form of wire, buses or thin strips. Non- 
inductive winding is used to decrease the inductance of the resistance. Car- 
bon resistances are sometimes used. The existence of connecting wires be- 
tween the 10 and DN mar cause undesirable oscillations brought about by the 
inductance of the connecting wires and by the capacitance of DN relative the 
ground. This also applies to the capadtive DN. To damp the oscillations 
a resistance of appropriate value should be inserted before the voltage di- 
vider. This leads to the aaoothing-out of the leading edge of the pulse being 
investigated. Therefore, the connecting wires should be as short as possible. 

In the work /l3Ö? is described an active voltage divider for a l,l|O0-kv 
instaUation, having a resistance of the high-voltage ana of 1,000 ohms and «re- 
sistance of the low-voltage arm of 1 ohm. The high-voltage arm is made up of 
ten identical elements of 100 ohms each. The length of the high-voltage arm 
is somewhat longer than 127 cm. Each element represented a polystyrene rod 
with a diameter of 1«27 cm and a length of 12.7 cm on which two insulated 
strips measuring 0.81 x 0.025 am were wound in opposite directions. The 
strips were made of an alloy of nickel, chrome, aluminum and iron having a 
high resistivity and a small temperature coefficient. The low-voltage arm 
consists of four sigzag-ehaped loops made up of 1.6 z 0.025-mm strips of the 
same high-resistance alloy. During the investigation of the breakdown of a 
spherical discharger the leading edge of the pulse with the shortest duration 
before the breakdown of 27 nanoseconds and a rapid fall-off during the break- 
down was transmitted without distortion. 

In the work /T2{{7 is described an active voltage divider for 2 • 10° 
volts; it has a center pipe with a height h*2 meters on which a high-resistance 
wire with a total resistance of 22.5 kilohms is wound. To improve the distri- 
bution of the voltage over the length of the DN, shielding was used consisting 
of two disks with a diameter D=0.U and a height h=80 cm and four tori placed 
every 0.2 h o\<x the length of the divider and not connected with the resist- 
ances of the voltage divider. The distribution of the field between the 
shielding electrodes, determined by means of an electrolytic bath approaches 
a uniform distribution. This contributes to the equalization of the field 
over the column with the high-resistance wire. 

Upon sending a rectangular pulse to the input of the voltage divider an 
oscillatory voltage appeared at its output owing to the capacitance between the 
shielding electrodes and the inductance coupled with it. By adding a resist- 
ance in series with the upper shield the oscillations were damped and the pulse 
at the output of the voltage divider had a leading edge of 70 nanoseconds in 
length. It was possible to reduce the length of the leading edge to 30 nano- 
seconds by adding into the low-voltage aim a small inductance consisting of 
sev6x-al turns of copper wire. Taking into acco uit the high resistance of the 
voltage divider its characteristics should be considered good. Ärobably the 
phase error could have been reduced to a few nanoseconds by decreasing the 
resistance of such a divider /Tzjif. 

If the pulse moves over a cable, then it is expedient to use a voltage 
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Figure 6.2. Active voltage divider built-in into 
a cable (a); load resistance NS-1 (b) and diagram 
of the connection of resistances In NB-1 (o)t 

1 — resistance of the loir-voltage arm; 2 — resist- 
ance of the high-voltage arm; 3 — cable insulation; 
h — conductor; 5 — sheathing; 6 — pulse; 7 — to 
the PTa; 8 — to the cable; 9 — input; 10 — output. 

ljvider with a closed wiring, built-in into the cable.   Dividers of this type 
are shown in Figure 6.2.    In Figure 6.2a is shown an active voltage divider 
designed by Fletcher ^77 for recording pulses with an amplitude of 20 kv. 
The high-voltage arm consists of three series-connected resistances of 330 
ohms each; the low-voltage arm consists of two parallel-connects1 resistances 
o* 20 ohms each.   The limiting factor is the capacitance of the ilgh-voltege 
arm relative to the ground.    In this case, a pulse with a length of the lead- 
ing edge of 5 nanoseconds was recorded with a 10-percent error.   A certain 
limitation is also imposed by the heating of the resistance of the voltage 
divider owing to the dissipation of a portion of the pulse energy.   A3 a re- 
sult of this the value of the resistance decreases and the scaling factor 
changes. 

In Figure 6.2b -'s shown the arrangement and diagram of connections of 
the load resistance oi the type 16-1 which is at the same time also a DN for 
pulses with an amplitude on the order of kilovolts.    Resistances of the type 
UNU which represent a thin layer of carbon applied on a ceramic rod (see Par. 
5.3) are used as the resistances r^, ^ and r, (^^2*^8 ohms, r?»17 ohms). 
The divider is adapted for connection to a cable with a wave impedance of 75 
ohms and is enclosed in a shield the calculation of which is described in 
Par. 5.3. 

In capacitive voltage dividers the main factor causing the distortion 
is self-inductance.    Therefore, the length of the high-voltage arm of the di- 
vider should be short,   üapacitive dividers which are used or can be used for 
measuring the high-vcltage nanosecond pulses are shown in Figure 6.3. 

For a voltage divider shown in Figure 6.3a the high-voltage arm is 
formed by the high-voltage electrode and receiving electrode connected to 
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Figure 6.3* Capacitive voltage dividersi 
(a> 1 — high-voltage electrode: 2 — re- 
ceiving electrode; 3 — shield; ü — VIM 
«high voltage; 5 — ~FZa=plate of the event j 
C — capacitance for adjusting the scaling 
factor; (b) 1 — partition insulator; 2 — 
capacitive rliig; K — cable; (c) 1 — high- 
voltage source; 2 — receiving electrode; 
3 — shield; (d) 1 — wire and FTa; 2 ~ 
cable insulation; 3 — conductor; k — sheath- 
ing. 

one plate of the event, and the low--voltage arm is formed by the capacitance 
of the plate of the event. The scaling factor can be controlled by connect- 
ing to the plate of the event additional capacitances. Capacitors with air 
or mica Insulation in which the dielectric constant at the pulsed and con- 
stant voltage is the same or nearly the same may be used as the additional 
capacitances. It is necessary that the high-voltage electrode and the re- 
ceiving electrode have no corona discharge. 

