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ABSTRACT 

The book is devoted to the design and construction of devices 

producing pulses lasting from one to hundreds of nanoseconds of 

voltage ranging up to 1000 kV. A survey Is given of the existing 

methods for producing short high-voltage pulses. Various types of 

circuitry for generators of high-voltage nanosecond pulses are 

discussed. An analysis Is given of transient processes within the 

framework of equivalent circuits. Engineering calculations are 

Included for the formative elements of various types of generators. 

Consideration is given to circuits correcting pulse waveforms, and 

also to circuits used to measure pulse parameters. 

The book is Intended for experimental physicists, specialists 

in the area of electrical and radio engineering, and for students 

majoring in engineering. 
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Poreword 

The interest in nanosecond high-voltage pulse generators is 

rapidly increasing. At the present time, they are used in quantum 

radio physics, in nuclear physics, in particle accelerators, in 

x-ray defectoscopy, in high-speed photography, etc. The possibility 

of applying nanosecond generators to solve certain problems in 

experimental physics such as the production of powerful pulse lasers, 

strong-current accelerators of charged particles, and fast heating 

of plasma is of extreme interest. 

The bright prospects for nanosecond high-voltage generators are 

due to the fact that they are capable of producing within a short 
8     7 time interval (10  - 10"' seconds) enormous energies ranging from 

hundreds of Joules to megajoules, and thus are sources of energy of 

colossal densities.  Even now it seems realistic to build devices 
1? which would produce pulses up to 10  Watt. 

Unfortunately, the technical literature devoted to power pulse 

techniques sheds little light on the problems of producing nanosecond 

high-voltage pulses. This situation gave the authors the idea of 

sharing with the reader the experience accumulated in this area in the 

Soviet Union and abroad. 

Keeping in mind the small size of this book, we attempted to 

avoid laborious calculations, to facilitate as much as possible the 

understanding of the various methods of producing nanosecond pulses, 

and to determine a procedure which should be followed by an engineer 

in selecting a circuit and computing its elements. 

The first and second chapters are devoted to the fundamental 

problems involved in producing nanosecond pulses of high voltage. 

The third and fourth chapters contain essentially the original 
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handbook-type material which Is necessary In computing and construct- 

ing elements of nanosecond generators. The last chapter is devoted 

to applications of nanosecond high-voltage pulses. Greatest emphasis 

has been laid on those prospects which are opening up with the appli- 

cation of nanosecond high-voltage pulses to the rapidly developing 

areas of contemporary physics.  In this chapter, we felt it was 

permissible to deviate slightly from the main theme and to dwell in 

more detail on the physical principles underlying the operation of 

semiconductor and gaseous pulse lasers, so that specialists in high- 

voltage nanosecond techniques could more clearly see those trends 

and problems whose solution will apparently largely determine the 

development of the technology for producing high-voltage nanosecond 

pulses in the years to come. 

A substantial portion of the monograph has been written on the 

basis of work done by the authors at the Nuclear Physics Scientific 

Research Institute at the Tomsk Polytechnlcal Institute and at the 

P. N. Lebedev Physics Institute of the USSR Academy of Sciences. 

G. A. Mesyats wrote the Introduction, Sections 2-5, 3-^, ^^5, 

5-2 and 5-3; A. S. Nasibov wrote Sections 1-1, 1-5, 2-^, 2-6, 2-7, 

and ^-2; V. V. Kremnev wrote Sectims 1-3, 3-1 - 3-3, and 3-5; 

Sections 1-2 and 2-3 were written Jointly by the authors; Sections 

1-4, 2-1, 2-2, and ^-1 were written by V. V. Kremnov and G. A. 

Mesyats; Section '4-1 was written by A. A. Dul'zon Jointly with 

G. A. Mesyats; Section 5-1 was written by A. S. Nasibov in collabor- 

ation with G. G. Petrov; Section 5-^ was written by N. S. Rudenko. 

The authors will feel that they have achieved their goal if, 

upon reading the book, the reader will not only become acquainted with 

the great opportunities which are opening up before engineers when 

it comes to the selection of circuitry and constructing high-voltage 

nanosecond pulse generators, but in addition will be able to select 

a circuit and compute the parameters of the basic elements of the 

generator circuit . 
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INTRODUCTION 

Nanosecond pulse techniques generate low-power voltage pulses 

of several hundred volts  and below,  and produce high-voltage and 
h 7 

powerful pulses  of voltage  ranging from 10    to  10'  V [1,3].     Low- 
power nanosecond pulse technology owes  its existence to experimental 
nuclear physics,   radio engineering,  and computer technology  [2,  6], 
The  principal difference between the two types  of pulse technology 
consists of the  character of the active elements  used.    If in the 
first  case these  include   tunnel   diodes,  secondary-emission tubes, 
low-voltage high-speed thyratrons,  etc.,  then in the second case 
they  include various types  of spark gaps,   ferrite elements,  powerful 
hydrogen thyratrons,  lines  carrying sliock electromagnetic waves,  etc. 
Many  papers in the periodicals as well as monographs have been devoted 
to the  methods  of generating low-power nanosecond pulses  [2,   6], 
The generation of powerful nanosecond pulses,  however, has not 
received as much  space  in the technical  literature.    This  is  due,  on 
one hand,  to the  fact that     until the beginning of the 1950*3  there 
had not  been too much interest  in such pulses,   and,  on the other, to 
the great difficulties  involved in their generation and recording. 
The  spectrum of the harmonics  of nanosecond pulses  extends through 
super-high frequencies.    Therefore, to generate  and transmit 
such  pulses  it   is necessary to use the kind of equipment that  will 
pass  wide frequency bands and will simultaneously  sustain high voltages 
without  a breakdown.    The pulse parameters are  strongly affected by 
the  capacitance and inductance of the generator's  discharge circuit. 
The  latter are determined by the dimensions of the apparatus,  and 
increase with the  growth  of these dimensions.     Therefore,  the require- 
ments  of steep front  and pulse shortness   (particularly as applied 
to rectangular wave  forms)   are  contrary to making its amplitude 

as  large as possible.    The  reason for this  is that,  as the voltage 
and  current  increase,  the size  of the pulse generator shows a similar 

tendency which  leads to an  increase of parasitic  capacitance and 
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Inductance.    These contrary tendencies can be resolved by  using 
coaxial structures Involving distributed parameters and switching 
devices In a medium with high electric  strength.    Buravoy  [5] was the 

o 
first to describe a method for generating 100 kV pulses  lasting 10 
seconds.     It was the year 1926.    To shorten the pulse front,  he used 
a peaking spark gap In oil which was  used earlier by Hertz to obtain 
short  electromegnetlc waves.     The duration of the pulse  Is  shortened 
by means of a device called Binder's loop.    The computations of the 
wavefront parameters were done considering the resistance of the 
spark from Tepler's formula.    These studies made  it  possible to 
establish a relationship between the curvature of the wavefront and 
the line parameters, breakdown voltage of the spark gap, and the 
pressure at the gap.    In particular,  these studies resulted  In the 
very  important  conclusion that, at  constant breakdown voltage of the 
switching gap and low self-inductance of the circuit, the curvature 
of the pulse front  is proportional to the    fessure  In the spark gap. 
This permitted Schering and Baske [25] to build a five-stage Marx pulse 
generator which made use of low-inductance plate capacitors and spark 
gaps in an atmosphere of compressed CO- gas.    At  llOO kV, the pulse 
front  lasted 10"    seconds. 

A further contribution to the technique of high-voltage nano- 
second pulses was made by Fletcher [26].    He was the first  to use a 
gaseous peaking spark gap.    He proposed a method for correcting the 
top of the pulse by Including a capacitance in parallel with the 
generating line,  and developed several types of voltage dividers  for 
nanosecond pulses.    He was the  first  to obtain a 20 kV pulse with a 
O.k nanosecond front.    This work had a great Influence on the sub- 
sequent development of the technique of powerful nanosecond pulses. 

A substantial contribution to the development of high-voltage 
nanosecond pulse technology was made by I. S. Stekol'nlkov [27] and 
by the work done at  the Institute of Nuclear physics  of the Siberian 
Division of the  USSR Academy  of Science   [28,  29,   38,   159].     A  survey 
of the work done  up to 1963 was made  in the monograph  [1] .   However, 
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[1]   Is devoted to the methods of generating voltage pulses of ampli- 
li 

tude on the order of 10    V.    The present work deals mainly with the 
methods of generating nanosecond voltage pulses of amplitude up to 
!(/ V. 
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CHAPTER ONE 

HIGH-VOLTAGE  PULSE TRANSFORMERS 

1-1.    Transformer with Windings Made of Coaxial Cable 

The  formation of nanosecond pulses with amplitudes up to 100 
kV involves considerable difficulties when it comes to choosing the 
right type of transformer.    The ordinary pulse transformers, used 
in the microsecond range,  are  in this case inapplicable,  since an 
increase in the amplitude of the pulse entails an increase in the 
thickness of insulation.    This results in greater dimensions of the 
transformer and greater values of the parasitic parameters which 
distort the pulse.    Therefore,  at present, to transform nanosecond 
pulses, wide use is made of pulse transformers connected between 
long lines  (discussed in Section 1-2) placed in parallel before the 
primary and in series after the secondary.    However,  a drawback of 
this transformer is that it needs a large number of uncoupling 
impedances.    The number of impedances m ■ n - 1 and their magnitude 
increase rapidly with an increase in the number of lines n.    This 
entails complications  in the design and an increase  in the size of 
the transformer.    These drawbacks  can be easily eliminated by making 
the windings of an ordinary pulse transformer with a  ferromagnetic 
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core out of coaxial cable [7, 8]. A schematic showing the connec- 

tions among the windings of such a transformer for n ■ 3 Is given 

In Figure 1-1. 

Figure 1-1.  A schematic showing 
the connections of the windings 
of a "cable" pulse transformer 
with the transformation ratio 
n ■ 3. 

The windings consist of 

three pieces of coaxial cable. 

The ends of the sheath of the 

pieces of coaxial cable are con- 

nected In parallel and form the 

primary of the transformer. The 

center wires of the pieces of 

cable are connected in series, 

and form the secondary. The 

transformation ratio n is equal 

to the number of pieces of the 

cable. 

To increase the Inductance, 

the cable windings are wound 

around a ferromagnetic core.  In the case of short pulses, ferrlte 

can be considered a better material for the core. 

The parasitic parameters of a transformer can be determined 

with an accuracy sufficient for the purpose of experiments in terms 

of the running parameters of coaxial cable. The high pulse electric 

strength of coaxial cable permits one to obtain at the output of 

sucn a transformer short high-voltage pulses with amplitudes of 

tens of kilovolts.  An Important advantage of cable transformers is 

that they are stable under strong dynamic perturbations, which occur 

when large pulse currents pass through the windings. This is due to 

the fact that windings are coaxial. This property makes it possible 

to use the transformer also in producing large pulse currents. 

The maximum amplitude of the pulse at the output of a "cable" 

pulse transformer Is determined by the pulse electric strength, and 

for coaxial cables produced at the present time it may reach 

approximately 100 kV. 
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Below we give the basic considerations relating to the  compu- 
tation of the parameters  of the  "cable" pulse transformer,  and we 
show that using It,   It  Is possible to  form high-voltage nanosecond 
pulses. 

a)    Computation of the elements of an equivalent transformer 
circuit. 

The capacitance of a  "cable" pulse transformer is determined 
mainly by the running cable  capacitance C-.    For convenience  in 
analysing the processes occurring in the transformer circuit,  the 
distributed capacitance of the windings  is  replaced by the equiva- 
lent   (dynamic)  capacitance,  as applied to the turns of the primary 
(divided by the voltage in the primary U,). 

The dynamic value of the capacitance differs  from the static 
value,  and is determined In terms of the energy stored in the windings. 
Prom the general  considerations  involving the definition of the 
dynamic capacitance,   it  Is easy to show [7,  8] that in the case of 
a "cable" pulse transformer the dynamic capacitance is 

CM/.(n±lH2n±l) CA (1_1) 

where n — is the transformation ratio; I.   — is the length of a 

cable segment. The sign " — " in Equation (1-1) corresponds to the 

case where the transformer does not change the polarity of the pulse. 

For n ■ 1, and assuming that the polarity of the pulse is not 
changed by the transformer, the dynamic capacitance is by (1-1) 

equal to zero. The physical meaning of this fact is that the poten- 

tials on the primary (sheath) and secondary (center wires) are equal 

in terms of value and sign, and thus the capacitance of the cable 

is not charged. 

The stray Inductance of a "cable" pulse transformer is determined 

by the distribution of the field between the windings, i.e., between 

FTD-HC-23-385-71 



the sheath and the center wire of a cable. Since the field between 

the sheath and the center wire of a cable determines the linear In- 

ductance of the cable, L0, It Is easy to see that, If a "cable" 

transformer contains n sections, the stray Inductance of the secon- 

dary divided by the number of turns In the primary, L, Is given by 

(1-2) 

where L0 — Is the linear Inductance of the cable; l^  — Is the 

length of the cable segment. 

In contrast to pulse transformers composed of ordinary windings, 

the primary (sheath) of a "cable" transformer does not produce any 

stray flux, since It does not contain any magnetic flux that is not 

connected with the secondary (center wire). 

Equation (1-2) implies that the stray Inductance of a "cable" 

pulse transformer is determined only by the linear Inductance of 

the cable, and for a certain length of the cable it does not depend 

on the shape of colls and the presence of the core. 

To determine the degree of distortion of a pulse front, it is 

necessary to know the wave resistance of a cable pulse transformer 

p » /ETTT. 

Equations (1-1) and (1-2) easily imply that 

'"'•xKiiriihl*!) ■' (i-3) 

where p, = y'LJC,   — is the wave resistance of the cable. 

The sign " — " corresponds to the case when the polarity of 

the pulr.e is not changed by the transformer. The sign " + " 

corresponds to the case when it is changed. 
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Figure 1-2. Equivalent circuit for a pulse 
transformer. 

a - for high frequencies; b - for low frequencies 

The length of the front of a pulse passing through a cable pulse 

transformer can be found by considering the transient process In the 

equivalent circuit for a pulse transformer. Figure 1-2, a, with para- 

meters divided by the number of turns In the primary: 

Internal resistance of the source; lU 

resistance. 

R, Is the 

Vn Is the red'iced load 

Using a widely known [4] technique of analyzing the transient 

processes, for the circuit In Figure 1-2, a, we can easily show that, 

when a voltage surge Is Input Into the circuit, the duration of the 

front of the output pulse, t,0 , per 1 m of the winding (linear dura- 

tion of the front) with an accuracy sufficient for engineering calcu- 

lations Is given by an expression In which the values of L, C, and 

p are taken from (1-1) - (1-3): 

V-e(i.2+2{«). (i-'O 

where 

As 
JTAT' (1-5) 
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From (1-5), we find 

' -   tVTT *'.= 
i*Yv-\i* (1-6) 

where C min 
Rl + RH 

Is the minimum value determined by finding 

the minimum value of the formula for ?. 

From (1-5) and (1-6), we can find the function t 

given p0, C, n, k. 
fO f(R^)  for 

Figure 1-3 shows a graph of the function t fO f(R^) for a pulse 

transformer whose windings are made of a coaxial cable with pn ■ 50 
ohms and CQ ■ 100 pF/m.  These values of p. and C0 approximately 
correspond to the wave resistances and the linear capacitance of a 

majority of coaxial cables which can be used as winding of heavy- 

duty "cable" pulse transformers. Using the plots given in Figure 1-3, 

if one is given the length of the cable, !„, and the reduced resis- 

tance, one can find, with an accuracy sufficient for the experiment, 

the duration of the pulse front from the formula 

'♦'ZW- CI-T) 

By analyzing the plots in Figure 1-3, we can arrive at the 

following conclusions: 

1.  For a cable with p. ■ 50 ohms and C0 ■ 100 pP/m and the trans- 
formation ratio n ranging from 2 to kt  the m.nimum value of the pulse 

duration is obtained for RH equal to several hundred ohms which corre- 

sponds to the power of several dozen megawatts, 

then fully used as to its electric st-ength. 

The coaxial cable is 

2.  If the length of the cable in the primary is on the order of 

several tens of centimeters, the transformation ratio is n ■ 2 - 3, 
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20 40 «0 w ohm ohms 

Figure 1-3.  Plot of linear length 
of pulse front vs. converted re- 
sistance of load for the values 
P0 ■ 50 ohms, C0 - 100 pP/m, 
k - 0.5. 

n - 

n' 

is the transformation ratio 
without a change in the pulse 
polarity; 

- is the transformation ratio 
with a change in the pulse 
polarity. 

and the  load corresponds  to the 
optimum mode of operation,  and 
the duration of the pulse  front 
cannot  exceed several nanoseconds. 

It must  be noted that  for a 
given amplitude and length of a 
pulse,  the length of the  cable in 
the  primary winding depends on the 
parameters of the  core material: 
magnetic permeability  u and satu- 
ration induction BM,   in  the 
following way:    with an  increase 
in  u and B..,  the  length of the 
cable  I.   decreases.     For a given 
type of core and its material, an 
and a given amplitude the  ratio 
tf/tD will be conserved.     For 
example,  for a nickel-zinc  ferrlte 
of type Fl-1000  for the amplitude 
UM ■  50 kV,  the minimum ratio is 

tf/tpZ 0-05. 

Generally speaking, starting with certain values of pulse length 
(for P--1000  ferritcc with tp ^ 100 nsec),  the value of the magnetic 
permeability p depends on the length of the pulse and has a decreasing 
characteristic.     In accordance with this, the ratio t-A- tends to 
increase. 

b)    Determination of the number of turns and choice of material 
and parameters for the magnetic circuit. 

An analysis of the effect  of a rectangular pulse on the primary 
winding of a transformer and a study of an equivalent  circuit   in 
Figure 1-2,   b yield the following formulas  for the basic parameters 
of a pulse transformer [IJ,    The number of turns  in the primary  is 
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Magnetization  inductance is 

4iilO-»wfS 

«^OT'O*. (1-8) 

1^- Jl H.  H. d.g) 

The drop of the pulse peak Is 

Here U.  is the voltage of the primary; U . is the voltage of the 

load, v; t- is the length of the pulse, sec; R.. is the equivalent 

internal resistance of the generator, ohms; R' is the reduced resis- 
2 tance of the load, ohms; S is the cross section of the core, cm ; 

I     is the length of a mean line of force of the magnetic circuit, cm; 
U  is the magnetic permeability; AB is the value of the magnetic 
induction within a partial cycle of the hysteresis loop, tesla. 

Using (1-8), (1-9), (1-10), we can determine the parameters of 

the core and the winding. As we can see from the formulas given, the 

minimum number of turns and the maximum magnetization inductance 

(and consequently, the minimum front at a minimum drop of the plane 

section) can be obtained at the maximum ratio S/l*  of the core. Of 

course, an annular form of the core is most convenient from all points 

of view (it fully utilizes the magnetic circuit, it reduces the para- 

sitic parameters, etc.).  However, there is a limitation which does 

not permit S/2- to attain a large value for one ring due to the 

increased ratio of the outer to inner diameters.  In fact, for the 

same magnetization force (m.f.) field intensity will depend on the 

length of the magnetic path: 

(1-11) 
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However, due to the large difference In diameters, there will 

be considerable differences between I    and I.   for the ring, and thus o 1 
H    << H.,  which may result  In saturation of the  Inn^r part  of the  ring, 
and thus a reduction of the physical cross-section of the magnetic 
circuit.     An  effective way of obtaining large ratios   (S/i0 JV 1 - 1.5) 
Involves constructing the core of several rings. 

To construct a pulse transformer,  one must  choose a magnetic 
material with the following properties: 

1) large value of the maximum induction BMi 
2) large value of the magnetic permeability y; 
3) large value of the resistivity p    : sp 
4) small  losses due to eddy  currents; 
5) weak dependence of y on  frequency. 

In practice, there is no material possessing all of the above 
properties.     Among the existing materials,  it makes sense to consider 
the possibility of using ferrites and high-quality alloys made of 
Permalloy.    The advantage of Permalloy alloys  is that they have a 
large magnetization induction and magnetic permeability   (BM ■ 0.7  - 1.5 
tesla,  y ^ 150,000).    A considerable drawback of Permalloy alloys  Is 

fi 7 their small resistivity.     For small pulse lengths,  t- ^  10      - 10 
sec,  the eddy  currents rapidly  lower the value of y.    To reduce eddy 
currents,  the  cores are made of a material several microns  in thick- 
ness.     It must  be noted that the technology of winding,   annealing, 
and deposition of interlayer insulation involves considerable diffi- 
culties,  and requires  special equipment  [10].     Another disadvantage 
of using Permalloy cores  is the  fact that one must  insulate the 
winding from the  core. 

In contrast with Permalloy alloys,  ferrite materials have large 
resistivity which means that they  can be used without an additional 
high-voltage  Insulation. 



The eddy currents and the function v  ■ fCtp) are not expressed 
as sharply in ferrltes as they are in Permalloys. Their drawbacks 

are the relatively small values of B.. and M.  In the final selection M 
of the material,   one must  estimate  its properties  for a given pulse 
length tp. 

c)    Effect  of induction rate of increase on the operation of 
the core. 

The rate  of increase  of the magnetic induction in the core during 
the   formation of high-voltage nanosecond pulses  of tens of kilovolts 

7 8 may  reach values on the order of 10    - 10    tesla/sec.    As a result, 
powerful eddy currents are  set  up in the core which produce a strong 
demagnetizing current   [11].     To compensate  for this  field during the 
magnetization of the  core,  one must  use an additional current.    There- 
fore,  the role of the  ordinary magnetization  current in the pulse 
mode  of operation  is played by the so-called apparent magnetization 
current  /H>/|1  ,    The apparent  increase in the magnetization current 
results in an apparent reduction of the magnetic permeability of the 
core, MK<|I'  . 

The apparent permeability of the magnetic material depends 
basically on the thickness  9      of the  core  strip and the pulse  length 
tH.     In general,  the relative value of the apparent  permeability is 
a  function of the ratio of the pulse length to the eddy time constant 

v 
^'(TT)' (1-12) 

where 

ML . B.= nlO'p, 

5.. is the thickness of the core sheets, cm; p  is the specific th '   '  sp 
electric resistance, ohm-cm; y. is the magnetic permeability within 

a partial cycle of the hysteresis loop. 
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The dependence of the relative magnetic permeability '*•''»** on the 

relative length V^'J^ has been considered In [*!]. 

In addition to the effect of the demagnetization field of eddy 

currents, one must also consider the nonunlform distribution of the 

magnetic flux over a section of the sheet, by virtue of which the 

maximum increase AIL. on the surface of the sheet exceeds the average 

value of the increase given by (1-8). 

The ratio of the maximum value of the induction increase on the 

surface of the sheet to the average increase within the sheet as a 

function of Tp is given by the formula 

For example, for T ■ 0.2 ABM %  10 AB  .  Such a high value of 

ABM leads to an additional increase of the magnetization current, and 

lowers the value of uK.  In general, an exact calculation of MK IS 

difficult, and usually the actual vaTue of the magnetic permeability 

is computed experimentally.  In [13], the values of u» were experi- 

mentally determined for various alloys. The author stipulates that 

investigations designed to determine the function M« ■ fCt«) for 
t ■ 3*10" sec have shown that in a majority of Permalloys MK ■ 
■ 400 - 600 for sheet thickness of 6.. «10-15 micrometers. Thus, 

we see that an advantage of Permalloys is their large value of ABM. 

However, this property, which permits one to raise the potential 

U.  to hundreds of kilovolts [see Equation (1-8)], is not realized in 

practice.  It must be noted that the values of the magnetic permeability 

PK and the maximum value of ABM refer to the portion of the magneti- 

zation characteristic that has the largest curvature.  For operation 

in this portion, one must introduce an additional magnetization which 

produces a number of additional difficulties related to the decoupling 

of the magnetization winding from the effect of the high pulse voltage, 

and to the necessary elimination of the effect of parasitic parameters. 
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When operating without additional magnetization, the values of 

the magnetic permeahlllty uK  and the increase of the magnetic Induc- 

tion AM within a partial cycle of the hysteresis loop for Permalloys 

decrease sharply. 

Let us consider the characteristics of ferrltes.  Out of ferrlte 

rorea whose production has been mastered by domestic Industry, nickel- 

zinc ferrlte in most convenient as to the dimensions of the ring and 

the phyr.ical characteristics. The magnetic permeability of ferrltes 

falls off at frequencies higher than the gyromagnetic frequency of 

the electron spin f  [Hi - 17]: 

/r,=l* (1-14) 

where g • 2*10       1/tesla sec. 

Figure  1-1  gives  the plot  of y  ■  F(f)   for ferrltes with different 
values  of u   [15].    The plot  shows that  the nickel-zinc  ferrlte with 
u ■ 1,000  is most  suitable  for making cores.    To this ferrlte there 
corresponds a domestic  ferrlte material of the type Fl-1000  (BM ■  0.25 
tesla,   M ■  1,000).     The boundary  frequency  for this  ferrlte   (l-l'l)   Is 
eaual  to 6 MHz.     In the case of pulses with tr ^ 0.2t_»  the upper 

_7 r •• r 
limiting frequency   for t     • 2*10      sec   Is  determined using the 
formula [M] 

f,»ffi» iffij »10 MHz (1-15) 

In this  Tase,  the corresponding value of the magnetic permea- 
bility  is  MQ % 300,     The  lower limiting frequency can be  found  from 
the  formula 

/, w^-5MHz (1-16) 

The Uu corresponding to this frequency is approximately equal 

tn 500. The value of IJB must be taken into consideration when analyz- 

ing the transient process occurring during the formation of the pulse 

front. 
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The  value of Uu must   be taken  Into consideration when analyzlnn: 
the distortion of the pulse peak. 

The  value of u  can be  found more accurately  usinp; experimental 
methods.     Then the additional  effects  of the magnetic   field,  etc. 
can be taken into consideration.     It  follows  from the  values  of f 
found by computation that nickel-zinc ferrites  should be used  for 
t    >^ 10"'  sec. 

p;y 

d)  Construction of a "cable" pulse transformer. 

The core of a "cable" pulse transformer is built using individual 

ferrite rings.  To eliminate the cracking of 'ings, pressboards are 

placed between rings during the winding of the cable.  The core ends 

are fitted with rings made of insulating material whose radius of 

curvature is such as to eliminate the possibility of the cable crack- 

ing.  To reduce the insulating distances, the windings are made from 

one piece of cable, and then the sheath is separated into sections. 

Thus, the secondary (center wire) does not suffer a gap in insulation 

along Its entire length. An example of a design of a pulse trans- 

former with the transformation ratio n ■ 3 is given in Figure 1-5. 

The transformer is built on ten 120 x 80 mm nickel-zinc ferrite rings. 

•• 
mt-iiea 

M' m-toxr- 
mt-tso S . 

m* 

\ 
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> 

(. 
to*     to*     v*     v*     vf 

Hz 

Figure l-l|. Dependence of magnetic 
permeability on frequency 

Figure 1-5.     General  view of a 
"cable" pulse transformer with 
the number of cables n » 3, 
power 15 megawatts at the 
voltage of 50  kV;  pulse  length 
is  100 nanosec. 

PTD-HC-23-385-71 19 



To reduce its size, the transformer is mounted on a high-voltage 

pulse separator made of an insulating material. Under optimal condi- 

tions, the transformer can transmit a pulse with the following 

parameters: 

Maximum voltage  50 kV 

Maximum power   15 megawatts 

Pulse length    100 nanoseconds 

Front length    15 nanoseconds 

1-2.  Transformer Built of Sections of Coaxial Cable 

Transformation of short pulses with voltages up to hundreds of 

kilovolts entails considerable difficulties. 

An impulse transformer with windings made of coaxial cable (see 

Section 1-1) is in this case inapplicable due to the following 

factors: 

1. The pulse electric strength of coaxial cables that are pro- 

duced today and are suitable for use as pulse transformer windings is 

limited by the insulating strength of the cable and does not exceed 

100 kV. 

2. As the transformation ratio Increases, the dynamic capacity 

grows in proportion to the sum of a numerical series,-^ n-^  » 

which leads to the distortion of the pulse waveform. Therefore, in 

transforming pulses with voltages up to hundreds of kilovolts, one 

uses a pulse transformer made of sections of coaxial cable. This type 

of transformer, proposed by Lewis [18], represents a device made of 

several busbars (generally, n) which at the input are connected in 

parallel, and at the output in series (Figure 1-6). The voltage pulse 

fed into the input c.; the transformer during a time t^ ■ J/v (where I 

is the length of the lines; v is the speed of propagation of electro- 

magnetic waves), reaches the output of the transformer.  If a load 

Footnote (1) appears on page 38a. 
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Ru " hp, where p Is the wave resistance of an individual lino, 1« 
n 
placed at the output, then at the load the amplitude of the voltage 

in the absence of distortions increases n times compared to the Input 

voltage. To reduce the frequency distortions of the transformed 

pulse and heighten the transformation ratio up to its ideal value, 

equal to n, the input of the transformer should be separated from its 

output by means of large uncoupling impedances. This is why, to 

increase the inductance, the transformer lines are wound on a coll. 

To increase the transformation ratio, it is also necessary to reduce 

the capacitances and inductances which couple the colls. Therefore, 

the colls are made so that the winding pitch is not uniform, and are 

placed as far as possible from each other. To increase the inductance 

of the coil, one can use ferrite cores or cores made of other ferro- 

magnetic materials.  In this case, however, one must keep In mind a 

reduction of the effective magnetic permeability with an equivalent 

frequency (for more details, see Section 1-1). 

To reduce high-frequency 

distortions, one also makes use 

of coaxial transformer designs 

[18].  In this case, the trans- 

former lines are made in the 

form of n coaxial cylinders 

contained within one another. 

In another version of this con- 

struction, all lines are wound 

around individual cylinders made 

of an insulating material and 

placed in grounded metallic 

cylinders. The sheath of each line forms a spiral with each cylinder. 

Figure 1-6, A schematic showing 
principal parts of a transformer 
built from sections of long lines. 

.-8 
In the case of transforming very short pulses (approximately 

10 "' sec). It is possible to reduce pulse distortion no less effec- 

tively by using ferrite cores which are put on cable sheaths [21J. 
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An advantage of a transformer built on sections of long lines 

Is the relatively uniform distribution of voltage along the lines at 

the output of the clroult and small values of parasitic parameters 

(compared to the ordinary pulse transformers on ferromagnetic cores). 

This makes It possible to transform with small distortions pulses 

tens of nanoseconds In width and hundreds of kilovolts in voltage 

[19, 20]. 

The drawback of this transformer Is that it Is necessary to use 

with It decoupling Impedances whose sizes Increase with an Increase 

of the transformation coefficient. 

a) An equivalent circuit for a transformer built from sections 

of long lines (cables). 

Upon the arrival of the pulse at the output leads of the trans- 

former built from sections of long lines, the sheaths of the lines 

on the output side are at different pulse potentials, i.e., electro- 

magnetic signals begin to propagate from the output of the transformer 

toward its Input along the sheaths and inside the lines. The charac- 

ter and the magnitude of these signals, as well as the form and 

amplitude of the output pjlse, are determined in a general case by 

the number of lines in the transformer, amplitude, and form of the 

input pulse, wave resistances of the lines, mutual positioning of 

the lines, the design of the transformer, and the load resistance. 

If one considers the output end of each cable at a time when a voltage 

pulse arrlvrv, at it as a pulse source of voltage 2E, then the equi- 

valent network used in the analysis of the processes distorting the 

pulse is as is shown in Figure 1-7, o.  In this case, Z and Z_ are 

determined by various transformer parameters when the pulse front is 

analyzed (parasitic parameters) or when analyzing the flat part 

(inductance of the uncoupling impedances), n is the number of cable 

sections.  For Z-. >> nZ, the maximum transformation ratio for the 

network is 
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In an actual case, due to 

parasitic parameters and a finite 

value of the uncoupling resistance 

Z0, both the front and the peak of 

the pulse are distorted.  In 

addition, a certain distortion of 

the pulse depends on the trans- 

mission band of the coaxial cable, 

i.e., the dependence of p on the 

frequency. However, in a majority 

of cases the cut-off frequency 

of the cable (see Section 4-1) is much higher than the equivalent 

cut-off frequency of the pulse, and therefore, distortions Introduced 

by the cable can be neglected. 

Figure 1-7. Schemes for designing 
transformers built from sections 
of long lines. 

a -active r-shaped four-terminal 
network of general type; 

b - r\zn  four-terminal network; 
c - equivalent transformer network. 

b) Transformation ratio. 

Now we shall proceed to analyze the equivalent network. As 

noted earlier, the uncoupling resistance ZQ  can be made in the form 

of a line with a wave resistance ZQ  ■ const or in the form of a coil 
with inductance L whose resistance Z- is a function of time Z  = f(tp). 

In the first case, the transformation ratio of the output pulse 

changes; in the second — there is a voltage drop along the flat 

portion of the pulse. 

Let us consider the first case.  The load resistance may in 

general not be matched with the transformer output. To simplify the 

analysis, we assume that: Z-, Z and Z„ are  ohmic resistances; E is 

the input impulse; Z  is the internal resistance of the pulse genera- 

tor (Figure 1-6).  It is easy to see that the network in question 
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consists of n - 1 active L networks, shown In Figure 1-7, a, loaded 

at the output by the n  four-terminal network, shown in Figure 1-7, b. 

A derivation of the formula for the potential at the load is given in 

[22],  In this case, the voltage at the load is defined as (in a 

general case in the operator form) 

U    u .  -I *-■ /,  ,«\ 

"    >;ii+/-(i-M-,)i-*n'+'.('-Mr 

where 

i'=l+a;+/f(,+aO 

If hyperbolic  functions are  introduced,  then  (1-17) becomes 
simplified: 

«.-apfs^ff- (1.18) 

where f = \gXt . 