A capacitive voltage divider may be placed on the insulation lead-out 
of the object being tested, as shown in Figure 6,3b. The high-voltage arm is 
formed by the capacitance of the rod inside the insulator and by an additional 
ring placed on the outer surface of the insulator; Cg is the capacitance con- 
nected additionally. It is impossible to place the Efa close to such a divider. 
Therefore, a coupling cable is necessary. 
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The voltage in the low-voltage ana 

c, 
^"•cScT« 

T (6.13) 

where T=Z(C^ + C2). If a permissible drop of kjt on the flat portion of 
the pulse is assumed« then the necessary value of C2 with the condition that 

3—5^1 is defined as follows» 

(6,Ui) 

If the source of high voltage and 10 are in the same tank (for example, 
the high-voltage source and the accelerating tube), then a voltage divider 
shown in Figure 6.3c may be used. In order that the receiving electrode do 
not disturb the uniformity of the field, it should not be moved out far from 
the metal wall of the tank* The scaling factor can be regulated both by the 
value of C-j and by the size of the receiving electrode. 

In Figure 6.3d is shown a capacitive voltage divider fitted on a cable 
(Ji)\  for recording pulses of 20 kv. The conductor touching the cable insula- 
Tion and running to the Pia of the microoscillograph formed with the cable 
conductor a capacitance of 0.01 picofarad. The capacitance of the PYa is 1 
picofarad so that k«*100. The voltage divider had a frequency of natural 
oscillations of 3,800 Mc and recorded a pulse with a length of the leading 

edge tf* —— = 0.8 nanosecond. The voltage divider described in the work 

/l3l7 is based on thif principle. 

In Figure 6.U are shown voltage dividers for recording 20-kv pulses. 
These voltage dividers make use of the characteristics of wave propagation 
in a line ßjj. 

to the PYa 
tttt 

1 
nM 

Figure 6.U. Diagrams of an active cable (a) 
and a cable (b) voltage divider« 

1 — sheathing; 2 — insulation cylinder with 
a layer of metal j 3 "*■ ungrounded cable sheath- 
ing; h  — conductorj $  — cable insulation; 
6 ~ tube made of TioO. 

In Figure 6sUa is shown a diagram of a voltage divider of an active 
cable type /2T7» On tne cable section occupied by the DN and further beyond 
it following the course of the pulse motion the outer sheathing of the cable 
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was not grounded but was connected to the ground through a resistance of 
0.5 ohm. With a wave impedance of the cable of $0 ohms the scaling factor 
of the divider is equal to 100. The resistance of 0.5 ohm consisted of a 
thin layer of gold-platinum alloy applied on the outer surface of r, glass 
cylinder irith a length of 1 am and a diametor of 1 cm. An oscillogram 
obtained with the aid of this divider had a horn on the top with a follow- 
ing nearly linear droop. The resistance of the low-voltage arm proved to 
be unstable owing to an overheating with the flowing current. As a result 
of this, the resistance first decreased owing to a redistribution of the 
atoms and then increased owing to the evaporation of the metal. This was 
observed by an increase in the transparency of the layer. When the thick- 
ness of the layer and its length were increased twofold to increase the 
thermal stability of this resistance, then the oscillogram showed an increase 
in the width of the horn. This confirmed the supposition that the hern on 
the top of the pulse was caused by the inductance of the resistance of the 
low-voltage arm. This inductance limited the shortest length of the leading 
edge of the pulse being recorded to 25 nanosecond with an error of 10 percent. 
As the author of ß-lj points out, the measurement error can be considerably 
reduced if a semiconductor of very small length is used as the resistance 
of the low-voltage arm. 

In Figure 6.1ib is shown a diagram of a voltage divider consisting of 
two coaxial lines ßl]*   The inner line represented a usual cable with poly- 
ethylene insulation and wave impedance of 50 ohms; the outer line represented 
a tube made of rutile with silver electrodes on the outer and inner surface, 
with a wave impedance of 0,5 ohm. Transients distorting the pulse take place 
in such a system when the insulation of the lines has considerably differing dielsc- 
txL&omtants. Howe TOT, when a cable running to the FTa and to the outer line 
near its beginning was used the error should not exceed 10 percent when re- 
cording a pulse being investigated having a length of the leading edge of 

k  • 1XT10 sec. 

When using a DN it is necessary to know the range of the frequencies 
or of the steepness of the leading edges within which it can function with 
a small error. This is achieved by testing the DN rith a pulse having a 
very steep leading edge or a high-frequency voltage. 

In the work /E2lj7 it is pointed out that to test the divider a pulse 
generator was used which generated pulses with an amplitude of 150 volts, a 
duration of 0«5 micrsecond and a length of the leading edge of 1 nanosecond. 
An amplifier from the output of which the voltage was sent to an electronic 
oscillograph was connected to the output of the divider. An amplifier with 
a wide frequency passband is necessary for such tests. A comparison of the 
shapes of the pulses sent to the divider and taken off from the output of 
the amplifier made it possible to determine the error introduced by the di- 
vider. 

In testing with a high-frequency voltage a wide-band amplifier with 
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a measuring derice at the output £}-?kf was also connected to the outpit of 
tha divider. The scaling factor was measured at different frequencies of 
the acting voltage; usually in a certain frequency range the value of k 
remains constant and then increases with the increase of t, The connection 
between the upper peraissible frequency fm and the shortest duration of the 
leading edge tf was determined by the expression ($.1). 

Par« 6.3» Basic Characteristics of Electronic Oscillograph 

The development and perfecting of electronic oscillography contributed 
to the successful development of many branches of science and engineering and, 
in particular, the nanosecond technique. 

Some of the features of osoillographic recording chiefly of the single 
pulses of nanosecond duration will be briefly examined in this chapter» This 
problem is set forth in detail in the books and survey articles /T, 2, 22, 
35, 127, 13.27. 

Oscillographs with a cold cathode gained wide use in the 1930'3 and in 
the l^O's and later — oscillographs with a hot or heated cathode. These 
or.cillographs were rapidly perfected and gained the widest use. Owing to 
' hoir dimensions and complexity of handling oscillographs with a cold cathode 
are used comparatively seldom. 

Oscillograph consists of tiro basic elements* electron-beam tube and 
electric circuit. Heated cathode emitting the electrons is surrounded by a 
cylinder called modulator and has  a narrow opening for the passage of the 
electron bei3. Next, the eleotrons reach a strong electric field created by 
the voltage applied between the cathode and grounded anode and equal to 10 kv 
and more, After acceleration, with account taken of the relativistic effect 
the velocity of electron 

1/11:1/ri/7+ÄJ?■--£§■ • (6.15) 

The calculated data are given in Table 6.1. 