From  (1-18)   for ZH ■ • we obtain: 

"**- .    «h(«-')?• (1-19) 
ih/if 

Prom (1-19) for n -»• » we have in the limit Uj. ■ U„        ,  and 

[22, 23] 

UH-max ' *r=T (1-20) 

Figure 1-8, a and b give plots of U../E ■ f(n) for various values 
of the ratio Z-ZZ for ZH 

a nZ and ZH ■ ", computed using (1-18) and 
(1-19), respectively. The functions Uu/E initially grow almost pro- 

portionally to n, and the growth of UH/E for the open-circuit case 

proceeds much faster.  Then the increase slows down, and the functions 
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Figure 1-8.    The transformation ratio as 
a function of the number of lines. 

a - for ZH ■ nZ;  b - for Zu ■ •. 'H H 

tend toward saturation, which can be  found from (1-20).    For each 
specific ratio Zn/Zf there is a certain number of lines n - n    . u opt 
starting at which the transformation ratio UH/E does not  grow appre- 
ciably with an increase in n, and the Increase Is of no practical 
importance.     In accordance with Figure 1-8, a and b,  one can recom- 
mend that n    t be found as a point of intersection of the horizontal 
line drawn at the level of the limiting value of the voltage on the 
load,  UHjmax,  and the tangent to the plot of UH/E at n - 1.     It  is 
easy to show that the equation of this tangent  for ZH ■ nZ has the 
form UH/E - n,   and  for ZH * - UH/E -  2n.     Consequently,   for Z„ - nZ 
C33] 

J   ». (1-21) 

and for ZH -»• » 

(1-22) 

FTD-HC-23-385-7I 25 



c)  Distortion or the peak of  the pulse 

If lines are wound into coils with large numbers of turns, then 

In this case Z will vary in time.  In the approximate analysis of 

the effect of Z- on the pulse form, we can assume that the form of 

the pulse front Is influenced by the capacitance, and the form of 

the peak — by the coll inductance.  Let us assume that we are given 

the coil Inductance L, capacitance C, the time needed for the trans- 

formed pulse to grow from 0.1 to 0.9 of the amplitude value tf. 

Then Equation (1-15) is valid for the upper cut-off frequency fg. 

The inductive and capacitive reactances of the coil at this 

frequency can be found from the relations 

*t~—; (1-23) 

*c-7£. (1-21) 

where J ■ /^T. 

If l^tl^l^cl » then when analyzing the front of the transformed 

pulse, we can neglect the effect of the coil inductance. 

On the other hand, we have Equation (1-16) for the lower fre- 

quency fH of the transformed impulse.  Substituting (1-16) into the 

formulas for reactances X. and X-, we obtain, respectively: 

X^frL/t^X^-fa: (1-25) 

If l^tl^l^cl » then in the analysis of the distortions of the 
pulse peak, we neglect the effect of the capacitance. To simplify 

the analysis, we consider the open-circuit mode of the transformer 

under the Influence of a drop at the Input, U.  ■ E. 
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For the calculation of the pulse peak, we have: 

Z,-L/»:  Z-p, (1-26) 

where p is the wave resistance of the cable;  p is the operator.    When 
making a transition from the operator expression for the voltage on 
the load  (1-18)  to its original,  we obtain,  in view of  (1-26),  the 
following expression for the relative value [22,   23]: 

.WM-^-.+f^*.-^')«. 
(1-27) 

where  t.«"4£^; «-?-   . 

The analysis [30] of Equation (1-27) implies that, with an error 
no greater than 15%  for n <^ 20, the value of the relative drop of 
the pulse. A, for the case Z« ■♦• » can b^ written as 

*-TTJ1 -«P [-0.25./sin^jJ. d.28) 

where f.^j^-j; t=-^- . 

Using (1-28), we can find the Inductance of a coll if we are 
given the number of lines in the transformer n, the width of the 
transformed pulse tp, the wave resistance of the line p, and the maxi- 
mum permissible value of the drop of the pulse peak, A.  In this 
case, we obtain 

L> '"' 
Oln.Alnfl-jr^r)* Cl-29) 

Equation (1-29) shows that the inductance of the coil must 

Increase in proportion to the pulse width, the wave resistance of the 
lines used, and the square of the number of lines (for n > 4), since 
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Figure 1-9. Dependence of the relative 
reduction of the pulse amplitude X on 
the parameter 2*Q ■ Z0/Z for various n. 

a - for an open-circuit transformer Z„ ■ »; 
b  - for a loaded transformer,  Z„ ■ nZ. 

If the condition ZQ/Z  >> 1 is satisfied, then — with an accuracy 
sufficient for engineering calculations —• we ha^e the relation 

Cl-30) 

from which we can determine L. 

In [2^] the value of X has been found following a different line 

of reasoning. According to the analysis given there 

It is assumed that Z0 » • at t ■ 0, and for t > 0 Z0 has a 

finite value. 

The plots of X ■ f(Zn/Z) for various n for Zw • » and Z H JH nZ 

are given In Figure 1-9. 
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d)    Distortions of the pulse  front. 

In calculating the distortion of the front  of the transformed 
pulse  for the open-circuit  mode of the transformer,   we  shall  consider 
the self-capacitance of the winding,   C.    Then 

Z# = ^;  Z^f. (1-31) 

In this case, the voltage at the output of the transformer becomes 

[22, 23]: 

iiM(^3-2«-2(/i-I)exp[-4.lo«1Tjjair]. (i.32) 

where  Ti—f/pC  . 

Assuming the width of the front, t., to be the time needed for 

the voltage to Increase to the level of 0.9 times the amplitude, 

from (1-32) we determine the maximum permissible value of the self- 

capacitance of the coll as 

c< -TTR • ,, ,,. 
»taj-^T (1-33) 

Equation (1-33) Implies that the width of the front Increases In 

proportion to the coll capacitance, wave resistance of an Individual 

transformer line, and the square of the number of lines (for 

1-3. Transformer Based on Coupled LC-Clrcults. 

One of the methods of obtaining high voltages for generators of 

nanosecond pulses involves voltage transformation in a system composed 

of two oscillating circuits LjC, and L-Cp with an inductive couplinp; 

(Figure 1-10).  Nanosecond pulses are generated by connecting C?  in 
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Figure  1-10.     A  circuit  of 
a transformer based on 
coupled  LC-clrcults. 

the  second  circuit  as a   load through a 
high-speed spark gap  (for more details, 
see Section  5-2).    To stimulate oscilla- 
tions   in the  first circuit,   it   is  neces- 
sary to charge C.  to a certain voltage U.. 
After the commutator K is  closed,   the  free 
oscillations that occur are transmitted 
to the I^C- circuit.     In order for the 
transmission  of energy  from the  first 
circuit to the  second to occur with 
maximum efficiency,  it  is necessary that 
the  frequencies of oscillations  in ^he 
circuits be equal.  I.e., 

i 
-/. 

Analyzing the transient process in these circuits without con- 

sidering the losses, we can obtain the following for the voltage on 

the capacitor C-: 

ii, =, - ij. ^Mcw-.t - cm«,*). 

where , = ///£e;: «.«i/j/Tfl; 

(1-3^) 

N    — Is the mutual   induction coefficient   for the circuits; 
t     — is the time. 

The maximum possible value of u- for  fixed circuit parameters 
L and C and  variable   k  will be 

*m~~Ut/f£ (1-35) 
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i.e., the voltage on the capacitor C» is greater than the voltage on 
*  p 

the capacitor C. for C. > C».  If C. ■ n Cpt then at the output the 
voltage will be multiplied n times. 

Equation (l-3iO then implies [31]: 

It (rnF+T** (1-36) 

where  I ■  1,   2,   ...,  •.     For these  values  of  lt  we obtain several 
values of the coefficient  k:     0.6;  0.385;  0.28;   ...;   0.     The maximum 
possible voltage on the  capacitor C-,  given by   (1-35),   corresponds  to 
the maximum coefficient  of energy transmission  from the  first circuit 
to the next.     In the case of undamped oscillations  in the circuits, 
this coefficient  is equal to 1. 

When considering the resistances r.  and rg in the  first and 
second circuit,  respectively,  the output will be  in the  form of damped 
oscillations.    The period of these oscillations, assuming weak damping 
in the circuits, can be determined from (l-3l|).    The magnitude of 
damping can be determined principally by the ratio r/L in each circuit. 
Therefore,   for /.i—«•MII>I)   th«  first circuit has a great effect  on 
the damping of oscillations.    The time until the  first   large maximum 
of oscillations  in the presence of weak damping in tho  circuits  is 
determined approximately from (1-3'*) as 

C~«K(l+»)tiC,. (1-37) 

The  relative decrement  of the amplitude,   X,   is   in this  case 
determined by the quantity 

i.e.,  with an  increase of I   'or a  decrease  of k)   damping tends to 
Intensify.     In this connection,  one must  obtain a  large  value of k 
on the  order   of optimal coupling coefficients   (especially  k ■ 0.6). 
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A transformer based on coupled LC circuits differs conveniently 

from the Marx generator by the absence of a large number of spark 

gaps, and from the ordinary pulse transformer by the absence of the 

ferromagnetic core.  These facts favor this method of stepping up the 

voltage when the generators operate at Increased pulse frequencies. 

Transformers based on coupled oscillatory circuits are becoming 

more and more widespread [31-3^].  In [33] the secondary winding of 

the transformer was made in the form of a flat spiral wound on a 

squirrel-cage carcass.  In this cage the output voltage reached 1 MV. 

The use of the secondary winding in the form of a flat spiral is con- 

venient in that it is possible to obtain a voltage from it which 

varies uniformly from zero on the outer turn to a maximun on the 

Inner one. To reduce the electric field in the transformer, the entire 

block was placed in a deimized water with a specific resistance from 

2 to 10 megaohm-cm. The transformation ratio obtained is approximately 

10. The coupling coefficient is chosen approximately as 0.6. 

Reference [31] presents the theory of the transformer and describes 

the design by means of which it was possible to obtain 1.5 MV at the 

output. However, the coupling coefficient in this case was equal to 

only 0.18. 

On the basis of the calculations given in this section, and 

handbook data on self- and mutual inductances of single-layer coils 

[I'*], one can compute the basic elements of the transformer construc- 

tion, being given the transformation ratio, amplitude of the output 

voltage, and the value of one of the capacitances. 

The basic parameters of the generator of nanosecond pulses can 

be computed using the formulas of Section 2-2 if, as the formative 

capacitor, one takes C-, and as the charging inductance one takes Lp. 

One of the generator."? involving the use of such a transformer was 

described in Section 5-2. 
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1-1.  Transformers with Inhomogeneous Lines 

This type of transformer represents In a general case a section 

of line with linear parameters L and C varying along the length, which 

has at the Input a small value of the wave resistance /L/C, and at 

the output — a large one.  The character of the pulse distortion 

during transformation depends on the type of the Inhomogeneous line 

used (spiral, flat, stepwise, etc.), and on the degree of variation 

of the wave resistance per unit length of the line. 

The simplest transformer made on the base of an Inhomogeneous 

line consists of segments of homogeneous lines with various wave 

resistances. These segments are connected in a cascade one behind 

another as the wave resistance increases. The theory of such a trans- 

former is presented in [2]. The transformation ratio has in this 

case a maximum value if the reflection coefficient, when a pulse is 

reflected from any point of the connection between the lines, is 

held constant. 

The maximum transformation ratio nM is given [2] as 

*"  (i«#-
u*V (1-39) 

where N is the number of line sections; 6 is the ratio of the wave 

resistance at the output of the transformer to the Input resistance. 

Using this type of transformer, a pulse was obtained with an ampli- 

tude up to 1 MV for the front wiJth of 5«10~^ seconds [351. 

The basic drawback of a network composed of homogeneous lines la 

that, when a pulse passes through the line Junction, its front Is 

lengthened.  In addition, it is difficult to produce a set of line 

sections with various wave resistances, determined by the condition 

of a maximum transformation ratio.  In devices of this type, the 

basic pulse on the load is followed by additional pulses If the 

pulse width Is less than twice the transition time of an electromag- 

netic signal over a line section.  If the pulse width Is greater 
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than Um Interval Indicated, then a pulse of stepwlse form will be 

obtained as output.  The envelope of the pulse is approximately 

determined by an analysis of a distributed inhomogeneous line, 

described below. 

If the number of line sections is increased to infinity, in the 

limit reducinp; the length of each segment to zero, then a distributed 

Inhomogeneous transformer line is obtained. The theory of such lines 

is most completely presented in [36, 85].  Such lines have found use 

both in transformation and as generating and correcting pulse net- 

works [36, 37] for microsecond and nanosecond pulses.  An advantage 

of transformers built from inhomogeneous lines Is a considerable 

reduction of their geometrical size with a simultaneous decrease of 

the transformed pulse width.  The basic distortion of the pulse in 

the transformer is manifested in the form of a gradual drop of the 

flat part. The value of the drop, X, expressed as a percentage of 

the pulse amplitude, can be found from the relation [6] 

where tp is the width of the transformed pulse; T0 is the delay time 

for the pulse in the transformer line, determined by its length; nT 

is the transformation ratio.  This property of an inhomogeneous line 

is used for transforming with a simultaneous correction of pulses 

with a smoothly increasing flat portion [2, 36]. 

Kquatlon (1-^40) implies that, in order that the decrement of 

the flat portion of the pulse be small, it is necessary to reduce the 

width of the transformed pulse, to Increase the delay time of the 

Inhomogeneous line, T0, and to decrease the transformation ratio.  If 

one desires to increase the output voltage several times, keeping X 

and tD constant, then in accordance with (I-'IO) the minimum delay time 

for the lino increases and so does its size, and the use of a trans- 

former on ordinary inhomogeneous lines may entail difficulties.  In 

this  case, one uses transformers with spiral inhomogeneous lines 
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C2, I, 39, 120].  The transformation ratio for transformers with 

spiral Inhomogeneous lines usually does not exceed ^ due to larp;e 

distortions of the front of the pulse 

1-5.  Autotransformer Made of Foil Winding 

Martin and Smith [^0] proposed a pulse autotransformer design 

that would generate high-voltage pulses of amplitude about 1 MV.  The 

design is distinguished for its simplicity and exceptional compactness. 

Windings of the autotransformer are made of copper foil strip 80-100 

microns in thickness which narrows down toward the ends, as shown in 

Figure 1-11. D and C are the primary leads, and A and B — secondary 

leads. Before the foil is twisted into a cylinder, it is covered 

with an insulating layer made of polyethylene or lawsan, and the 

etched spots are filled with absorbing paper. The paper thickness Is 

chosen equal to the foil thickness. Then the foil strip with insula- 

tion is wound around a cylinder made of insulating material. The 

cylinder with foil is placed in an evacuated volume, and then is im- 

mersed in a degassed CuSO^ solution. The copper sulfate solution 

plays an important role, since with its relatively high specific 

resistance (up to 10 ohm) it makes it possible to obtain a uniform 

distribution of magnetic field Intensity. 

Figure 1-12 shows various versions of autotransformer circuits 

C^O]. The autotransformer design discussed corresponds to Version 3 

in Figure 1-12.  An equivalent network for a pulse autotransformer, 

with values divided by the number of turns in the primary winding. Is 
2 

given in Figure 1-13. where C^  is the reservoir capacitor; C-n is 

a recalculated load capacitance; L» is the commutator inductance; 

Lr  is the reservoir capacitor inductance; L^ is the stray inductance; ^ - P 
L2/n    is the recalculated load inductance; L,  is the line inductance; 

Lj is the Inductance of the primary winding; n is the transformation 

ratio. The stray inductance is defined according to the formula fJO]. 

t,= *3f—^-.henrys, (1^1) 
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Figure 1-11.  Configuration of winding 
made of foil with superimposed 
insulation. 

1 - insulation; 2 - foil tape. 

on sec Um*   too kV 

—rmttm 

to cm 

Figure 1-12.     Dependence of the front width 
t- on the value b „„ at  fixed transformer i max 
parameters  for autotransformer versions 
1,  2,   3. 
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Figure 1-13.  An equivalent auto- 
transformer network. 

where A Is the total winding 

thickness, cm; b   and b .  are 
*   *  max     min 

the maximum and minimum foil 

widths, cm; r Is the radius of 

the winding, cm. 

The coefficient k is deter- 

mined by the network showing how 

the autotransformer windings are 

coupled (Figure 1-12). For 

network 1: k ■ 1; for network 2: 

k » 2; for network 3: k ■ 0.5. 

The Inductance of the primary winding can be found from the 

formula 

»■•Ü (1^2) 

Without taking L-Zn into consideration, the ratio of the output 

voltage to the input voltage is given by the formula 

t; £*-= i,'7iL,-L,)C, 
"ÜT (t.+ i. + J.c + L,) («?. + it^- (1-^3) 

The width of the pulse front is given by the formula 

t.-'l^ + L.+t'c + ^ffirN (1-^) 

Reference [^0] 

for the three versions of a 

generator with an autotrans former for fixed parameter;-: 

The formula is valid for 2r > bmav and r >> A. max 
calculates t- as a function of bmÄ- f max 

n 

' 0.5 MF; L - I-IO"9 henrys; Cp - 900 pF; Uln 

• U'10"9 henrys; A ^ 1.5 cm; Uout - 800 kV; Lj 

16. 

50 cV; 

6*10  henrys; 
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«0 MO       an sec 

Figure l-Hl.    The output voltage 
U    t  and the time t- as func- out i 
tlons of r and b 

The plots obtained are shown 

in Figure 1-12.  Figure l-ll 

gives the plots of the maximum 

output voltage in Kilovolts and 

the time of voltage rise, tf, as 

functions of r and bM<ov for fixed max 
values of the following parameters: 

C,   -  0.25 uF;  C2  -  900 pF;   L^  - 
10      henrys;  L^ ^.10 -9' 

henrys;   L. ■ 2«10-9 henrys; c 
A ■ 3 cm. 

max 
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FOOTNOTE 

1. on page 20.    The length of the fro.   .rresponds to an Ideal 
voltage 'ump  at the traasformer Input. 
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CHAPTER TWO 

GENERATORS OP NANOSECOND PULSES OP HIGH VOLTAGE 

There are two basic principles of designing high-voltage nano- 

second pulse generators.  In the first case, given pulse parameters 

(front, width, decline, and flat part) are obtained by reducing 

parasitic parameters of the discharge circuit to desired values and 

by using high-speed commutators.  In the second case, first a high- 

voltage pulse Is produced without strict requirements as to Its form 

followed by Its transformation. The transformation Is achieved with 

the aid of low-Inductance reservoir capacitors, peaking discharge 

circuits, and nonlinear elements. This principle Is ordinarily used 

to obtain voltage pulses of 10 V and more with the front on the 

order of 10 '  seconds. To obtain a starting high-voltage pulse, one 

can use any method of obtaining high voltage pulses, including th ;e 

involving the use of step-up transformers, described in Chapter I. 

2-1. Marx Generators 

To obtain voltage pulses with an amplitude up to 10 V and more, 

one often uses the Marx circuit (Pigure 2-1).  The circuit operates 

basically as follows. Several capacitors (in general n) of capaci- 

tance C each are connected in parallel, and are charged through a 
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resistance R, ami charging resistances R_ by a direct voltage source 

to a voltage U .  If all spark gaps are closed simultaneously, tnen 

the capacitors C are connected in series, and a voltage pulse with an 

amplitude close to nlL flows through the resistance R . The resis- 

tances R0 are selected subject to the condition R-C >> t  (tp is the 

pulse width).  In its turn, the pulse width tp is determined by the 

value of the capacitance at "pulse breakdown", C/n, and the 

resistance R . The resistances r are necessary to damp the oscilla- 

tions at the pulse peak, and the resistance R« and capacitance Cf are 

included for pulse front correction. 

Usually, to initiate a discharge In the first spark gap P., one 

uses an additional electrode or ionizing radiation falling on the 

gap and the cathode.  All the other spark gaps are discharged conse- 

cutively as a result of the surge in the spark gap. It is important 

to note that the breakdown and the maintenance of discharge in spark 

gaps are possible in the presence of parasitic capacitances, one of 

which, C^, is shown in Figure 2-1. The parasitic capacitances must 

be able to support the development of a discharge until the next 

spark gap suffers a breakdown and discharges into a load. The pro- 

blems involving the design of charging and discharging systems and 

the determination of pulse parameters for the case when the Marx cir- 

cuit operates in the microsecond range have been analyzed in detail 

in [3, m. 

To Increase the voltage on one step of the Marx circuit to 2U.. 

and thus to Increase the output pulse amplitude to 2nU., one uses a 

pulse voltage generator circuit with a two-sided charging arrangement. 

In this design, the capacitors are charged using both semiperiods of 

rectified voltage. 

ra 

IBLldiiHMF':? 
Figure 2.1.  Diagram showlr.g the principle of the 

Marx generator. 
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a)  Equivalent network for the discharge circuit of a pulae 

voltage generator. 

An equivalent network for the discharge circuit of the generator 

la shown In Figure 2-2.  Here C0 ■ C/n Is the capacitance at break- 
down, U- ■ nU Is the output generator voltage; C and U are the capaci- 

tance and voltage of the pulse voltage generator step; n Is the number 

of the pulse voltage generator steps; L Is the Inductance of the dis- 

charge circuit; CH and RH are the capacitance and active load resis- 

tance; P.^ Is the nonlinear resistance of the commutators; R- is the 

active resistance which Is sometimes Included to damp off oscillations 

at the pulse peak; K Is a key corresponding to an Ideal commutator. 

Depending on the specific 

conditions (pressure in spark 

gaps, dimensions of the circuit, 

working voltage, load character), 

the value of this or another 

circuit element can be neglected. 

We shall assume that gaps are 

broken down under conditions 

close to static.  Then the spark 

resistance R  for a single spark 
sp2 

gap, according to the spark theory 

by Rompe and Welzel, can be written as [1, 42]: 

Figure 2-2. An equivalent network 
for the discharge circuit of 
the Marx generator. 

*.(') = 
p* 

la f M (2-1) 

where p Is the gas pressure, at; d is the gap width, cm; 1 is the 

current. A; t Is the time, sec; a is a gas constant.  For the air and 
2 2 

nitrogen, the value of the coefficient o«(0,8-l) atm cm /V sec [43]. 

At a constant gap breakdown voltage, we have pd » const (Paschen's 

law).  Therefore, for U ■ const, as the gas pressure increaseb, the 
spark resistance grows smaller.  The spark resistance cannot generally 

be neglected in determining the amplitudes and pulse widths.  If one 
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falls to consider the effect of L and C  on the pulse parameters 
H 

(then also the resistance R. cannot be considered), then taking the 
spark resistance Into consideration according to (2-1) the pulse 
amplitude will have the form [M]: 

and the pulse width at half height for B ^ 20 will be 

where Ä-= A.C.'«: • .^2^/',Vir.:.  If B >> 2e, then the effect of the spark 
on t«^ will not be apparent, and t«. % 0.7 R„Cn. sp rr * sp       H 0 

The pulse front width tf can be more conveniently defined here 
as the ratio of the pulse amplitude to the maximum curvature of Its 
front.  For B ^ 5 the value of tf  can be found [M] from the formula 

»-I 3,3» 

'-IT9     i-r{A)—' C2-'*) 

where A • L/eR  .  L Is the Inductance of the discharge circuit, 
n 

For 0 ^ A < 25 the function 4 can be found [1] using the empirical 
formula 

<rM) «0.157-4-O.OIO8.^»-)-O.00OI7i4,. (2-5) 

Formulas (2-2) - (2-4) Imply that the amplitude, front width, 
and pulse width depend not only on the discharge circuit parameters 
R, L, C, but also on the value of 9 which will be called the spark 
time constant.  The smaller the value of 6, the larger the pulse 
amplitude, the shorter its front and width. At constant voltage 
U0 -V pd, we have 9 ^ p" .  Consequently, the higher the gas pressure, 
the smaller the value of 9.  In the air at atmospheric pressure and 
d % 1 cm, we have 9 % nanosec, i.e., the pulse front width according 
to (2-5) even in the absence of inductance (L ■ 0) cannot be less 
than 10 nanosec.  Consequently, to obtain pulses with nanosecond 
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front widths. It Is necessary to place the spark gaps In a compressed 

gas. 

At high gas pressure, the value of e becomes so small that the 

spark gap can be considered an Ideal switch. The pulse front Is In 

this case determined only by the parasitic parameters of the dis- 

charge circuit, L and C„.     If one neglects the effect of C», then 

the pulse front width between the levels 0.1-0.9 of the amplitude 

will be tf - 2.2 L/RH.  If RH>2yCfÜ'a ,  then the pulse width at the 

half height will be 0.7 Rj^o* Consequently, to obtain the pulse 

front on the order of 10*9 aec, it is necessary that the Inductance 
_Q 

of the discharge circuit, L, not exceed 10 ' RH henrys.  For RH % 

100 ohms, we must have L < 10  henrys. The inductance of the dis- 

charge circuit, L, is essentially determined by the dimensions of the 

generator. The latter, for a given value of the pulse amplitude, are 

determined by the insulating strength of the medium in which the 

generator is located.  To increase the insulating strength of the 

medium, it is necessary to place the entire generator in a compressed 

gas atmosphere, since in this case we obtain a simultaneous reduction 

of the values of 9 and L for the discharge circuit of the generator. 

b) Short pulse generators made on the basis of the Marx 

circuit. 

Several versions of Marx high-voltage nanosecond voltage pulse 

generators are available.  One of the first was a ^00 kV generator 

built by Schering and Raske [25]. To reduce the switching time, the 

spark gaps were placed containing carbon dioxide at 13 at. pressure. 

The generator consisted of five stages, each stage containing two 

50 kV capacitors connected in series.  Low-inductance plate capacitors 

were built out of a large number of aluminum foil sheets with paper 

insulation connected in parallel. To reduce the Inductance of the 

discharge circuit, the capacitors were connected in a "zig-zag", 

forming at discharge a bifilar conductor.  The generator produced 
Q 

375 kV pulses with l.l-lO  sec front width. 
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In the second version of the generator, coaxial lines were used 

as reservoirs In order to reduce the Inductance of the discharge 

circuit of the nanosecond pulse generator. This type of generator, 

involving six coaxial lines, was used to obtain 80 kV rectangular 
-8 pulses whose width was 0.8 mlcrosec and front width was 10~ sec . 

A description of this generator was given In [3, '•S]. 

In Clö] keep-alive electrodes wore placed in the spark gaps to 

reduce the formation time of a nanosecond pulse generator. 

We know that the stability of the spark gap operation depends on 

the intensity of the ultraviolet radiation incident on the cathode. 

To increase the stability of spark actuation of nanosecond pulse 

generators, the study [47] proposed shunting the first spark gap of 

the generator with a capacitance whose value is comparable with the 

capacitance of one of the generator stages.  In this case, intensive 

radiation from the powerful spark forming in the first gap has the 

effect of considerably shortening and stabilizing the breakdown of 

all the consecutive spark gaps. 

The work [48] describes the Marx generator in which 160 stages 

were used to obtain 2 mV 50«10"^ sec pulses. The capacitors of each 

stage had a small self-inductance.  To reduce the size and the gap 

breakdown time, the generator elements were placed in a compressed 

gas. 

Reference [49] contains a design for a small-size, high-voltage 

nanosecond pulse generator in which the inductance of the discharge 

circuit was made small by placing the entire structure in compressed 

gas.  The generator was used to power a spark chamber, and consisted 

of ten Marx stages placed in a cascade. The generator produced a 

pulse with a front and decline of 2 nsec. The pulse amplitude was 

up to 200 kV.  The lag between the application of the triggering 

pulse and the formation of the output pulse was about 10 nanoseconds, 

and its time scatter was no more than 1 nsec. The discharge circuit 

of the generator is given in Figure 2-3, a.  In contrast with an 

FTD-HC-23-385-71 44 



oJllliO o-i- 
I 

a« 

Figure 2-3. 

a - Schematic dia- 
gram of a generator 
discharge circuit 
with coupling 
capacitors; b - 
design diagram of 
a short-pulse generator. 

1 

b, 

ordinary generator clrcu t, a 

coupling capacitance C Is 

used here in addition between 

the individual generator cas- 

cades. The capacitances make 

possible significant acceler- 

ation of the spark gap break- 

down process.  In this case, 

we must have C0 >> C >> C , 

where CQ IS the capacitance 

of an Individual generator 

stage. C Is the gap capaci- 

tance. For C," 0 In the c 
case of breakdown of the first 

generator gap. If one neglects the breakdown time, a parasitic 

pulse of peak form will appear on the load. 

After such a pulse appears on the load, each of the remaining 

unpunctured gaps Is charged up by Af/,**^-*^ , where n Is the number of 

gaps, U0 Is the voltage of one generator stage. It can be shown that, 

after the breakdown of each consecutive 1  gap, the n - 1 remaining 

ones are charged up by an Increasing amount ^ = 7^7 * and the time 

constant of each charging process Is t=^» , where R Is the load 

resistance.  This Implies that the voltage surge at each of the 

remaining gaps, assuming a large number of gaps, n, and a small 

number of discharged gaps, 1, will be Inconsequential, and as a 

whole this will result in large delay times between breakdowns. 

Introduction of the coupling capacitors, C , makes it possible to 

transmit a 100%  voltage surge to the second gap, no matter what the 

number of cascades is, assuming discharge occurred in the first gap. 

To eliminate statistical fluctuations of the gap breakdown delay time, 

use was made of an auxiliary corona discharge from spikes which 

were placed against discharge gaps, and thus provided a steady supply 

of free electrons at the cathode.  The diameter of the spikes which 

produced a corona discharge was approximately 0.01 mm, and the 
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corona current did not exceed a value on the order of 1 gA.  Poly- 

styrene was used as a dielectric In the coupling capacitors, and 

barium titanate served In the same capacity In reservoir capacitors. 

The corona-producing spikes were placed between the spark gaps, and 

the latter were placed so that they would irradiate each other at 

breakdown.  The entire device, together with spark gaps and charging 

resistances, was placed in nitrogen at 7 at.  In the generator under 

consideration, the breakdown time of all gaps is much less than 

the length of the transient provess in the circuit. This case 

corresponds to the equivalent circuit of Figure 2-3, b in which all 

gaps were replaced by an ideal switch K,; L, is the total inductance 

of all sparks and capacitors; CQAI ■ C. is the capacitance at break- 

down; C, is the capacitance of the load; R is the load resistance. 

The source voltage U is in this case determined by the formula 

An analysis of the above connection scheme does not entail too 

much difficulty. To obtain rectangular pulses, one can use a cut- 

off discharge circuit.  For analysis of this case, one must include 

Cp and R, connected in parallel, and the inductance of the spark gap, 

L2 with the switch. Kg.  A design analogous to the generator described 

is given in [50].  This generator was used to Investigate the opera- 

tion of streamer chambers. 

The study [51] gives a design for a 100 kV pulse generator 

(Figure 2-^). To stabilize the gap breakdown, use was made of a 

light g'.Id« formed by chamber walls with a reflecting cover 1.  High- 

voltage ClOO pF, 30 kV) barium titanate capacitors, 2, were placed 

in a cylinder of organic glass, 3, and attached with nylon screws, ^. 

The cylinder walls had through slits for admitting ultraviolet radia- 

tion and for providing access to the electrodes.  The capacitors were 

charged through charging resistances, 5.  The electrodes 6 were made 

of polished bronze hemispheres which were attached to the capacitors 

with brass threaded rods for clearance adjustment.  A tungsten keep- 
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Figure 2-4. Design of a small- 
scale generator. 

alive electrode passed through 

an opening In the flange of the 

chamber, so that Its end was 

flush with the level of the 

Inner surface of the flange. 

The nitrogen pressure In the 

chamber was approximately equal 

to 3 at. The pulse front had 

the width of 3 nsec on the ohmlc 

load. 

The basic advantages of small-scale generators are seen to 

Include: reliability of operation» high triggering stability, 

small width of the pulses generated. 

2-2. Generators Charged by Marx Circuits 

a) Enlargement of the pulse front curvature In the Marx 

circuit. 

Analysis of the Marx discharge circuit Implies that the pulse 

parameters are, even at high gas pressure In the discharge circuit, 

determined by the Inductance of the discharge circuit and the load 

capacitance. To eliminate the effect of these factors on the pulse 

front. It Is necessary to Include an Inductance-free capacitor of 

capacitance C- between the high-voltage electrode of the cut-off 

discharger of the nanosecond pulse generator and the ground [52]. 

The operation of the circuit (Figure 2-5, a) Is based on the pulse 

charging of the reservoir capacitor Cp followed by Its discharge 

through the gap Pg Into the load R«, 

Let us assume that the reservoir element Cp Is charged suffi- 

ciently long, so that — after all the dischargers of the generator 

are punctured — the switching process In them Is practically finished, 

With a fast breakdown of the cut-off gap P2 and a small value of the 
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NOT REPRODUCIBU 

Figure 2.5. a - Marx generator with 
an Inductance-free reservoir capaci- 
tor; b - design diagram of the gen- 
erator. 

Inductance Lp as compared with the Inductance L,, the pulse on the 

load R„ will be Initially primarily determined by the parameters 
L2» C2*  RH and the gap sPark resistance Pj, and then by the parameters 
of the generator discharge circuit. The equivalent circuit for the 

device Is shown In Figure 2-5, b. The closing of K, and K- corres- 

ponds to the breakdown of the gaps P, and Pj. The resistance R., 

Is equal to the sum of the residual resistance of the spark gaps P,, 

resistance of the busbars, equivalent loss resistance In the capaci- 

tors C and Cp, and damping resistance.  To simplify the analysis of 

the circuit, we assume that the pulse front Is determined — due to 

the effect of the shunt capacitor C- — only by the parameters of the 

discharge circuit 2 (L«, Cp, Rdp, RH, C«) and the spark resistance, 

and the peak and amplitude of the pulse — by the parameters of cir- 

cuit 1 and R„.    This assumption Is valid only when, during the forma- 

tion of the pulse front, the capacitance Cp falls to discharge Itself 

to any great extent Into the ^.oad R™.  An analysis of the transient 
process In the discharge circuit 2, taking Into account the nonlinear 

spark resistance In the gap Pp, Is complicated.  Basic design 

relations, given at the beginning of Section 2-1, can be used to 

estimate the pulse front width. 
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Below, we   give   an analysis of the double-circuit network of 
Figure 205, b,  taking into account the above assumptions.     In many 
cases the capacitance at breakdown of the nanosecond generator Is 
C/n >> C«.    Therefore, in the analysis we can replace it by a source 
of infinitely large power.    When the switch K,   is closed, the 
voltage U    on the capacitor Cp and the current  1 in circuit  1 are 
determined as  follows 

t/e (0 - t/r [ I - *"" (cos-f-f-i"sin-^)]: 

"'> = #«•"'• (2-7) 

where Ü ■ nUQ  is the voltage obtained from the open-circuited Marx 

network. 

C53]: 

After the key Kp is closed, the voltage on the load will become 

M#.^(,_!!d"g*=l^*N.-iij. (2.8) 

where 

*f = -J3J ft 
(I +t) Wc (t,)+U,]-U [ jj BUC (/,) + /«,) Ä, J 

t^ is the delay in the closing of key Kg after K, has been closed. 

Let us consider some cases that are moat interesting from the 

practical point of view. 

1.  Let us set ^j,3 K 2J-^. tt — ao  .  Then the voltage on the 

capacitor Cg will practically monotonlcally increase to U (overshoot 
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at the peak la less than W).    The second condition means that the 

key K2 Is closed when the voltage on Cp is stabilized. One should 

not allow the process to be completely aperiodic, since this leads 

to an IncrBase in R. and a reduction of the amplitude of the output 

pulse.  A plot of the voltage h ■ uH/nU0 on the load versus time is 
given in Figure 2-6, a. 