Table 6,1 

KV 
U. Kt 10 15   1   20 25 

1            ! 
30       40 SO 

Vj, lO'o e.tijcefc 
1         l         1 

0,5871 0.75    0,822 0,016 1,002 1,156 1.278 

e 
0.196 

1          { 
0,25   0,274 0,305 0.334 0.385 0,426 
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Ta an electron-^eam tube with electrostatic focusing the accelerating 
system is combined with the focusing system, i.e. after acceleration the 
electron beam is focused while with magnetic focusing (mierooscillographs, 
etc) the electron beam is focused by a magnetic lens after acceleration. 
Next, the electrons of the beam pass successively between the plates of the 
event PYa and the time plates PV and undergo appropriate deflection in the 
transverse vertical and horizontal directions. 

For the plane and parallel deflecting plates, electron velocity in 
the transverse direction acquired at the outlet from the transverse field 
of the plates is defined as follows: 

J m,d 

where IL is voltage applied to the deflecting plates; d is distance between 

the platesj v     is electron transit tins in the field of deflecting plates, 
called transit factor. 

v-t 1 

where  t»l + (0,k  to 0,5)dj (,  is the length of the deflecting plates. 
p   / p     , 

An increase of 6 In comparison with i     takes into account that electric p 
field of the deflecting plates extends beyond their boundaries. 

For a deflecting voltage changing insignificantly in the time XI 

we find 
v,= _ *'    v. 

«kA      «jr ' (6.17) 

If the distance from the deflecting plates to the screen L^£, the 
deflection of the beam on the screen of the tube is equal to 

(6.18) 
2   d        U 

The quantity 

.„_. 
d   '    U   ' 

«•--fc 
_J_     IL 

.   2  *  Ud (6.19) 

i3 called sensitivity of the deflecting plates and is determined by the geom- 
etry of the electron-beam tube and by the accelerating voltage U. 

Often sensitivity is defined not in -jnits of length but by the number 
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of diainaters of the spot on the oscillograph screen by which the beam de* 
fleeted upon the application of a voltage equal to one volt to the deflect" 
ing plates. 

The second definition of the sensitivity is more essential than the 
first* To obtain a sharp osclllogram it is necessary that its linear dimen- 
sions exceed the diameter of the spot at least by one order. The absolute 
dimensions of osclllogram are not important inasmuch as an osclllogram can 
be magnified by optical means to the dimensions required. 

After passing the deflecting plates the electrons impinge on the 
luminescent screen and bring about its luminescence. The brilliance of 
the luminescence J of the luminophore is determined by the density of 
the current in the electron beam and by the energy of the electrons, i.e. 
by the accelerating voltage, 

ZVV7 J=Af{j){U-UJr> (6.20) 

where n=i to 3; f(j) is a function approaching a linear function; A — sons constant; 
U_ — initial potential amounting to several tens of volts. The image on 
the screen must be a contrast image. The contrast of an image nay be reduced. 
by the external light reaching the screen, owing to the phenomenon of com- 
plete internal reflection in the glass of the screen and owing to a bombard- 
ment of the screen by the secondary-emission electrons from the electrodes 
of the deflecting systems. 

An important characteristic of oscillograph is the maximum recording 
speed vm at which the image on the photolayer still comes out sharp. In 

this process the photographic density of the blackening defined as the log- 
arithm of the ratio luminous flux passing through the layer of photographic 
emulsion before the development to the luminous flux passing through the 
blackened layer after development must be at least 0.1. 

The value of vm should be determined under the following conditionsi 
magnification of the image Msl, the aperture ratio of the objective 1IF31, 
photographic film — highly sensitivej the   developer ~ sharp-contrast 
developer. Usually M<1 and ltFO-. The value of the maximum recording 
speed v'  is determined in this process. .Scaling is . accomplished 

by using the following formula 

Vm = ±ml**+>L, (6. a) 

where vra is measured in cm/sec or diameter of the spot/sec. The last is 
more essential and characterizes the oscillograph as a whole. An increase 
of vm may be easily obtained by means of increasing the accelerating volt- 
age. However, in doing so_, the deflection sensitivity decreases as maybe 
seen from the expression (6.18). This is of no material significance for 
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measuring the high-voltage pulses. A decrease in sensitivity is undesirable 
Then recording weak signals. Therefore, electron-beam tubes with post-accel- 
eration are used in which the electrons of the beam undergo additional accel- 
eration after passing the deflecting plates. 

With the use of pulsed power supply in the 13L0-2S tube designed 
chiefly for the microsecond range it was possible to achieve a recording 

speed of 3.U • 10  cm/sec=13c where c is the velocity of light, with 
lrF«slr2 A33J7. Oscillations with a frequency f»9,500 lie were recorded with 
a tube assigned for the investigation of short-duration processes. In doing 

so,  maximum recording speed was 6.6 • 10-^ cm/sec«2.2c with liFaljl. 

Microoscillographs make it possible to record short-duration processes 
at a comparatively low linear recording speed which is achieved owing tc a 
small transverse dimension of the electron beam. Therefore, considerable 
linear movements of the beam on the screen are not necessary to obtain a 
sharp oscillogram. Microoscillographs have a hot tungsten cathode. The accel- 
erating voltage reaches 30-60 kv. The small transverse dimension of the elec- 
tron, baamuifl. obtained . by means of patterning it with diaphragms having small 
asrtures and by means of focusing with magnetic lenses made and installed 
with high precision. In the Ardenne Ä35/ microoscillograph the transverse 
dimension of the electron beam is equal to 2 microns. The focusing of the 
beam is done under a microscope. To record an event the photographic plate 
is placed inside the oscillograph where a vacuum of 10~u to 10~? mm of mercury 
column must be created. The tube of the microclcillograph requires continous 
exhaustion. Not more than 10-15 minutes are required to replace a photographic 
plate and create vacuum in modern microoscillographs. As many as 100 oscillo- 
grams are accomodated on one photographic plate placed in microsclllograph. 
In processing the oscillograms by optic?! means their dimensions are magnified 
by 50-100 times. Oscillations with a frequency f=9,500 Mc and good sharpness 
of the image have been recorded by means of microosclllograph. Microosillo- 
graphs are also used for the investigation of processes of longer duration. 
By magnifying the separate sections of oscillograms it is possible to trace 
the details of a process which were imperceptible on a conventional electron- 
beam tube. 

«Memory* electron-^beaa tubes based on the property of dielectrics to 
retain electric charge fcr a long period have been of late in the process of 
development. The main olement of such tubes "with memory" is a luminescent 
screenj a "memory'1 target placed inside the tube in front of the screen and 
consisting of a grid on which bits of a hard dielectric are fastened in the 
form of a mosaic; and two systems for forming the electron beams» a record- 
ing system and a scanning system. The recording system consists of the ele- 
ments of a conventional electron-beam tube (accelerating focusing and b*»un 
deflecting elements). The beam of the recording system describes on -jhe 
"memory" target a curve corresponding to the event being investigated. As 
a rosult of considerable secondary electron emission the sections of the 
mosaic where the recording beam had passed are positively charged. The elec- 
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tron beam of the scanning system, travels over the entire ••memory11 target but 
passes through it chiefly «here the elements of the mosaic have a positive 
charge. Thus, a stationary Image of a single process is obtained on the 
screen. This image can be reproduced after several hours or days. The min- 
im UQ duration of the process which a tube with "memory" can raprcduoo depends 
on the current density of the beam of the recording system and on th« sec- 
ondary emission ratio of the elements of the mosaic. At the present time 
there are electron-beam tubes with "memory" having a speed of up to 10 cm 
per microsecond /&(>/' 

Par. 6.U» Effect of Transit Factor on the Reproduction of Quickly Passing 
Processes ' 

The electron transit time TL in the field of deflecting plates ia 

equal to 10*9—10"^° sec for the usual high-voltage oscillograph and »ay in- 
troduce an error when recording quickly passing processes. The effect of tL 

on the measurement error may be determined by using the integral (6.16). 

For parallel plane deflecting plates when recording a sinusoidal volt- 
age having an angular frequency a*   the sensitivity of deflecting plates 
decreases in accordance with the following law« 

A'0 = A,_-J- = A0o. (6.22) 

2 
where   YIQ   is sensitivity without the effect of    V t the function     £=f(o$ 

is a damped sinusoidal function.    The fall-off of the amplitude of the sinus- 

oid by 2 percent (ö'sO^ß) takes place when the frequency   f =   ,       , . 
16 t?p 

The distortion of a short pulse will be the greater the higher the 
upper limit of the frequencies u^ usually determined by the leading edge 

of the imlsa. The distortions, of a, rectamgn.1 a*-and .triangular pulse, may be 
determined from the expression (6.16). The former is recorded as a pulse 
with oblique-angled leading edge having a duration  ^"_. 

In a triangular pulse the initial and the end portion — each with a 
duration ?      — are distorted, the duration of the leading edge increases, 
the amplitude decreases and a tail appears* The center portion of the leading 
edge of the pulses with a duration (tf -T?p) is transmitted without distortion. 

The deflecting plates are bent away at the ends to increase the deflec- 
tion sensitivity. Therefore, it is of interest to determine the effect of tf_ 

in the case of nonparallel diverging plates. This question was examined 
theoretically in the work [ZblJ> 
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The author of ßyfj considers that electric field between the plates 
remains uniform but decreases along the length of the plate 

»here d^ and dg are the minimum and maximum distances between the plates 
respectively-. 

find 

For the sake of simplicity we w ill operate with the quantity   v„ 
h as deviation on the screen   hSv . 

Substituting the equality (6.23) into the expression (6*16) we will 

inasmuch as deviation on the screen   hSv . 
• 

t 

where t0 is the time before the entrance of electron iato the field of 
deflecting plates. 

Inasmuch as — ^ %~ , then 
vx 

(6.25) 

We will examine the effect of the transit factor for pulses with a perpen- 
dicular leading edge and with a linearly- rising leading edge and with a 
flat top.    For a rectangular pulse    Up=*) for t4C0   and Up=Ug for   t^O. 
If   1£>t0>0, then 

If   tQ^0, then   v_   reaches a steady-state value 

Äc=W ,.ye = _i_</,-l2L_i„4-. (6.27) 
flip d,~d, rf| 

For a pulse with a linearly rising leading edge having a duration tf 
we have a 

with t=0   UD=Oj 
u0 with   0<t<tf   U = ~t; 
"f 
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and with t>tf     Up« ~t - — (* - *f)*V 

with r.p<t0<o 

4+«.-*,)-^-! (6.28) 
xm -]• 

With    tQ>0 

Xin 

vith   tQ^fcjf 

(6.29) 

«,      '+      ^—rf, 

x|n[^f^f|[^Z^i^ (6.30) 
[ d1 + (rf1-rft)i.j[rfl^.((*9_rf0i!LZ^LL!i], 

In Figure 6.5 are shewn the beam deflections on the screen calculated 
in the work l&lj *V>r some of the -rallies of   tf   and   d2/d^.   The following 
may be found from Figure 6.5« 

1) error increases with an increase of &2/&1} 
7) the effect of the value of d2/d^ decreases with an increase of tx.8. 
3) increase of the length of the leading edge   f_   does not depend 

on d2/d^. 

For plates with the edges bent outward and having a parallel and a 
divergent section the effect  X     will be an intermediate effect between 
the effect produced by    U     on the parallel and divergent plates, and it 
will also depend on    *\l"i   where    L and    t     are the lengths of the parallel 
and divergent section respectively. 

The value of  fft   nay be decreased by reducing the length of the de- 
P 

fleeting plates, and a deflecting system in the form of two small parallel 
wires results at the limit.    Rudsnberg /ÖQ/ calculated the sensitivity of 
such a deflecting system. 

*•-■£-' (6.31) 
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The angle of deflection of the electron beam 

a = - 
2Uch-' 

\ 2r  J 2Ulo 
(6.32) 

where r is the radius of the small wire and d is the distance between 
the wires. 

Thus, with r=3 mm, d=6am, L-23'O mm and U=20 kv the value of ho=O.Ol5 
mm/volt, and wave impedance z=l60 ohms. This type of deflecting system is 
completely acceptable when recording high-voltage events. But such a de- 
flecting system is useless for recording weak signals because of the low 
value of hg. 

* 

*♦ 

1    W rM 
■ 

*^\ 1 
0 0 4 4 ♦ V 4 

a P 

• •*—-i*      * L ?, .    p ■ 

Figure 6.5« Time dependence of deflection on 
the screen yj tf — duration of the leading 
edge of the acting pulse: a — tf=Oj tf/Sp'O^i 
c — tf/Tp=lj d — tf/rp*2. 