The voltage on the load under steady-state conditions, Uj., 

according to (2-8) has the form u„    ■ U /d. Using the value of 

UHOD from (2-8), we can write 

To obtain a pulse whose form would be close to rectangular, the 

value of u„ must be close to U ■ nUn. For example, for u» > 0.9 U„ n00 g    w n" —     g 
the parameter B >^ 162.  The voltage pulse has oscillations at the 

top.  Therefore, to have a comprehensive concept of the function 

UH(T) It Is necessary in addition to know the voltage UH „ at the 

nearest minimum point which Is determined from the condition du„(T)/dT 

« 0.  Then from (2-8) for B > 100, we obtain the ratio of the dip 

to the overshoot 

lr="ö^=v^Ä'0'07• 

i.e., the voltage stabilizes with practically no oscillations. 

2.  Now let us consider the case when R,, - 0, t- ■ ». 

The condition R., ■ 0 determines the oscillatory mode in circuit 

1, and the condition t- = » postulates a controlled breakdown of 

the gap Pp after the transient process ends in circuit 1.  From (2-8), 

we obtain 

".(^(i-^-'H- (2"a0, 
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Figure 2-6.  Normalized vojtagc- 
on the load h ■ LU. /nU0 as a 

function of normalized time x 
with the generator under various 
operating conditions. 

a - for » =1/^.',-«; b - for 

dl o.», = « ; c .- for »«-••'»-■Br 

(curves 1, 2, 3 correspond to 
e<i. o-i and «>') }  d - for 

i.e., after K2 Is closed, we 

obtain an oscillatory form of 

the pulse on the load (nee 

Figure 2-6, b).  If we arc 

given a certain value of the 

voltage drop A 

Ug at t - %p 
TsiB) from (2-10).  These 

functions are plotted In Figure 

2-7, a (*-£/.. .^^-fcA  Prom 

the plots of TgJB), we can find 

C2 If we are given tSp, A, R., 

we can find 

and L,. 

B — l.e 

With an Increase In 

., with a decrease In 

L, and Increase In C- the 

magnitudes of the dips grow 

smaller. Therefore, It Is 

desirable to Increase the capa- 

citance C. The value of L, '2*      i-llt-   VCU-U^   Wl   AJ-] 

Is usually limited by the self- 

Inductance of the generator 

discharge circuit. 

3.  If Rdl - 0, t3 » TI/2U,  then the key K2 will be closed when 

the current in the first circuit attains a maximum. 

Then (2-6) and (2-7) Imply that 

Formula (2-8) gives the following expression for the voltage 

on the load; 

«, = i/r [ I-f-i^-(^ - 1) sin ».T]. (2-11) 
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where «i - p IT w    for Ä>-~ ; for fl<-i- sin becomes sh.  Plots of 

the voltage on the load for B < 1, B ■ 1 and B ;• 1 are given in 

Figure 2-6, c. 

To obtain pulses of width t8pless than the time until the first 

maximum (or minimum), tM, at the top of the pulse, one should not 

limit the value of the overshoot by |AM| <^ 0.1.  In this case, the 

region of the permissible values of the parameter B Js extended. 

When calculating the generator parameters to obtain the minimum value 

of C2, it is necessary to take the smallest va1ue of B for a per- 

missible value of the amplitude of oscillations at the top of the 

pulse. Therefore, in practice one takes C-.  For this case Figure 

2-7, b gives plots of B(T ■ T ) according to Equation (2-11) for 

a permissible relative voltage drop A ■ const when A < A... The 

graphs in Figure 2-7, b make it possible to determine the value of 

the capacitance Cp if we know the values of the parameters L, , RH, 

A and t .  if, in the course of calculations, it turns out that 

t > TM, then one can decrease the parameters B, without at the same 

time reducing the voltage A. 

It will be noted that, in the operational mode of the trans- 

former that we are considering here, a considerable portion of the 

pulne energy comes directly from the basic source — the discharge 

capacitance of the Marx generator through the inductance L,. This 

makes It possible to considerably reduce the necessary value of Cp 

as compared with the previous cases. 

k.     Let  us consider the most interesting operational mode of the 

Marx circuit when R., ■ 0, and t, » ir/u. 

This case corresponds to the closing of the key K- when the 

voltage on the capacitor Cp readies a maximum, i.e., when U (t^) ■ 
2U .  When Kp is closed, a voltage is applied to the load which is 

twice the operating voltage obtained from the Marx circuit. Then, 
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as the capacitor C, Is dlscharciod, 

the voltage on the load falls 

off.  The pulse form can be 

computed from a formula that can 

be obtained from (2-8) by netting 

to * TT/WT , Rj-, ■ 0; '1 'dl 
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Figure 2-7.  Plots of the para- 
meter B vs. T. 'sp. 

a - for * • » 
al 

*dr0, ••■« • 

/*'.' b - for 

The plot of the variation of 

voltage on the load is shown in 

Figure 2-6,d.  If we assume that 

T/2B » const, then with an In- 

crease in B, the value of the 

voltage drop A, as implied by 

(2-12), will increase. This 

means that, with a decrease of 

L,, the voltage on the capaci- 

tance Cp falls off faster. 

Therefore, to reduce the drop in 

the pulse peak a choke coil with 

high Inductance is included in the discharge circuit of the gener- 

ator.  If L-, ■»■ •, then for fixed values of t, RH, and Cp the value 

of the drop A=" „To)   tends to a minimum.  In practice, we are 

usually given the parameters t, A and R„, and the value of C- Is 

then computed.  If t, A and R„  remain uncnanged, and L-, -•■ », then 

In this case Cp tends to a minimum 

r  ~  __L_. 
(2-13) 

However, the decrease of Cp with an increase in L-, occurs 

nonunlformly.  First Cp falls off rapidly, and then more slowly. 

Therefore, the inductance L, should be restricted to a certain 
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reasonable  Interval at whose  limit  Cp still decreases  substantially 

with an  increase  in L,.     Under the  condition that  A  <_ 0.1,  and  C0 

la determined  from  (2-13),  the  Inductance  L,   can be  found  from the 

formula 

1,-2.5/?,,/,,. (2-1*) 

It will be noted that the operational mode of the Marx circuit 

which we have Just discussed is a particular case of stepping up 

voltage by means of a cascade connection of LC circuits (see Section 

2-5). 

5.  If C/zi^C. /.-r'«,. «,= ^27^1^; flj^O , then Uc - Uc ^ % Ug, 

i.e., at t ■ t-, the electric energy stored in the discharge capaci- 

tance C/n goes into Cp. After the key Kp is closed under the condi- 

tion that RuCp << t^, practically the entire energy stored in Cp is 

released on the load RH. The plot of the voltage on the load is 

?iven in Figure 2-6,b.  Complete utilization of the energy stored 

in the Marx circuit will occur under the condition that 

Lt^bRJ,. (2-15) 

b)  Design of generators. 

The Marx generators containing a reservoir capacitor, given in 

[52], have found wide use [5^-56].  A description of the first such 

generator with a voltage of 150 kV and the front width of 5*10  sec 

is given in [53» 5^]. The generator consisted of five stages; each 

stage consisted of two KBGP 0.01-uF 15-kV capacitors charged on both 

sides. To reduce the size of the inductive discharge circuit of the 

nanosecond generator, each KBGP capacitor was shunted off by the 

inductance-free KOB-3 capacitor.  Use was made of the first opera- 

tional mode, described above. The value of C- was determined for 

given R.{, A, t  and experimentally determined L-,. 
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To reduce the Inductance of circuit 2 (Figure 2-5, b), a coaxial 

capacitor Cp was made (Figure 2-8). The resistance R„ wa:-. placed 

along the axis of the capacitor (Figure 2-5,b).  The resistor- La In 

the form of a glass tube ^ with a water solution of NaCl (Figure 2-8). 

Transformer oil 3 served as a dielectric.  In this case, the height 

of the capacitor was chosen such that waves were not allowed to form 

in it (as in a coaxial line), 

since they would have the effect 

of distorting the front.  The 

height of the capacitor Cp was 

20 cm.  The voltage pulse on the 

load had strong oscillatory 

components due to the inductance 

Lp ■ 0.3 microhenrys and capaci- 
tance CH ■ 5 pF.  It was not 
possible to eliminate these 

oscillations by increasing the 

resistance R^  (tube filled with 

water) due to the presence of a 

capacitance shunting R^ off. 

The oscillations were eliminated by increasing the spark ret^jtance 

in the discharger Pp (see the diagram in Figure 2-5,a) by lowering 

the air pressure or increasing the degree of Inhomogeneity of the 

field at the electrodes of the spark gap Pp [5^, 55].  In the gener- 

ator design under consideration, the spark gap Pp consisted of two 

electrodes in the form of sharp points. This type of spark gap design 

eliminates oscillations at the top of the pulse.  Figure 2-9 shows 

oscillograms of pulses obtained from nanosecond pulse generators: 

without using auxiliary capacitances (a); with the KOB-3 capacitors 

and absence of Cp (b); with the KOB-3 capacitors and Cp ■ 150 pF (c). 
In osclllography, use was made of an ohmlc voltage divider consisting 

of the resistance RH and RK-1 cable along which a pulse was passed 

to the plates of the oscillograph. A design of a 500 kV pulse gener- 

ator, operating according,to a similar scheme, is also mentioned In 

[50]. 

Figure 2-8.  Construction of the 
Inductance-free capacitor. 

1 - capacitor plate; 2 - screen; 
3 - transformer oil; ^ - load. 
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Reference [56] gives a description of a 500-kV 1.5 nsec-front 

voltage pulse generator. The basic elements of this generator were 

selected, starting from the condition that the voltage be doubled at 

the output of the generator. Glycerin, which is a liquid with the 

dielectric permittivity c ■ ^0, was used as a dielectric in the 
reservoir capacitor C-. By means of a brief puncture of Cp under a 

high pulse voltage (only during the discharge of the nanosecond 

generator) it was possible to considerably reduce the size^ ' of the 

reservoir capacitor Cg and the spark chamber Pg which was designed 

to contain that capacitor. 

Figure 2-10 shows the composition of the generator.  An induc- 

tance-free capacitor 3 consists of two cylindrical plates, with a 

space filled with glycerin. Its capacitance is 1 nanofarad. The 

working capacitance of a nanosecond generator 1, used as a charging 

device, is 12.5 pP, and the voltage is 150 kV.  The inner plate of 

capacitor 3 serves as a housing for the spark chamber 4, in which 

a switching spark gap is located in a nitrogen atmosphere at the 

pressure of 16 at. Due to the presence of seals, the distance 

between spark gap electrodes can be regulated without disturbing 

the pressure level in the spark chamber. 

The transmission line 5 with a 100 Ohm wave resistance and 

length of 4 m consists of a 0 80 mm brass tube filled with transformer 

oil, and the center wire 8 mm in diameter. When capacitor 3 is 

connected to the Marx generator output through inductance 2, the 

capacitance at "breakdown" is discharged in an oscillatory manner. 

The amplitude of the first oscillation exceeds the operating voltage 

of the generator not by a factor of 2, but only by a factor of 1.7. 

The authors claim that, out of 30%  lost voltage, B%  is due to the 

finite value of the generator capacitance at breakdown, and the 

remaining 22%  is due to the damping of oscillations as a result of 

the conductivity of the glycerin capacitor. 

Footnote (1) appears on page 82. 
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Figure 2.9. Osclllograms of 
pulses obtained using a Marx 
generator. The frequency of 
the calibrated signal was 100 
MHz. 

The spark gap inside the 

chamber was regulated to achieve 

a breakdown at the maximum of the 

first oscillation, i.e., in order 

that the amplitude of the pulse, 

propagating along the transmission 

line, be 1.7 times greater than 

the amplitude of the charging gen- 

erator pulse.  The voltage at the 

open end of the transmission line 

was doubled, and was 3.^ times 

greater than the voltage of the 

charging generator. The output 

amplitude of the pulse was 500 kV. 

Figure 2-10.  Generator of 500 kV nano- 
second pulses. 

To regulate the width of the pulses supplied to the load, a 

cut-off spark gap of the tri atron type was developed, which was 

connected into the coaxial line. The spark gap was filled with 

nitrogen at 10 at.  A keep-alive electrode was placed in a spherical 

electrode which was grouuded. The center wire of the line served as 

the high-voltage electrode.  The spark gap cavity was separated from 

the line cavity by plastic bushings.  The design called for regula- 

tion of the clearance between the high-voltage and grounded electrodes. 

The spark gap was triggered by supplying a pulse produced by the 
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first stage of the Marx generator to the keep-alive electrode. If 

the basic pulse had a voltage of 500 kV and width of 10 nsec and 

was of positive polarity, the scatter of the spark gap actuation 

time was about 1 nsec. The results of studying the operation of 

cut-off spark gaps for the nanosecond pulse-width range are also 

given in [158]. 

To obtain 1 mV voltage pulses with the front width of approxi- 

mately 5 x 10 ^ sec, instead of line 5 (Figure 2-10) it is possible 

to use a transformer made out of sections of homogeneous lines with 

an increasing wave resistance (see Section 1-4) [35]. The trans- 

former was built in the form of a brass tube 80 mm in diameter with 

the center wire running inside.  The wire consisted of six sections 

of diameters 55, ^5, 35, 25, 16, and 3 mm. Transformer oil was 

used as a dielectric. The wave resistances of the line sections 

thus formed increased from 16 to 13^ ohms. The length of the sections 

was chosen from the condition that the propagation time of a pulse 

along a section of the line when multiplied by two must be no less 

than the width of the pulse front.  In the design under consideration, 

the length of each segment was 60 cm. 

[59] describes a generator of 400 kV pulses, with the front of 
-9 about 10  sec which also doubled the voltage. 

2-3.  Generators of High-Voltage Pulses with Transformers 

Made out of Sections of Coaxial Cable 

The transformer discussed in Section 1-2 is used as the basic 

element of generators involving sections of coaxial cable.  Gener- 

ators of this type are distinguished by simplicity of design, and 

are used to form pulses hundreds of nanoseconds in width. 

a) Circuits and designs. 

Figure 2-11 shows a generator of high-voltage pulses involving 

sections of coaxial cable [19].  The generator consists of three 
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Figure 2-11. A diagram of a 300 kV 
nanosecond pulse generator. 

basic elements:  forming line PL, spark gap, and transforming line 

TL. The forming line Is made of five sections of the RK-106 cable, 

each 25 m long, connected in parallel, and raised to a voltage of 

70 kV. 

When the spark gap Is actuated, a rectangular 0.25-usec pulse, 

with a time of Increase no more than 5 nsec and an amplitude of 

35 kV, was formed on the forming line.  The transformer line also 

consisted of five sections of the RK-106 cable. The input resis- 

tance of the transforming line was equal to the wave resistance of 

the forming line.  At the output of the transforming line, all cables 

were connected in series. The electric length of the transforming 

line was chosen equal to the pulse width.  Cable sections in the 

transforming line were trade in the form of coils lying at a distance 

no less than 10-20 cm from each other and from the surrounding 

massive metallic objects.  Colls were placed on a bakellte tube 30 cm 
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In diameter.    High-voltage leads were thoroughly sealed to prevent 
corona discharge and were placed in oil together with the load. 
Use was made of a spark gap of coaxial structure, operating at a 
pressure of several atmospheres.     A rectangular pulse of amplitude 
160 kV and width 0.25 wsec was obtained from the generator after 
matching the  loads.    With the load   R., * 2 kohms, a pulse was 

obtained with an amplitude of approximately  300 kV and a time of 

increase was about 0      ysec. 

The study  [21] describes a multichannel generator of high- 
voltage nanosecond pulses.    Each of the channels represents a trans- 
mission line.    To increase the uncoupling impedances,  ferrite rings 
were put on the cables.     In this case, pulses with an amplitude up 
to 130 kV were formed at the output. 

To obtain high-voltage  (amplitudes up to 300 kV) pulses with a 
width of 250 nsec and a front width of 20 nsec, a two-stage forming 
line and a transformer based on cable segments can be used [20].     A 
diagram of the generator is shown in Figure 2-12.    The generator 
consists of four basic units:     forming line PL, commutating thyratron 
TGI-l-2500/35, transforming line TL, and correcting elements LK1, 
LK2»  CK1»   RK1»  ^K' 

GGI1-2500/35 
trigger 

Figure  2-12.    Generator of high-voltage pulses with an 
amplitude of 300 kV involving a transformer based on cable 
segments. 
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The circuit operates in the following order. After the thyratron 

Is triggered by a triggering pulse, there Is a dli-^harge of the 

left arm of the two-stage forming line raised to th«. voltage E. 

During the time x, ■ J/v —where I  Is the length of the left arm, 

v Is the speed of the voltage wave — a voltage pulse of width 

t  ■ 2Z/v Is formed at the output of the forming line.  The pulse 
amplitude Is equal to E, assuming the shaping line Is matched with 

the Input resistance of the transforming line. The pulse formed 

propagates along cables connected In parallel at the Input and In 

series at the output.  Assuming the matching condition Is satisfied 

for the load RH ■ np (p Is the wave resistance of an Individual 

cable; n Is the number of cables), the voltage UH • nE appears on 

the load. 

The shaping line was made of the KPB-1/50 cable.  Each arm of 

the line contained twenty 20 m cable segments connected In parallel. 

Structurally, cables In the right arm were in the form of ten ^0-m 

segments, each of which was electrically equivalent to two 20-m 

segments connected in parallel and open at the ends. 

The commutating element, i.e., the thyratron, was put in a 

metal Jacket in order to reduce its self-inductance. In that case, 

the actuation frequency was 13 pulses per second, and the pulse 

current was up to 12 kA. 