A deflecting system with traveling wave was created to obtain high 
sensitivity of the deflecting systea Müh a small VöXB of«,. The value of Tp 
for a deflecting system made up of coaxial cylinders is small. Such a sys- 
tem is easily matched with the cable over which the event is transmitted. 
Inasmuch as electric field in such a system is a diverging field, the sen- 
sitivity decreases with the withdrawal of the opening in outer cylinder — 
through which the electron beam passes — from the inner cylinder. 

The duration of the time scanning is several times longer than the 
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duration of the event being investigated and considerably exceeds the Tp» 

Therefore, the usual plane deflecting plates with the edges bent outward 
are used as the time plates. 

For the periodically repeating pulses the effect of  XL may be 

eliminated by stroboscopic methods of recording. The use of microwave 
semiconductor triodes and tunnel diodes made it possible to create a strobo- 
scope for recording periodic nanosecond pulses A397« The pulses being in- 
vestigated were sent to a gallium-arsenous .rystal which became a conduct- 
ing crystal upon the action on it by another polae whose ^duration was much less 
than the duration of the pulse being investigated. The frequency of the 
trigger pulses is somewhat lower than the frequency of the plates being 
investigated. Therefore, the events transmit by turn different portions of 
the pulse being investigated. The scanning rate is determined by the dif- 
ference in the repetition rate of the pulses being investigated and the 
trigger pulses and is low« The stroboscope being described made it possible 
to record pulses with the shortest rise time of 0.2 nanosecond determined 
by the duration of the trigger pulse. 

Gaddy /^ko/ described a method of measuring the parameters of nano- 
second pulses of trapezoidal shape with a high repetition rate without the 
usr of gating pulses. A superposition of the incident and reflected pulse 
takes place with the aid cf a short-circuited cable section. The resultant 
voltage is defined by the time shift of both pulses, set by the length of 
the cable section. An RC circuit is connected to the place of superposition 
of the pulseo. The voltage across the capacitor may be measured with a 
direct-current instrument. The following pulse parameters are determined 
from the curve of voltage variation on the capacitor according to the time 
shift of the pulsest the length of the leading edge, the duration of the 
flat portion, the duration of the voltage fall-off. Time resolution is 

equal to 10"^ sec. 

Par» 6.$. Errors Introduced by h and C Parameters of the Tube Plates 

Deflecting plates have capacitance C and self-inductance L which 

bring about oscillations with a natural frequency foa ——— . Usually it 

25t"VLC 
is considered £~2 "/ that a resistance the value of which is defined as R= 

= \/2 Q  haa.tn.be ijMertad Jn_tbJ^tüx.cu3± of one of the deflecting plates 

to damp the oscillations. 

Howeverj  A. I. Sokolik ßh'ij showed that such a simplified approach 
does not bring to light the optimal conditions for connecting the cable, and 
proved experimentally that the form of an image on the screen of the tube 
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Figure 6.6 Diagram of connection of the 
cable to the event plates of oscillographic 
tube (a) and diagram of the substitution 
network of the recording system (b). 

1 — Rn»load resistance. 

depends on where the damping resistance is inserted! in the circuit of the 
plate to which voltage is supplied and which the author calls "active", or 
in the circuit of grounded plate (Figure 6,6a). A. I. Sokolik suggested a 
substitution network for the deflecting system, shown in Figure 6.6b. 3h 
this network R^, Li and C\ are parameters pertaining to the "active* plate, 
and l2s I>2 and Cg — to the grounded plate j CQ is capacitance between the 
platesj Cv is capacitance between the inputs; C-^ and C2 — capacitance of 

the plates relative to the grounded anode; 1^ and Ra — inductance and re- 
sistance of the circuit connecting the anode with the "ground" contact. 
A. I, Sokolik made up a model according to the diagram in Figure 6.5b with 
an increase of parameters by 1,000 times as against the actual parameters. 
By selecting the Bj. and R9 parameters of the model it was possible to ob- 
tain the same shapes of the pulses as in the tube (13LO-5A) being tested. 
This indicates the soundness of the network (see Figure 6.6b). Investiga- 
tions on the model showed that L^ and R^ bring about the distortions to a 
greater degree than L2 and R2. Therefore, first of all it is necessary to 

decrease Lj_, perhaps even by means of a certain increase of I^. In doing 
so, it may turn out that cable resistance is sufficient for an active plate. 
As a rule, a damping resistance is necessary for a grounded plate. The 
small value of Cv (of the order of picofarads) contributes to the smoothing 
of oscillations which follow the leading edge of the pulse but a further 
increase of Cv brings about the appearance of undesirable spike on the 
flat portion. 

Investigations carried out made it possible to select optimum condi- 
tions for connecting PYa ^plate of the event7 of the tube 13LO-5A. In doing 
so, a pulse with a steep leading edge of 1.1-nanosec duration was recorded. 
In recording on a tube with a deflecting system in the form of a traveling 
wave with fQ=5*000 Mc this same pulse had a duration of the leading edge of 
0.8 nanosecond. 

- 1U5 - 



The frequency of natural oscillations of a deflecting system In the 
form of two plates brought out to the lateral surface of the tube is equal 
to 250-600 Mc.    For deflecting systems in the form of a two-wire coaxial 
line or of the traveling-wave type it reaches up to 10,000 lie. 

G„ A. Mesyats /}k^J carried out the calculation of the distortion 
of the leading edge of a pulse, described by the equation U*ty(l - •*"**) 
and 3ent to the PYa /plate of the event/ through a capacitivo voltage 
divider (see Figure 5.3d).    If the frequency of natural oscillations of the 
DN ^voltage divider/ exceeds the   TQ   for PYa, then the frequency of the 
DN-PYa system will exceed the f0.   According to data cited In the work ßti[} 
the shortest duration of the leading edge t^ which will be recorded with 
an error of not more than 10 percent is defined as 

« 

&+&hJ y = 9'7ZC (6*33) 

* |1 — V 1 —16(0,05/« — 0,01)) 

.     ^.2.2, 2   • 
"here    k   is the scaling factor of the voltage divider;      ft° ■  \L   * ' 

L 
C is capacitance of Pia; Z — wave impedance of the cable over which the 
p-ilse is fed to the divider; k* ~ the ratio of the inductance of the 

■ «ltage divider-plate of the event (DN-PTa) system to the inductance of 
Pl'a. 