The transformer based on segments of coaxial cable consisted 

of seven 60-m segments of RKG-5 cable with a wave resistance 

of p ■ 50 ohms each.  Each cable segment was wound around a carcass 
made of five vinyl tubes placed in each other, thus forming a five- 

layer coll. The Inductance of the coil was L ■ 600 mlcrohenrys. 

Due to the large self-inductance and significant lonizatlon 

time (about 50 nsec) of the TGI-1-2500/35 thyratron, the pulse wave- 

form was substantially distorted. To compensate for the distortions, 

a corrective circuit for correcting LK1» LK?» ^l» ^K* 
an(i an addi~ 

tional corrective capacitance C'j, (Figure 2-12) were added to the 
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generator. The capacitance C'  designed to correct the flat portion 

of the pulse was connected In parallel to the thyratron. The value 

of the capacitance depends on the thyratron parameters (lonlzatlon 

time, Inductance) and the discharge circuit, and Is selected experi- 

mentally between 3 to 5 nanofarads [22].  In the generator under 

consideration, the Inductance Lj,, composed of 1^ turns was based on 

8 ferrlte Pl-100 rings with an internal diameter of 80 mm and an 

external one of 120 mm. The Inductance L^p contained seven turns on 

twelve Pl-1000 rings with an internal diameter of 33 mm, and an 

external diameter of 55 mm. The capacitor CK1 ■ 30 pF was in the 
form of 16,^70 pP capacitors connected in series.  The 9 KV, 3.3-pP, 

37-kV capacitor was used as C'j.. 

b)  The design of a circuit correcting the pulse front. 

When a forming device based on thyratrons is used in generators 

involving sections of long lines, the pulse front width at the out- 

put Is on the order of tens of nanoseconds and more. To shorten 

such a front, [63] suggested a correcting circuit composed of 

nonlinear elements (Pigure 2-13,d), connected before the load at 

the transformer output (Figure 2-12). The basic contribution to the 

correction of the front is made by a series circuit LK,CK, with the 

Inductance sharply varying as a result of saturation of the induc- 

tance.  A parasitic resistance capacitance can be used as the capaci- 

tance C„, in certain cases.  The second inductance Lj,« serves to 

sharpen the pulse front even more, and decreases rapidly when the 

capacitance CK, is charged to the voltage amplitude value. The 

resistance R, ■ np is the output resistance of the generator. To 

compute these elements of the circuit, a technique was proposed 

[6^1] which assumes that ferrltes in the pulse mode behave in the 

same way as in the presence of a relatively slow variation of 

magnetic fields. According to this technique, first one computes a 

correcting circuit without considering the Inductance LKp. In the 

calculation, one assumes that the pulse front width t- at the input 

to the correcting circuit Increases according to a linear law 
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Figure 2-13.  A circuit 
for correcting the 
front of a high-voltage 
pulse. 

a - input pulse; b - 
pulse at the output 
of the correcting 
circuit for LK2 « Oj 

c - final form of the 
pulse; d - correcting 
circuit. 

(Figure 2-13,a) 

«„i = /n/-=yi/. (2-16) 

where UM is the amplitude of the corrected 

pulse.  The output voltage can be deter- 

mined using the Duhamel integral. 

An analysis of the circuit in 

Figure 2-13^, considering (2-16), was 

given in [64, 107].  In this case, with- 

out considering LK2 the output voltage 

was obtained as 

t/oHx.M= ^^=1-^12-^(2 + ^)) (2-17) 

for £ ■ 1, where 

<=-'?(£+£> 

V VC^B' 

(2-18) 

(2-19) 

(2-20) 

*-K? (2-21) 

For 5 > 1 

u.«.(^)==l-—?|=rX 

x[£(i-«-*,*)-*-(i-«-,,,')J. (2-22) 

whe re ?i#i = t± pP — 1 . 
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The case of the oscillatory mode (5 < 1) is of no interest. 

The computed values of u0U4.»(
Tf) for 5 1 1 are given in Table 2-1, 

TABLE 2-1 

I 
V 

I a i 

0.1 0 0 0,006 
0.2 0,005 0,005 0.0035 
0.3 0.013 0,017 0.00765 
0.4 0.022 0,025 0.011 
0.5 0.033 0.03 0.0198 
0.6 0.045 0.04 0,0265 
0.8 0.073 0.07 0.038 
1.0 0,104 0.08 0,0562 
I.I 0.137 0.1 0,071 
1.4 0,17 0,12 0.085 
1.6 0,203 0,135 0.1 
1.8 0,238 0,16 0,12 
2.0 0,271 0.17 0.14 

Using the data of Table 2-1 one can compute the necessary value 

of the corrective inductance LK, if the values of all elements 

(CK1, Ru and R,) are given. The order of computation is as follows: 

1. We are given the value of 5 ^ 1. 

2. From (2-l8) we determine PK, choosing the larger value, 

since it corresponds to the smaller values of T-, and, consequently, 

to smaller values of u0Ut»(
TP as indicated by Table 2-1: 

^FK'+Z^)- (2-23) 

3. We find from (2-19) and (2-21) the dimensionless front 

width Tf, and from Table 2-1 we find 
u
0Ut»(

Tf): 

*"i3älPT (2-21) 

In actuality, the value of uout»(
Tf) indicates to what value 

(as compared with the voltage applied at a given time) the capacitance 
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CK1 t,ecarne charged.  If uout«^
Tf^ 1 0,3> then we repeat the calcula- 

tion for a larger value of ?. 

A. We determine the value of the corrective Inductance 

^. = P'C„. (2-25) 

5. We find the current in terms of LK1, starting from the 
following considerations. An analysis of the corrective circuit 
implies that 

I/«—/tti—tW<i)«tf4. (2-26) 

where U, is the voltage on the inductance.  Assuming that the current 
through the inductance increases linearly, considering the linear 
increase of the input voltage, we have 

- 

tfA-^ (2-27) 

Substituting this value for U, into (2-26), we finally obtain 

1   ^+*.       2L" (2-28) 

In the case U.  >> uout^f^ 
an<^ ^^Kl^f >> ^1 t*ie exPression 

(2-28) is simplified as 

U~yfr (2-29) 

6. Using the formula for the intensity of the magnetic field, 
we find the number of turns 

»-3A (2-30) 

where HM is the intensity of the magnetic field corresponding to the 
saturation of the ferrltej lQ is the average length of the magnetic 
line of force in the core. The values of HM, tQ  are determined by 
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the type and material of the core, and are usually specified earlier 

(fox- the core of the Pl-1000 ferrite material //„«S-IO A/cm). 

7. From the formula for the inductance of the ferrite core, 

we find the cross-section of the core 

s=^rS'^ (2-31) 

In Equation (2-31) it is necessary to consider the dependence 

of v  on the cut-off frequency (see Section 1-1). 

8. Considering the variation of the inductance after saturation 
LK1 " LK10* we find the value of CQ, and using the formula [1] 

T-.Q % 1.2 + 25 Q for the case of an instantaneous application of 

voltage, we find the corresponding value of Tf0. 

9. From Equation (2-19), in view of t- - tf0, Tf ■ Tf0, we 

find the active width of the corrected pulse (Figure 2-13,5): 

^•«^•KJSBMV« (2-32) 

In case it Is necessary, a further Increase of the front curva- 

ture is achieved by connecting an additional saturated inductance 

Lj,- in series as shown in Figure 2-13,d. 

To a first approximation, the value of the inductance L.,« may 

be estimated under the assumption that the voltage on LK2 grows 

initially according to the law determined by the LJQC  circuit, and 

after LK1 is saturated — by the LK1QCK, circuit. 

These time instants are indicated in Figure 2-13,b and c by 

tf and t-0, respectively.  The transition to the saturation of L^ 

corresponds to a sharp voltage rise (in time from tf0 to tfl. 

Figure 2-13, c).  Therefore, the inductance L«- must be selected in 

such a way that the core will not be saturated until tf0, when the 
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voltage on the capacitance CK1 reaches Its maximum value. A 

technique of calculating LK2 was presented In detail in [107]. 

Methods of correcting pulse forms In a long line, using con- 

centrated ferrlte elements, were described In [172, 173].  These 

papers. In calculating the effect of correction, took Into account 

the viscosity of ferrltes during a sharp variation of the magnetic 

field. 

2~H.    Generator of High-Voltage Nanosecond Pulses 

Involving a "Cable" Transformer 

Figure 2-1^1 gives a version of a generator of high-voltage 

nanosecond pulses Involving a "cable" pulse transformer [65], the 

design and construction of which are given In Section 1-1. 

Figure 2-1^. Diagram of a generator of 
high-voltage nanosecond pulses with a 
"cable" pulse transformer. 

A two-stage coaxial line whose principle of operation was 

described In Section 2-6 serves as a shaping element. A pulse 

transformer was Included In a gap In the center wire, and not In 

the sheath of the shaping line. In order to eliminate the effect of 

the parasitic capacitance of the sheaths of arm II on the ground. 

The total transformation ratio of the circuit Is equal to 
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p 
where p Is the wave resistance of a line branch; R'u ■ Ru/n is the 

recomputed load resistance. 

In case the transformer is not matched with the load, steps may 

appear at the pulse cut-off.  To eliminate the possibility of their 

occurrence, an inductance LK which becomes saturated toward the end 

of the pulse is connected in parallel to the pulse transformer. 

The capacitance CK served to correct the pulse front. 

The above circuit is distinguished by its simplicity, and makes 

it possible to form pulses tens of nanoseconds long, with an ampli- 

tude up to 100 kV, and power up to several tens of megawatts [65]. 

2-5.  Cascade Generator of Voltage Pulses 

A circuit of a cascade generator, proposed in [66J, is shown 

in Figure 2-15. The circuit consists of several (generally n) LC 

circuits, connected in a cascade, where 

C, ^ C| > C,... > C«; \ (2-34) 
L^ Lt>L,...*Lm,     I 

where C0 is the capacitance of the rectifier filter. 

It       *, It      ^t L»     Pt I»      % 
p-r-^^-O  o-.jyryvo Of-Jf^^-O     Of *  ■ »^VQ  Oi 

Figure 2-15. Schematic diagram of a cascade pulse generator. 

The resistances R,, Rpt R^, ...f Rn» which are Included in the 

circuit to provide full discharge of all capacitances before the 

start of the multiplier, are selected 2-3 orders higher than the 

corresponding wave resistances of the circuits?! -I'VCi. Pi3K^i^  
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The circuit operates as follows. 

The capacitance C0 charged to the voltage U0 discharges to an 

uncharged capacitance C, when the gap P^ Is tested.  If In this 

case the ohmlc losses In the discharge circuit are neglected, under 

the condition (2-3^), we obtain on the capacitance C1 a voltage 
given by 

H,^ rji -cMit'/ZjCtl (2-35) 

Prom (2-35) It follows that at /- t, ■--r if L,^    the maximum voltage 
on C^  will be U, JJ; 2UQ. At t,, the gap Pg Is punctured, and the 

capacitance C, Is discharged Into the capacitance C- much faster 

than Into the capacitance C« due to condition (2-3^). In this case, 

during a time t~Hm  ■l/'*5-i after the breakdown of Pp we have a 

voltage Up % JlUg on the capacitance Cp. After a breakdown of each 

consecutive gap P^, the maximum voltage on the capacitance C. is 

almost two times greater than that on the capacitance C, ,. Conse- 

quently, the maximum voltage on the capacitance C will be 

tWtV (2-36) 

In actuality the voltage is stepped up less effectively due to 

a finite (not infinitely large) ratio of capacitances CQ/C,, (^/Cg, 

..., ^n_i/^n» 
tJie presence of the ohmlc losses in the circuits, and 

a partial precharging of capacitances during the circuit operation. 

Reference [66] gives an analysis of the circuit under the following 

assumptions: 

(1) ohmlc losses in the circuits are not taken into account; 

(2) when analyzing the transient process in the J  circuit, 

the voltage on the capacitance C. p is assumed to be constant. 

Under these conditions, and for 
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and 

I ^   Ct*t   - Cm  _'ii ^rn I ■—■■,. ..=3—jy—^ ...T= —. =**>. •* ".I 

the maximum voltage on the capacitance Cn will be 

^-^.T^iT-«""- (2-37) 

where 

It must be noted that for small values of k, and k«. I.e., when 

the voltage Is stepped up effectively, the energy stored In the 

capacitance Cn Is much smaller than the energy stored In the capaci- 

tance CQ. This limits the use of this voltage transformer in pulse 

devices. 

When using this method in [59], pulses were obtained with a 

front width of approximately 10~9 sec and amplitudes up to '»CO kV. 

2-6.  Generators with Shaping Lines Connected in Series 

a) Principle of operation 

The technique of connecting shaping lines with distributed 

parameters in series is of extreme Interest in the generation of 

high-voltage nanosecond pulses.  The technique was proposed by 

Blumleln [o7], and it is based on changing the voltage polarity on 

the shaping line when it is short-circuited. 

High-voltage nanosecond generator circuits involving shaping 

lines connected in series make it possible to generate nanosecond 

pulses with amplitudes of millions of volts and a power of thousands 

of gigawatts [68]. 
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Um m      i/u<t<2l/v        ** 

u*0 

2l/v<t<3t/u 

t'O 
t'ilfV 

Figure 2-16. a «- Connection diagram of two 
shaping lines; b,c,d,e,f - voltage and current 
waveforms; g - equivalent circuit. 

In order to better understand the process of pulse generation, 

let us first consider a circuit with two shaping lines connected In 

series (Figure 2-l6,a). The length of each line Is I,  and the wave 

resistance Is p.  Initially the lines are at a potential E; the 

current In lines Is 1 - 0 (see Figure 2-l6,b). 

The process of pulse formation occurs as follows. At a time 

0 < t < l/v  after the switch K Is closed, an Incident voltage wave 

propagates In the direction of the load, u , - -E, and the corres- 

ponding current wave Is 1 , ■ E/p (see Figure 2-l6,c). At t ■ l/v 

Incident waves of voltage u - and current 1 , reach the load. This 

moment corresponds to the end of the full discharge of the active 

line with the conversion of the electric field energy Into the mag- 

netic field energy, and to the start of the reverse process of the 

conversion of magnetic field energy Into electric field energy. 

Upon reaching the load, the Incident wave u , Is partially reflected 
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without a change In polarity, forming the first reflected wave u«, 

and partially passes Into the second shaping line, forming the first 

Incident waves of voltage u' , and current 1'   (see Figure 2-l6,d). 

By examining the equivalent circuit given In Figure 2-l6,g, It Is 

easy to find the reflected and Incident waves 

«.Is3 J-.  <„=—^ «'„,=3 J-l     l',,,»«-^. 

The voltage on the load from the time l/v < t  <  21/v  Is, as we 

can easily see from the circuit in Figure 2-16, g. 

At t ■ 2l/v  (Figure 2-l6,e) the voltage wave UQ, reaches the 

short-circuited end, and upon reflection with the opposite sign. It 

forms the Incident wave u - ■ E/2. At the same time, the incident 

wave u* , reaches the open end of the right shaping line, and upon 

reflection with the same sign, it forms a reflected wave u1«, ■ -E/2. 
As both waves move toward the load, the voltage on the line becomes 

equal to zero. The current wave IQJI upon reaching the closed end 

of the left shaping line, is reflected from it, and — upon forming 

the Incident wave 1 - m ~ 7~ without a change in polarity — it 

propagates toward the load. When the wave IQ, is reflected from the 

short-circuited end, the current through the commutator changes its 

direction. 

The current wave i'-*» upon reflection with a change of sign 

from the end of the right-hand forming line, produces a reflected 

wave i'nn.  As the waves 1 « and i'Qi propagate in the direction of 

the load, the current through the cross-rection of the shaping lines 

becomes zero 

ii = /« + '•• + k«» -j—1f~-Sfa0'' 
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At t ■ 3i/v the waves of voltage u p, "'ni and current> l-p and 

I'Q,, reach the load. Total discharge of the lines Is completed, 

and so is the transition of the energy stored in the lines, W-, into 

the load: 

or W„ ■ W,, where C is the capacitance of one line. 

In this case, when the switch passes the current only in cne 

direction (for example, thyratron), the processes that take place 

in the first shaping line are similar to the processes of pulse 

formation occurring in an ordinary line, raised to the voltage -E 

after it is connected with a matched load. 

b) Generator circuits with shaping lines connected in series. 

Let us make some changes in the circuit showing how two shaping 

lines (two-stage line), given in Figure 2-l6,a, are connected. 

First of all, we remove the load, and then fold the two-stage 

line of Figure 2-l6,a in two, so that the beginning and the end of 

the upper general plate coincide. We thus obtain a stack of two 

lines.  In this form, the two-stage line is convenient for use as a 

standard element in a generator of superhigh voltage pulses. 

Figure 2-17,a shows three such shaping lines and the load 

connected in series [69]. Initially the switches are open and the 

lines are raised to the voltage E, as shown in Figure 2-17,a with 

arrows at t » 0. 

Consequently, the voltage on the load is zero. When the switches 

are simultaneously closed for a time t » x, in the ideal case the 
the voltage at the output of n lines connected in series will be 

equal to 
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0 

t-0 t't 

Figure 2-17. Generator with strip 
lines connected In series. 

a - linear detlgn; b - coaxial design. 

".—«isfcr- (2-38) 

The output Impedance of the circuit Is 

Imm-**  •rir+a)' 0hmS ; (2-39) 

and the pulse width Is 

r.^Jh-^1 sec. (2-10) c 

In the formulas above: 

n Is the number of strip lines; a is the distance between 

strips, cm; b is the strip width, cm; I  is the strip length, cm; 

c Is the dielectric permittivity; c is the speed of light, cm/sec. 