It is necessary to watch the correctness of matching the cable at 
the place of its connection to the event plates. A resistance equal to 
the wave impedance of the cable and inserted between the conductor and sheath- 
ing df the cable is ordinarily used for this purpose. Wave impedance of 
the cable is a function of frequency with a change in which the resistance 
and inductance of the cable change owing to the appearance of the surface 
effect and conductance of the cable insulation changes owing to a change 
in dielectric losses. According to the data in the work /ßxl/,  for cables 
with polyethylene insulation and wave impedance of 50 ohms the actual value 

of the latter at a frequency f <100 kc is equal to 55 ohms, with f^LO^-lO? 

it varies from 55 to £0 ohms and with f >10' it remains equal to 50 ohms. 
Therefore, if a resistance of a certain value is connected to the cable, 
then complete matching is possible only with a certain frequency. The 
largest error in measuring the amplitude is equal to five percent, fte- 
quirement3 demanded in regard to the matching resistance are indicated in 
Par. 5.3. Difficulties In matching increase with a decrease in the dura- 
tion of the pulse being investigated. Therefore, in recording short pulses, 
instead of a matching resistance at the event plates it is more expedient 
to connect a length of cable of the same type as the coupling cable. If 
the double time of the pulse motion over the cable section exceeds the dura- 
tion of the pulse, then no especially exact matching of the cable section 
at the end is necessary. 
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Par. 6.6. Circuitry of High-Voltage Oscillographs 

High-voltage oscillograph consists ef the folio»ing units» power-sup- 
ply unit, tlase-base unit, beam-ir.t-9rjsifler unit and extemal-pulse-conversion 
unit. Before the arrival of the trigger pulse the electron beam is absent 
owing to a higher negative potential on the modulator than on the cathode. 
The trirqer puiae acts on the external-pulse-conversion unit which generates 
a positive-polarity pulse end Ignites the beam-lntensifier and tine-base 
units. Y.\* beam-intensifier unit generates a rectangular pulse of positive 
polarity and a certain duration, which by acting on the modulator reduces 
its negative potential. Owing to this, an electron beam appears. The time- 
base unit generates voltage varying in time and necessary for the time base. 

Some ef the features of the circuitry of high-voltage oscillographs 
brought recently to light will be examined in this paragraph. A detailed 
description of the circuitry of high-voltage oscillographs may be found in 
the works fl,  2, 22, 35» 12^. Continuous and pulsed voltage is used to 
supply the electron-beam tubes. Continuous voltage of 10-2$ kv for the 
sealed tubes and that oi 30-60 kv for a microosciliograph is received from 
the rectifier system. Voltage doubling, tripling and quadrupling circuits 
are used to reduce the dimensions of the l?st one. The distribution of 
potentials over the electrodes of electron-beam tube is done with the aid 
of an active voltage divider whose value ^=(0,5 - l)U megohms, where U 
is accelerating voltage expressed in Kilovolts. Usually pi-shaped filters 
are employed to decrease pulsation of the supply voltage. Separate parts 
of the divider may be shunted by capacitances to improve the voltage stabil- 
ity on this section. 

The pulsed method of supplying power for electron-beam tubes was 
suggested and proven by I. S. Stekol'nikov /J^/.   With a continuous power 
supply the highest voltage determining the maximum recording rate is lim- 
ited by discharges within the deflecting system. When supplying the elec- 
tron-beam tubes with voltage pulses of the order of microseconds they can 
withstand a voltage which considerably exceeds the permissible continuous 
voltage. In his experiments I« S. Stekol'nikov applied pulses with an ampli- 
tude of 8-27 kv to electron-beam tubes with a rated voltage of 2-3 kv and 

obtained record-breaking recording speeds» 100 to 200 x 10^ kilometers/sec. 
Modern sealed-off high-voltage electron-beam tubes withstand pulsed over- 
voltages exceeding by 1.5-2 times the permissible continuous voltage. 

Capacitance discharge onto an active voltage divider is sometimes 
used for pulsed supply of the tubes. The value of this capacitance is de- 
termined from the following condition 

&**!'> VRd-7 c = l°°^. (6.310 

where t^ is the length of the pulsej k is permissible voltage drop at the 
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end of the pulse expressed In percent.    However, in this ease the dimen- 
sions of the capacitor and step-up device turn out to be large.    I« S. 
Stekol'nlkov, A. la Inkov and A. M. Chernushenko ßySJ used as a pulsed- 
supply source a pulse transformer vrith a modulator using a stepped-down 
voltage.    The secondary winding of the pulse transformer consisted of two 
branchest    This made it possible to heat the cathode with a transformer 
having a low-voltage insulation.   However a pulse of accelerating voltage 
with an amplitude of 35-bO kv had a flH portion small in duration»    This 
made synchronization with the time base difficult. 

G. A. Vorob'yov /Dili/ used as a pulsed-«tipply source a GIN ^voltage- 
puise generator/ employing Arkad'yev-Uarks circuit arrangement.   A pulse 
of accelerating voltage with an amplitude of 30-1.0 kv had a flat portion 
considerable in duration, and the power-supply unit has small dimensions. 

A partial discharge of capacitance through a high-power electron 
tube may also be used for the same purpose.   A. M. Chernushenko used this 
la creating a high-speed oscillograph. 

One of the main requirements in regard to the extemal-pulse-conver- 
sion unit is the short operating time of this unit.    Thyratron circuits 
operata in 100 nanoseconds or more.    For this, the pulse being investigated 
is delayed by means of inserting a cable with a length of 15-20 meters »hich 
may bring«bout a smoothing of the leading edge and attenuation of the pulse 
being investigated.    Tubes with a secondary electron emission have a much 
shorter operating time. 

N. A. Uvarov ßhlof used a vacuum tetrode with a secondary electron 
emissionj its operating time is about 20 nanoseconds and does not depend 
on the duration of the trigger pulse in a range of 10-300 nanoseconds with 
an amplitude of 10 volts. 

According to Martin's data £$klj the operating tame of a tube with 
secondary emission aecreases with an increase of the trigger-pulse amplitude 
and with a value of the latter of 12 volts the operating time is equal to 
about 5 nanoseconds. 

Two commutators are  ised in the usual beam-intensifier circuit, upon 
the operation of the first commutator the capacitance discharges onto a 
resistance on which a long-duraticn pulse is separated,    upon the operation 
of the second commutator the duration is limited.    The minimal duration of 
the intensifier pulse in this process is determined by the operating time 
of the second commutator.    If however the duration of the intensifier pulse 
nevertheless exceeds the duration of the time base, then the triggering of 
the latter is delayed so that the time base-would coincidA.in. time with.the end 
of the intensifier pulse.    In doing so, it is possible to avoid the gating 
of the screen from the flyback of the beam. 

A short intensifier pulse may be obtained if the resistance onto which 
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the capacitance discharges through the first commutator is shunted by a 
short-circuited section of cable. In doing so, the pulse duration will 
be equal to the double electrical length of the cable section. The trig- 
gering time of the beam intensification generator may basiert if a tube 
with secondary emission is used as the commutator. linear scanning, i.e. 
the event being investigated is scanned in rectangular coordinates, is 
usually employed in high-speed oscillographs. In this process the -voltage 
on the time plates PV should change monotonically, without fluctuations. 
Host desirable of all is a uniform time base when the voltage on the PV 
changes linearly in time. The degree of nonlinearity of the scanning 

(jUL\mx_(«L\  min 
* = —!L*' '■'" LlLi-» loon (6.35) 

max       min 

(4 where («    and (rl) are the maximum and minimum value of the deriv- 
fmx \dVmin 

ative on the time base section. 

It is simplest of all to obtain a time-base pulse with a discharge 
of capacitance onto the resistance through a discharger or thyratron. It 

_ t 
is described by the expression U=Upe "Ä7, 

In the time from 0 to t=0.2 RC the value of 8  amounts to 20 percent 
but only about 20 percent of the discharge voltage are used in this process. 
The necessary voltage for the time base may be obtained by amplification. 
The linearity of the time base may be considerably improved by inserting 
appropriate inductance parallel to the resistance. Other networks are also 
used to obtain more linear time bases. One of such networks is shown in 
Figure 6.7a. The trigger pulse is amplified by ttie transformer and brings 
about the operation of the thyratron. In doing so, the line and capacitance 
connected to the anode discharge through the thyratron. A rectangular volt- 
age pulse is separated on the resistance, a portion of which is supplied for 
the intensification of the beam of the tube. Capacitance connected to ZQ 
discharges through the line. The paraphase voltage appearing on the con- 
nected capacitances is utilized for the time base. The smallest nonlinearity 

is when -5-«0.7 to 0.8. The L, R and C parameters were determined in the 
R*C 

calculation; the smallest nonlinearity was achieved in the process of tuning 
by a slight varying of R and L. The network under consideration made it possible 
£Mfct*iXL tan scanning rates: 130 cm/microsecond and 2*00 cm/microsecond. In the 
former case R=R =250 ohms, Ci=Ci =5>00 picofarads and In_=L]/=12.;i? millihenries; 
in the latter case 02=02'=200 picofarads, J^»!^ =3«2 millihenries. The oper- 
ating instability of this network does not exceed 2 • 10_11 sec. 

Networks with the discharging and charging of capacitances through the 
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Figure 6,7. Linear-scanning networks (a, b) and 
diagram of synchronization of event and time base 
with the aid of a cable and capacitive dividers (c). 

Key» (1) Microfarads 
(2) Picofarads 
(3) To the P7 /time plate/ 

(h)    DN=voltage divider 
(5)   EQ=6lectron-beam oscillograph 

vacuum tubes (tetrodes and pentodes) are often used»    The voltage on the 

capacitance changes linearly if the charging or discharge current iQ^-ffi* 
=const.    The constancy of the current passing through a tetrode or pentode 
can be achieved if the voltage between the control grid and the cathode 
remains constant.    Therefore, the scanning network using vacuum tubes in- 
cludes a rectangular-pulse generator and the time-base generator proper. 

The scanning rate is determined and controlled by the value of the 
U0C 

discharging capacitance.    The scanning time is defined as tj.= —-   where 
In 
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UQ is the voltage on the capacitance before the discharge, and Ia is the 
anode current of the tube. The shortest scanning tine results when a 
wiring capacitance equal to 20 picofarads is Inserted as the discharging 
capacitance« Thus, the shortest duration of scanning is determined by the 
maximtzm discharge current 1% of the tube. The tetrode 6P3 provides a cur- 

rent of 1*66 amp, and the pentode GU-50 — a current of 10 amp. 

In Figure 6.7b is shown a simplified circuit diagram of the time 
base of oscillograph described by Martin fikfj»   The trigger pulse of the 
necessary duration is shaped by means of a tube with secondary electron 
emission and is sent through the pulse transformer and capacitance C^ to 

the control grid of the tetrode. The latter is triggered and the variable 
capacitance Ccj {1-AiS picofarads) discharses onto R2 and capacitance of the 
cathode in relation to the ground. The voltage varying on Ccj is used for 
the time base. 

It was found from experiments that the fastest scanning of 1 nsec/cm 
results with a zero potential difference between the control grid and the 
cathode when sending the trigger pulse. 

The linearity of scanning was checked in the following manner. The 
pulse sent to the event plates was delayed by cable sections of different 
length. Experimental points of the characteristic between the distance 
from the edge of the screen of the electron-beam oscillograph to the begin- 
ning of the pulse and electrical length of the delaying cable fitted well 
on a straight line. Judging from these data the nonlinearity of the scan- 
ning did not exceed a few percent. 

Fast scannings m*ty be obtained with the use of conmutation character- 
istic of a spark discharger or thyratron. In doing so. the time plates are 
connected through the separation capacitances parallel to the commutating 
device or resistances onto which the capacitances discharge through the 
commutating devices. In the latter case, the leading edge of the pulses 
appearing on the resistances is. used for scanning. As shown in the pre- 
ceding chapters, pulses with a length of the leading edge of 10~^ to 10"9 
sec are obtained with the aid of spark dischargers. The use of these pulses 

will make it possible to obtain scannings with a time on the screen of 10"? 
sec and less. 