In practice, the output parameters of the pulse generated are 

determined by a number of factors: parameters of the spark gap. 
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ohmlc and dielectric losses when an Incident wave Is propagating In 

the line, and parasitic capacitance at the ends of the strip lines. 

These factors affect both the front width and the amplitude of the 

output pulse. 

A reduction In the pulse front width can be achieved by using 

special spark gaps, discussed In Section '♦-S, and by connecting 
several spark gaps In each generator stage In parallel.  However, it 

Is difficult In practice to trigger In parallel a large number of 

spark gaps that are raised to a high potential. Ohmlc and dielectric 

losses have a stronger effect on the high-frequency components, and 

thus also pull on the pulse front. The pulse amplitude for RH ^ "> 

taking Into account the ohmlc and dielectric losses In the Interval 

Z/v < t < 3Z/v, Is 

where 3 is a coefficient accounting for a reduction of the pulse 

amplitude due to line losses. 

In [69] It was shown that for ^ T**5*10* the effect of losses 

may be neglected. To reduce the effect of parasitic capacitance, 

one must Increase the ratio b/a. I.e., decrease the value of p and 

so decrease the time constant rc-pC* .  c is the parasitic capacitance. 

In this case, we must find a compromise solution between the 

Increase of the time constant of the spark gap, T», and tg« 

Another method of reducing parasitic capacitance Is provided 

by structuring a strip generator In the form of a set of cylinders 

placed Inside each other as shown in Figure 2-17, b. 

Figure 2-17,a and b gives a diagram of a generator with a large 

number of switches (spark gaps). 
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In a number of cases, a large number of spark gaps can be 

replaced by one.  For this purpose, a decoupling Impedance must be 

Introduced in a generator based on strip lines in order to prevent 

the discharge of passive lines through a general conductor or busbar. 

Two versions of generators based on strip lines with one switch, 

discussed in [69], are given in Figure 2-18, a and b. The decoupling 

impedance p0 is selected on the condition pQ >> p which corresponds 

to aQ >> a, where a0 is the distance between the strips of the 

decoupling line. 

After the switch is closed simultaneously with a total discharge 

of the active lines, there is a partial discharge of the passive 

lines. The amplitude of the voltage wave, U , propagating in the 

passive lines toward the load is at the end of the line, as can 

be easily seen from Figure 2-l8,a, equal to 

t/.= ? + -'?. "* « + -a» "t 
(2-*2) 

The total output voltage is in this case 

t'u  r»r 

mtrtf 

i: 
s 

i: 

2, 
a; t'O t-r 

-J t   t 

■0 

'. 

^ 

Figure 2-18.  Two versions of 
generators based on strip lines 
with one switch. 

Figure 2-l8,b shows a ver- 

sion of a generator with strip 

lines connected in series which 

differs from the circuit in Figure 

2-l8,a by its smaller impedance of 

decoupling lines. The amplitude 

of a wave propagating in passive 

lines is in this case approximately 

equal to 2E -— .  Generators based 
a0 

on strip lines are at the present 

time widely used to power spark 

chambers and accelerating tubes 
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In strong-current accelerators ['JO, ^8]. 

In addition to strip shaping lines, generator circuits of the 

type under consideration may also Involve forming lines made out 

of coaxial cable [70]. 

2-7.  Generator Based on a Strip Line 

Bent Into a Spiral 

Pitch and Howell have proposed a spiral generator circuit [69] 

which Is distinguished by Its relative compactness and simplicity 

of fabrication and Is capable of generating voltage pulses up to 

1 MV. 

If a strip line of impedance p and length 21  is bent into a 

spiral, then charged and closed at length I,  then Incident waves 

will start propagating in either direction from the switch K, as 

shown In Figure 2-19.  As the waves move, the electric energy stored 

In the line becomes the energy of the magnetic field, and the coaxial 

capacitances formed by the adjacent turns of the spiral are connected 

In series.  When the Incident waves reach the ends of the spiral, 

the voltage between the beginning and the end of the spiral increases 

to nE.  Upon reflections from the ends, the waves in the active 

line change their signs, and then there is a reverse conversion of 

magnetic energy into the electric energy. 

t.t/i t.r 
When the reflected waves reach 

the switch, recharging of the 

active line is over, and the output 

voltage, assuming RH >> np, reaches 

the maximum value of 2nE.  Then 

the process of wave reflection is 

repeated until the entire energy 

is absorbed by the load or escapes 

through losses. 
Figure 2-19.  Propagation of 
waves In a strip line bent into 
a spiral. 
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The time during which the voltage Increases to a maximum Is 

^J^L. (2-i|i|) 

where n is the number of spiral turns; D Is the average diameter. 

The output voltage In the Interval 0 < t < T Is 

«*.*.. (0 = 2-^-f. (2-45) 

where TT IS the average time taken by the wave to traverse one turn. 

For T < t < 2T, we have 

ufM{l) = 2[n-l=l.)E. (2-H6) 

The output capacitance of the spiral generator for DQ/DJ^ ^ 1 IS: 

c„«.«(4-),c' (2"1,7) 

where C is the total capacitance of the line twisted jnto a spiral. 

It will be noted that the generator of Figure 2-19 with the 
spark gap attached at the midpoint may be viewed as two spiral 
generators connected in series. 

It is usually more convenient to attach the spark gap at one 
of the ends of the spiral generator. 

All the arguments and formulas presented above are also valid 
for this case. 

In a real generator, the amplitude and the form of the output 
pulse are determined by the following factors: characteristic of the 
gap commutation, ohmic and dielectric losses, and by the fact that 
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the coaxial capacitances connected In series are made out of a 
single spiral. 

if we assume that the switch K has an exponential characteristic 
of commutation with the time constant TK, then the voltage variation 
with time at any point I    will be [69] 

where t is measured from the moment when the wave passes the point 
I   .     The voltage distribution along the length is (measurement is 
made from the switch K) 

«1 (/J = «1 {I -exp I-(/ -/J yT/cx,]}. (2-il9) 

The coefficient of voltage losses, ß,, related to the variation 
of voltage along the length l$  is determined by the ratio of the 
areas under the characteristics u, ■ U (0> for the real case with 
the time constant of the switch T« and for the ideal case when TK ■ 0. 

tr-irjuj) dl (2-50) 

or 

In order that the losses not exceed 10JJ, it is necessary that 

£,<*. (2-51) 

where LK is the inductance of the switch, in henrys [69]. 

Expressing p in terms of the geometric parameters of the strip 
and ( 

written as 
line, and considering that a - E/E , the condition (2-51) can be 

Cl 
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L, ^ 6nt  

£ ^ bVrE,' (2-52) 

where a is the distance between the neighboring turns of the spiral, 
In cm: E^ Is the ' a 
the line, in cm. 
In cm; E is the electric field intensity, V/cmj b is the width of 

If in practice the ratio Lv/E  is limited by a value on the 
order of 2-10 ^ henrys/V and EQ ^ S-lCr V/cm, then in order that 
the losses do not exceed 10$, we must satisfy the condition 

T//»I0 nsec/cm (2-53) 

Ohmic and dielectric losses in a spiral generator can be 
accounted for using arguments given in Section 4-1. 

In addition to the gap characteristic, ohmic and dielectric 
losses, the pulse form is affected by a number of factors whose 
total effect on the pulse can be difficult to analyze. Thus, for 
example, at t ■ T the output capacitance of the spiral generator C . 
and the spira^. inductance L form an oscillating circuit which, in 
particular, determines the magnitude and the shape of the overshoot 
after the pulse. In addition, after the switch is closed when the 
wave passes the first turn, due to the capacitive and inductive 
coupling the spiral generator may be considered as a pulse trans- 
former. 

Fitch and Howell have found that the loss coefficient, account- 
ing for the complex interactions among the spiral turns, depends on 
the ratio 

?'**£■• (2-54) 

The basic parameters of the generator built by Fitch and Howell 
[69] are:  input voltage — 20 kV; output voltage — 750 kV; pulse 
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width at the base — 500 nsec; C ■ 0.6 pP;  C    .   ■ 52 pF; n » 51*; 
D/na - 7.5;  B3 - 0.4. 

A convenient Insulating material for use In this type of gener- 
ator may be epoxy resin, chemically pure water, and polyethylene and 
lawson film. 
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FOOTNOTES 

1. on page 56.    For the effect of a strengthening liquid Insula- 
tion under the Influence of short pulses, see 
Section ^-5. 
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CHAPTER THREE 

METHODS OP MEASURING SHORT HIQH-VOLTAGE PULSES 

3-1.  Low-Inductance Wire Dividers of Pulse 

Superhigh Voltages 

Voltage dividers are ordinarily used when measuring short high- 

voltage pulses by means of oscilloscopes. Dividers weaken the signals 

applied to the deflecting plates of the oscilloscope.  Ohmic, capaci- 

tive, and mixed (capacitive-ohmic) dividers are in use.  The ohmic 

voltage divider is simple. However, when transmitting short pulses 

it strongly distorts high-frequency components of the signal due to 

the influence of the parasitic capacitive couplings between its 

elements.  In a capacitive divider, the division ratio does not 

depend on frequency within a wide range of values. Therefore, it 

can be used for recording both fast and relatively slow phenomena. 

However, when long lines are used as transmitting elements, diffi- 

culties arise. 

If capacitances are connected in parallel to the resistances of 

an ohmic divider, a mixed divider is obtained (RC-divider). With 

fast processes it may be thought of ascapacitive, and with slow 

processes — as ohmic. 
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In practice we can distinguish between two types  of dividers: 
high-resistance types whose resistance is much greater than the 
internal resistance of a generator,  and dividers which are matched 
with the load  (usually dividers with distributed parameters).    It 
muPt be noted that designing dividers of the first type for measuring 
pulses of widths on the order of tens of nanoseconds is an extremely 
difficult problem which is basically that of searching for ways 
to reduce parasitic parameters. 

In designing dividers of the second type, the parasitic para- 
meters must be taken into account when calculating the distributed 
parameters of the dividers. 

A number of papers  [1,   3, 71»   73] are devoted to the design of 
low-distortion voltage dividers and to the analysis of errors caused 

-8 by them.    In measuring voltage pulses with a front width of 10"    sec 
and more, and voltages up to 10    V and more, dividers made of a high- 
resistance conductor have become widely used. 

The work  [73] describes a high-resistance   (about 10 kiloohms) 
ohmic voltage divider for 350 kV with constant time of increase of 
about  30 nsec.     The inductance-free resistance  of the divider is 
made of two layers of thin Nichrome conductor  (0.06 mm in diameter), 
wound in opposite directions on bakelite rods  9.5 mm in diameter and 
1^10 mm in length.    Both layers of the conductor were connected in 
parallel.    The  low-voltage end of the divider was attached to a 
cable which at the output was matched with an oscilloscope.    The 
entire apparatus was placed in a container made of plastic which was 
filled with nitrogen at the pressure of 8 at. 

An analysis in [73] has shown that the lengthening of the front 
of the pulse being recorded is due to the rapid charging of the 
parasitic capacitance of the divider elements relative to the ground 
through the damping resistance and partially through the resistance 
of the divider itself.    To reduce the capacitances relative to the 
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ground, the dimensions of the divider were reduced, and to eliminate 

sparkovers over the surface the apparatus was placed in compressed 

gas. To reduce the effect of the self-resistance on the process of 

capacitance charging, use was made of screening electrodes in the 

form of ocnes with rounded edges which straightened out the field 

along the entire length of the apparatus. 

Reference [7^] describes an ohmlc voltage divider for 2 MV.  It 

is in the form of a tube 2 m in height, around which is wound a high- 

resistance conductor with a total resistance of 22.5 kohms.  To 

improve the voltage distribution along the length of the divider, 

a screening system was used which consisted of two disks 80 cm in 

diameter and four toruses placed every ^0 cm. The latter were not 

connected to the divider resistances. The field distribution between 

the screening electrodes, determined with the aid of an electrolytic 

bath, was close to being homogeneous. This helps in evening out the 

field along the column with the high-resistance conductor. 

When a rectangular pulse is used as the Input to the divider, 

the output Is In the form of oscillations due to the capacitance 

between the screening electrodes and the Inductance of the connect- 

ing wires. When an ohmlc resistance was added in series with the 

upper screen, the oscillations were damped and the pulse at the out- 

put of the voltage divider had a front width of 70 nsec.  It was 

possible to shorten the front width to 30 nsec by adding a small 

Inductance, consisting of several turns of copper wire, to the low- 

voltage arm. 

In [75] a 1^00 kV ohmlc voltage divider transmitted without 

distortion a pulse front 27 nsec In width. The resistance of the 

high-voltage arm of the divider was 1000 ohms, and that of the low- 

voltage arm was 1 ohm. The length of the high-voltage arm was 

approximately 130 cm, and the arm Itself consisted of 10 identical 

elements. Each element was in the form of a polystyrene rod 12.7 cm 

in length, and about 1 cm in diameter. Two 0.8l x 0.025 mm strips 
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made  of an alloy  of nickel,   chromium,  aluminum,  and iron were wound 
around the rod in opposite  directions.     The alloy was characterized 
by  a high specific  resistance and a small thermal  coefficient.    The 
low-resistance arm of the  divider was  composed of 1.6 x 0.025 mm 
strips  of the same alloy,   and was in the shape  of four zigzag loops. 

3-2.     Dividers  Using Lines with Distributed Parameters 

In recording voltage pulses with an amplitude up to 10    V and 
_Q 

a front width of 10 *  sec and less, wide use has been made of combined 

voltage dividers in which a line transmitting the pulse to the load is 

used as the high-voltage arm of the divider or as the basic element of 

the apparatus.  Ohmic, capacitive, and mixed dividers of this type 

are in existence.. 

Reference [26] describes a capacitive divider which is used in 

oscilloscopes with a high-resistance input. The structure of this 

divider is shown in Figure 3-1,a. The sheath is removed over a small 

segment of the cable, and a metallic plate ^ is put on the insulation, 

which forms a capacitance C, with the cable center wire. The second 

capacitance is in the form of the self-capacitance of the oscillo- 

scope plates CH, which are connected by short wires with plate k  and 

the sheath 3. The division ratio of such a divider is given by 

t a 

The equivalent circuit of the divider is given in Figure 3-2,a 

[76], where R is the wave resistance of the transmission line; C ■ 
CH/k, L ■ LH + LB; LH is the Inductance of the leads; Lg is the self- 
inductance of the leads of the electron-ray tube.  It is assumed 

-at that the voltage at the front of the pulse varies as in u = 1 - e 

which is an approximation to the pulse front when the pulse Is formed 

during discharge of the line through a spark gap in gas. Damped 

sinusoidal oscillations, determined by the L and C parameters of the 

circuit, are then generated on the oscilloscope plates. The amplitude 
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of the overshoots at the top of the pulse Is proportional to m   tiki   </ ,, 

1,   .  The minimum front width l~  that can be recorded by means 

of such a divider by an oscilloscope with an error not greater than 

10%  Is given by NOT REPRODUCIBLE 

/■ , 1 i ^ | |. M !•.<  n -, | ■) ( 3-2 ) 

where««—^'n-' ; f0 Is the resonance frequency of the deflecting 

system of the tube; k, - L/Lg. 

For example, for a tube with the parameters f« » 600 MHz, kL » 1, 

C- ■ 5 pF, one can record pulses with the front no less than 10-9 sec 
by means of this type of divider [76]. 

A divider of a different type is shown schematically in Figure 

3-1,b.  In this divider, the low-voltage arm C- is in the form of a 

capacitance formed by the metallic foil of electrode ^ and cylinder 

3 with a polyethylene film placed in between. The capacitance 

between the rod 2 and foil 4 makes up the capacitance of the high- 

voltage arm C,.  The barrier 5 of organic glass is sometimes necessary 

to eliminate sparkovers between the rod 2 and the foil ^.  The diameter 

of the rod 2 and the internal diameter of the cylinder 3 were chosen 

so that the wave resistance of the divider is equal to the wave resis- 

tance of the cable along which the pulse is sent to the divider. 

From the divider to the oscilloscope, the voltage is transmitted over 

another cable.  The wave resistance of this cable, R,, is determined 

by the requirements on the flat protion of the pulse. 

Figure 3-1,a shows another design for a divider of this type 

[56] designed for measuring pulses with an amplitude up to 500 kV and 

the front on the order of lO"9 sec.  Here in addition to the plate k 

producing the capacitances C, and Cp of the divider, there is a 

screening ring 5 connected to a grounded plate 3.  By means of this 

ring, it is possible to easily regulate the amplitude of the signal 
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Figure 3-1«  Dividers for measuring nanosecond pulses, 

1 - line Insulation; 2 - high-voltage conductor; 
3 - screening conductor; 'I - divider electrode; 
5 - screening ring; 6 - barrier; r,, r2> r^ - ohmlc 
resistances. s 

input      ' [Jr/ output 
0 X 0 

Figure 3-2.  Equivalent circuits for dividers of 
nanosecond pulses. 
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fed to the plates of the oscilloscope.  An equivalent circuit for 

dividers such as shown In Figure 3-1,b and c, together with lead cables 

R and R,, Is shown In Figure 3-2, b.  For the front width of tj. ^ 10 7 

sec and less, and for RiCp >> tf In the equivalent circuit it Is 

possible to neglect the effect of the resistance R, (since it is 

Initially shunted off by the capacitance Cp).  In addition, for C2 >> 

C,, the front width tf at the output of the divider, lying between 

0.1 and 0.9 times the amplitude value, assuml^.r an ideal input pulse. 