L. S. Dartenev, G. V. Qlebovich and K. N. Ptitsyn ^LU.87 described a 
high-epeed oscillograph. The time-base circuit includes a shaping capacitance 
of 0.013 microfarads, a tetrode as a commutator, and two lines. Upon send- 
ing a trigger pulse through the transformer to the grid of the tetrode the 
latter is triggered and the shaping capacitance discharges onto one of the 
connected lines. A pulse with an amplitude of 3 kv, duration of 50 nanosec- 
onds and a length of the leading edge tf=lf> nanoseconds is shaped in this 
process. A delay cable RK3-4iOO providing the necessary delay of the initia- 
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tion of the tine base. To obtain the fastest scanning the pulse Is sent 
to an artificial line with nonlinear inductances. The principle of opera- 
tion of the artificial lim is described in Par. 3.3. A pulse with an 
amplitude of 2.8 kv and tf«1.7 nanoseconds is obtained at the output of the 
line. Balanced voltage is obtained owing to the grounding of the center 
tap of a matching resistance inserted at the end of the line. An important 
component of oscillograchic tube is the Installation of a diaphragm with 
a slit behind the deflecting systems. (Xring to this, the necessary portion 
of the leading edge of the pulse arriving at the time plates is selected for 
the time base. The remaining portion of the leading edge of the pulse is 
cut off by the diaphragm and in doing so the screen is not lit up. dring 
to the transit factor in PV the above-mentioned pulse with a steep leading 
edge acquires nonlinear sections at the beginning and at the top. There- 
fore, only a linear section with a drop of 1 kv Is utilized out of the en- 
tire pulse, ftring to the stabilization of all supply voltages and design 
measures it was possible to reduce the scanning Instability to 1.5 • 10"*^- 
sec. Using the oscillograph described it was possible to record a pulse 
»1th a duration of the leading edge of 1 nanosecond, which occupied the 
greater portion of the screen. 

In recording single processes the synchronization of the oscillograph 
and of the event must ensure the event* s reaching a specified region of the 
screen. It is difficult to provide proper synchronization when recording 
periodically repeating pulses. In this process, the spread in the appear- 
ance of separate pulses on the time axis must not exceed the width of the 
spot on the screen. 

The method of synchronising the oscillograph and the process being 
investigated depends on the controllability or uncontrollability of event. 
In the latter case the instant of action of the pulse being investigated 
on the PYa has to b® delayed for the period of operation of the oscillograph 
circuit. In doing so, it is important that the operating time of the oscillo- 
graph circuit be stable and short as far as possible since distortions of an 
event in the cable increase with the length of ehe latter. In this sense, 
tubes with secondary electron emission are preferable in comparison with 
thyratrons. 

Different methods of synchronization are employed when recording 
controllable processes» A high-voltage testing apparatus in which several 
types of synchronization of the events and electronic oscillograph were tested is 
described, in the »rk £L'50j (Figure 6.8). The apparatus contains a GDI using 
Arkad'yev-Marks circuit and generating a voltage of up to 1,1*G0 kv, an active 
voltage divider, a shielded room with electronic oscillograph, and a gener- 
ator for triggering the OIN and oscillograph. Three types of synchroniza- 
tion were investigated. 

1. Light Synchronization. A trigger generator was used in this 
case. A breakdown of the discharger P^ takes place upon energizing tha 
solenoid. In this process, C2 discharges onto R., and the pulse which 
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Figure 6.8. Circuit diagram of a high-voltage 
apparatus for investigating discharger breakdownt 

D — motor; G — generator; IV — insulated shaft; 
L ~ lens; L — FEU ^J>hotoeloctronic multiplier/; 
2 — amplifier; 3 — 0-15 microsee triggering de- 
1*7? h — time-base unit; 5 — I0=the object being 
investigated; 6 — DN=voltage divider; 7 — network; 
8 — P=discharger; 9  — to the E0 /electronic oscillo- 
graph/; T — step-up transformer; V — rectifiers; 
K — delay cable. 

appears brings about the breakdown of fy» ^he luminescence of the spark 
in P? reaches through the lens L a photoelectronic multiplier placed in a 
shielded room. The pulse from the output of FEU photoelectronic multi- 
plier/ is amplified and triggers the electronic oscillograph. After the 
breafelown of P2 the potential of the center electrode in the three-elec- 
trode discharger P3 of the QIN drops to zero in 0.U microsecond. This 

brings about the operation of Po and GIN. This synchronization provided 
a maximum spread of not more than 0.1 microsecond. 

2. Delay-Cable Installation. A pulse arriving from the divider 
triggered the oscillograph and was sent through a O.li-microsecond dairy 
cable to the event plate. Very stable synchronization resulted. Hcwever, 
delay cable brings about an attenuation of the pulse amplitude by 18 per- 
cent. 
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3. Triggering of Oscillograph from GIN. After the breakdown of P3 
a voltage pulse appears at the point A, which was sent through a resistance 
and triple-shield cable to the oscillograph and triggered it. The time 
spread in the appearance of the pulse on the oscillograph screen is smaller 
than in the first case. However, undesirable oscillations were Induced on 
the leading edge of the pulse on the oscillograph screen in this type of 
synchronization. Therefore, the authors of ß3$J selected the first type 
of synchronization. 

An attempt was made in the work/E307 to get rid of various induc- 
tions which appear with the voltages ofhundreds and thousands of kilovolts. 
Oscillograph is in a separate room with double shielding. The cable running 
from the divider to the oscillograph has three shields connected together 
and grounded at the place of connection to the divider. Two external shields 
are connected respectively to the shields in the room and the inner shield 
— to the housing of the oscillograph. Power for the oscillograph was ap- 
plied from a motor-generator with the generator being ir» the shielded room 
and the motor — atside Hie room. The generator and motor are connected 
by a shaft made of electroinsulation material. Displacement of *ero line 
and distortion of the droop during the breakdown of the discharger being 
tested were discovered when supplying the oscillograph from a separation 
transformer. 

The grounding of the entire apparatus was done at the location of 
the object being tested. In the absence of a separate ground connection 
the shielded room acquired a potential of up f» V» kv during the operation 
of GIN. Therefore, the shielded room was connected by a separate conductor 
to the common ground. This did not affect the quality of oscillographic 
recording. 

To reduce the effect of currents flowing in the grounding conductors 
on the quality of oscillographic recording the floor of the high-voltage 
room was sometimes /Jk9j covered with metal sheets or metal netting which 
are reliably grounded, and the objacts to be grounded are connected by 
means of short conductors to the grounded floor. 

0. A. Vorob'yov, A« I. Golynskiy and G. S. Korshunov suggested a 
method of oscillographic recording (see Figure 6.?c) of the leading edge 
of a high-voltage pulse moving over a cable /^So/»    The pulse being in- 
vestigated is sent by means of DN II to the event plates PYa, and the volt- 
age taken off from DN II is sent through a certain impedance Z to the time 
plates. Thus, voltage appears on the F/ sooner than on PYa by a time de- 
termined by the length of the cable i.    Stability of this type of synchro- 
nization depends on the properties of the cable and is very high. This is 
especially important when recording pulses that are repeated at a high rate. 
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