Is 

<.-!•** (3-3) 

On the other hand, if the pulse width Is large, t  (t  >> t«), sp sp    r ' 
the voltage drop at the top of the pulse, defined as the ratio of 

the difference between the maximum and minimum values of voltage, to 

Its maximum value, will be obtained due to the discharge of Cp through 

fUt    Given the permissible value >t  the drop X(X <^ 0.2), we obtain 

C*t~$. (3.10 

Formulas (3-3) and (3-^)  are useful In computations when the 

propagation time of electromagnetic waves over the elements C, and 

Cg of the divider Is much less than the front width of the pulse 

being recorded. The value of C1 for a divider with a wave resistance 

of 75 ohms depends only on the length of ^cvl of the cylinder of 

electrode 1, and in the case of air Insulation in Figure 3-1,b we 

have C1 • O.MA-, (C1 Is here In pF, and I - Is in cm).  If i , » 

10 cm, then C^ fc 4.5 pF and from (3-3), we obtain tf % 0.4«10"^ sec. 

I.e., It Is possible to record pulses with a front of less than 1 

nsec. 

The study [49] describes a capacltlve divider, built into a strip 

line, designed for measuring pulses with a front up to 10*  sec, 
li 

amplitude up to 200 kV, division ratio 10 , and the time constant 

RjCp >> tj,.  The design of the divider is shown in Figure 3-1,d. 
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The low-voltage element of the divider, C-, was made so thin (about 

0.1 mm) that no inhomogenelty would be created to stand In the way 

of a voltage wave propagating along the line, and at the same time 

the necessary ratio of capacitances C./C- was obtained. This is 

achieved by depositing a metallic film I, serving as an electrode, on 

an Insulating substrate. The depth of penetration of the current 

into the electrode 4 at the highest frequency in the pulse spectrum, 

u, was much higher than the thickness of the conductor, 6, i.e.. 

•</3L (3-5) 

where a  and v  ■ WQ'U are the specific resistance and magnetic per- 

meability of the metallic film. The equivalent circuit for a segment 

of the divider assumes the form shown in Figure 3-2,c. The following 

notation is used in the figure: dx - line elements; L, C - linear 

parameters of the transmission line; L', C, and R' - linear parameters 

of the line formed by the capacitance C-. The latter parameters are 

defined as follows 

L'—^y-. henry/m (3-6) 

Ä'=^-, ohm/m (3-7) 

C-^.4' F/m (3-8) 

where e ■ CQ'E-. is the dielectric permittivity of the substrate; b is 
the film width, m; I  is the length of the film, m; d is the distance 

between the film 4 and the lower electrode 3, m (see Figure 3-1,d). 

The condition for damping oscillations in the line is 

/?'»©/. (3-9) 

At the same time, in order that the recorded pulse not be 

distorted due to the discharge of the capacitance C2 through the 

FTD-HC-23-385-71 90 



wave resistance of the lead cable, R, , It is necessary to reduce R1, 

so that we have 

'«-(■rj-ä-^0- (3-io) 

For example, for «a ■ 10  Hz in accordance with Equations (3-5) - 

(3-10) in [1»9] a divider was built for which J ■ 4 cm, d * 9'10~2 cm 

with the relative dielectric permittivity e, ■ 6.5. The film was 
/r x c 

made of gold 6 ■ ^'10 cm in thickness.  In this case a/d6  = IG-3. 

For capacitive dividers, discussed above, a good reproduction of all 

high-frequency components of thepulse is a characteristic trait. 

However, slower variations of voltage become distorted. 

In recording pulses with a large width of the frequency spectrum, 

use is often made of a divider involving long lines which was first 

applied by Fletcher [26], In the design under consideration (Figure 

3-1,e), these lines were placed inside each other, and their wave 

resistances were in the ratio 100:1. A cable along which the signal 

was fed to the oscilloscope was connected in parallel with the line 

of lower wave resistance.  Ceramics made of titanium dioxide (e ■ 85) 
were used for the line with the smaller wave resistance, and a 52-ohm 

polyethylene coble was used for the line with the higher wave resis- 

tance. The ceramic tube of the low-resistance line had a silver 

coating 3 and 4 on both sides (Figure 3-1,e). The line with the 

smaller wave resistance was matched at the end by means of carbon 

resistors in order to limit reflections from the end. The resistances 

were in the form of ceramic tubes with a thin carbon layer deposited 

on the surface. Certain resistors of this type may have the form of 

disks or cylinders compressed out of a substance which is a mixture 

of carbon with binding resins. The divider constructed by Fletcher 

made it possiblt.' to observe 20 kV voltage pulses with a front of about 

0.5 nsec. It is difficult to build dividers of this type with a large 

division ratio due to the effect of the ii, uciance of connections in 

low-voltage line on tne front of the recorded pulse.  In addition, 

it is difficult to match such lines perfectly with a load at high 
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frequencies due to the effect of the Inductance of the connection 

between the line and the load. 

In super-high frequency engineering and for nanosecond pulses 

with the amplitude up to 100 kV, one uses ohmlc dividers — attenuators 

which consist of several resistances.  These resistances are chosen 

In such a way that a matched load Is obtained for the signal propa- 

gates over the cable Into the oscilloscope. The signal has been 

reduced the desired number of times. 

Figure 3-1,f shows the construction of an ohmlc divider [26] for 

recording high-voltage nanosecond pulses. The high-voltage arm 

consists of three 330 ohm r, resistances connected In series, the 

low-voltage arm — two 20 ohm r« resistances connected In parallel. 

The capacitance of the high-voltage arm relative to the ground Is 

the factor that limits the frequency.  The divider made It possible 

to measure a pulse with a 6 nsec front width with a 10%  error. The 

division ratio was also changed due to the heating of the divider. 

Figure 3-1,g shows the construction of a load resistance of type 

NS-1 which Is simultaneously a voltage divider for voltage pulses on 

the order of several kllovolts.  The divider r,, r- Is obtained by 

positioning a high-frequency tap to be connected with the cable; the 

resistance r^ serves a matching purpose. To reduce the frequency 

distortions of the divider, the resistances are surrounded by a 

metallic screen which, together with the former, prodi^es Inhorogen- 

eous lines (see Section 4-^).  The equivalent circuit for the device 

Is shown In Figure 3-2, d.  A common deficiency of such dividers Is 

the fact that the operating voltage Is limited due to the poor 

functioning of the resistances when encountering high voltage pulses 

with a steep front. 

If the ohmlc resistance of the high-voltage arm of the divider 

is replaced by the wave resistance of a transmission line, then we 

obtain the simplest divider construction of Figure 3-1, h.  In this 

design, the low-voltage arm Is In the form of film resistances 
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connected In parallel which are placed In a gap in the sheath 3. 

The division ratio may reach 1/100 and less. With a hign ratio of 

the arm resistances, the distortion of the pulse front is intensified 

due to the inductance of the connections between the low-resistance 

resistances.  If the low-value resistance of the divider is connected 

to the sheath of the line, without screening it is the section behind 

the divider, then it is hard to get rid of distortions. 

Measuring voltages by means of dividers has the following draw- 

backs: 

(1) presence of the parasitic inductance in the resistors and 

capacitors; 

(2) presence of parasitic capacitances between each of the 

divider sections and the ground or grounded objects, between each 

of the divider sections and the high-voltage parts of the power source 

and the control circuit, as well as between divider sections; 

(3) voltage drop along the conductor running from the point at 

which the high voltage is measured to the high-voltage tap of the 

divider; 

(4) voltage drop along the conductor in the grounding circuit 

of the divider due to either extraneous currents in the conductor or 

divider currents; 

(5) occurrence of oscillations in the divider circuit, due to 

the presence of a capacita ice between the high-voltage tap of the 

divider and the ground, and due to the inductance of the conductors. 

3-3. Measurement of Short Pulses with the Aid of Kerr Cells 

As noted in the preceding sections, in measuring high-voltage 

nonperlodic pulses, as a rule, use is made of oscilloscopes with 
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voltage  dividers.     In addition.  In measuring the amplitudes of pulses 
of microsecond width,  spherical dischargers can be successfully used. 
There are  also methods  of measuring pulses with the aid of oscillo- 
scopes of low sensitivity without dividers.     However,  as yet this 
has not  been sufficiently developed [77]. 

Oscilloscopes have the drawback that relatively small deflections 
of the ray  correspond to large variations of voltage.     In this  case, 
even the width of the track on the oscilloscopes may have a consider- 
able effect  on the accuracy of the determining voltage amplitude. 

References [78, 79] describe a device for measuring voltages, 
based on the Kerr effect, which makes it possible to avoid some of 
the difficulties indicated above. 

The essence of the effect is as follows.     In a normal state, many 
substances  are Isotropie In the optical sense,  since the orientation 
of molecules in any direction is  statistically equlprobable.    However, 
under the Influence of an applied electric field the equal probability 
of any direction in the distribution of molecules is no longer In 
effect.     A certain direction In this case becomes dominant.    The 
substance becomes optically anisotroplc.    The field of the    high 
voltage pulse is used as such an applied field. 

The time it takes  for the Kerr effect to occur in the substance 
after the application of the electric field is practically equal to 
the statistically averaged time It takes for molecules to become 
oriented in the preferred direction.    This time interval can be approx- 
imately calculated on the basis of measurements of the dielectric 
permittivity at various  frequencies.    Measurements  for nitrobenzene 
[78] have found that the relaxation time is equal to S'lO-      sec, and 
the dielectric permittivity of nitrobenzene was found not to depend 
on frequency up to 100 MHz, but beginning with 1 GHz  it would rapidly 

fall off.     Optical anisotropy,  caused by the Kerr effect, is propor- 
tional to the square of the Intensity of the applied electric field. 
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It is  on this  relation that  the device  for measuring high voltage 
pulses Is based [78]. 

In the device shown In Figure 3-3,  an Intense light beam from a 
high-pressure mercury lamp I Is colllmated and passed through an 
Interference filter P with a transmission band of 20 % and the maxi- 
mum transmitted wavelength of approximately 5,^61 %.     The  light, 
upon passing through the filter,  should be monochromatic,  since the 

Kerr constant  depends  on the wave- 
,_£    a length.    Then with the aid of a 

rTt i-.-iTfefml prism P the  light is polarized In 
i_r 7   p-ij—' j- a piane making a ^5°  angle with 

' rjl the  direction of the applied 
electric field.     Subsequently, the 
light passes through the Kerr cell 

Figure  3-3.    Schematic diagram of      C where polarization changes 

Ke^cen?8 deVlCe ""^ ^ strongly, and through the analyzer 
A.     Upon passing through the 

analyzer A, the light is recorded by a photomultiplier FM whose signal 
is fed Into an oscilloscope and photographed.    Thus the measured 
high-voltage pulse produces a modulated light signal which,  upon being 
analyzed,  can be obtained in a reconstituted form,  and its amplitude 
can be measured. 

According to  [78] the intensity of the    light, J,  that had 
passed through the Kerr cell is for the above apparatus given by 

J=-Ljtsm*(T.jLU'ld*). (3-11) 

where JQ is the intensity of the unpolarlzed light Incident on the 
polarizer; U is the applied voltage, Vj L is the length of the elec- 
trodes in the Kerr cell, cm; d is the distance between them, cm; 
J is the Kerr constant for the medium. 

Equation (3-11) implies that the transmission coefficient of 
the system is maximum for T.}Wa!d*=-^-, -^-r.,-^-r.... )  and that the measurement 
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accuracy Increases with an increase of U, since the maxima will be 

repeated over increasingly small intervals AU. Therefore, by measur- 

ing the intensity of light with a small accuracy, it is possible to 

determine the value of U with a high accuracy.  It is, however, 

necessary to first estimate the amplitude and the width of the pulse 

being studied. To obtain a higher accuracy, it is recommended to 

use approximately the value of 5 for the ratio U/UM, where U« is the 

voltage at which the first maximum of the light intensity is observed 

(3-11).  The value of UM varies with a change of the electrode length 

or the distance between them.  Then one must make a calibrated mea- 

surement of Uw.  Analyzing the oscillogram obtained using the current 

from the photomultlplier, one can compute the amplitude of the high- 

voltage pulse, and — assuming the absence of transient processes in 

the measuring apparatus and the exact calibration of the oscillo- 

scope scan — one can also determine the form of the entire pulse. 

Figure 3-^ shows an example of voltage measurement with the aid 

of the Kerr cell. At the top we see the form of the applied pulse, 

determined by means of a precision ohmic voltage divider. At the 

bottom we see the signal that is the output of the device containing 

the Kerr cell. One can see that the maximum (peak) of the voltage 

in the measured pulse (a) is attained after the light signal curve 

(b) passes the first eight large maxima, the first eight large minima, 

and 0.2 of the leading edge of the ninth maximum.  Upon constructing 

a graph of J(u) according to (3-11) and comparing it with the lower 

oscillogram, one can obtain the function u(t) which is analogous 

to the upper oscillogram. 

The advantage of this measurement method is its significantly 

higher resolution and higher accuracy, and in contrast to other 

methods the accuracy increases with an increase in voltage.  In 

addition, a total absence of electric coupling between the pulse 

network and the measuring apparatus excludes the occurrence of any 

induced voltages. 
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Figure 3-^. Oscillogram of a 
pulse measured with a precision 
divider (curve a) and with the 
Kerr cell (curve b). 

The drawbacks of this method 

are that It Is necessary to have 

monochromatic light, a photomul- 

tlpller with the transmission band 

up to 1 gigahertz, and a traveling- 

wave oscilloscope.  The times of 

increase and decrease must be 

sufficiently large, so that the 

"photomultlpller-osc11loscope" 

system can follow the oscillations 

of light Intensity caused by the 

Kerr effect.  In addition, the 

polarity of the pulse is unknown. 

3-4.  Measurement of Small Voltage Variations 

at the Top of a High-Voltage Rectangular Pulse 

by Means of Autoemlsslon Diodes 

The magnitude of voltage oscillations at the top of a rectangular 

pulse can be measured from its oscillogram only to within several 

percent of accuracy. This is due to the high ratio of an oscillogram 

line width of the pulse amplitude. For measuring voltage drops to 

within one percent of accuracy and less, the study [58] has suggested 

using autoemlsslon diodes with a sharp point cathode. 

The density of the autoemlsslon electron current from the cathode 

Is given by [81] 

/= 1.0.3-10-*— exp^ g T ■■ It (3-12) 

where E Is the electric field, V/cm;   4  is the work function,  eV. 

If a voltage pulse of amplitude UQ has a rectangular form with 
a fluctuation at the top AU << UQ, then Formula  (3-12) may be 
simplified,  replacing J  and E with the  current  1 and voltage  U, 
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i=Ae-'v. (3-13) 

Equation (3-13) implies that small changes in voltape must cause 

large changes in current.  If the relative values of current fluctua- 

tion and voltage fluctuation are 5i ■ Ai/i0 and 6U ■ AU/UQ, respec- 
tively, where i0 is the current from Equation (3-13) at U ■ UQ, then 

,'~«*U?r¥w^J-,• (3-11|) 

If the exponential is expanded into a series and only the first 

two terms of the expansion are retained, then 

«*£-M/. (3-15) 

Consequently, the current fluctuation at the top of the pulse 

will be magnified B/U« times as compared with the voltage fluctuation. 

The "amplification" coefficient k is defined by the formula 

. R  _6.85.I0V* r?-l6^ 

where 8 is the geometric factor which depends only on the dimensions 

and shape of the sharp point. The larger the radius of the point, 

the smaller is ß [8l]. Consequently, to increase k it is necessary 

to Increase the radius of the point. Formula (3-12) implies that an 

increase of k results in a strong amplitude decrease of the current 

IQ. TO increase the current amplitude, one must increase the number 

of points in the autoemission diode. 

As an example. Figure 3-5 gives oscillograms of a rectangular 

voltage pulse 'I ysec in width and 4.5 kV in amplitude, and of the 

corresponding autoemission current recorded by the 0K-17M oscilloscope 

At the top of the voltage pulse, it is impossible to determine any 

change in voltage, and at the top of the current pulse the change can 

be seen very clearly.  As we can see From Figure 3-5» 61 ■ 0.33.  The 
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JL 

autoemisslon diode has a tungsten 

3j cathode approximately 10  cm in 

radius.  B was determined from 

the slope of the curve Igi = f(l/ 

Figure 3-5.  Oscillogram of a      lJ) and was B-l-lO^ V. i.e., for 
voltage pulse u and the corres-   U0 ■ 4.5 kV, the "amplification" 
ponding autoemisslon current      coefficient was ky - 6.9. Con- 

sequently, the maximum value of 

the voltage drop at the top of the voltage pulse (Figure 3-5) is 

n.8*. 

This  method of measuring voltage  fluctuations at  the top of a 
-8 rectangular pulse can be easily extended to pulses up to 10~    sec 

■ 
in width and up to 10^ V and more  in amplitude. 

3-5.    Protection from Disturbances 

One of the difficulties that arise in recording high-voltage 
nanosecond pulses  involves shielding recorded signals  from parasitic 
electromagnetic Influences.     The latter are due to the presence 
of common resistances In the  grounding circuits of measurement and 
generator networks, and the parasitic electromagnetic  couplings 
between the  generator and the measuring device.    Couplings result 
in the occurrence of "negative time" on the oscilloscope screen, 
"negative"  curvature of the pulse,  different types  of oscillations, 
wobbles,  and other distortions which cast doubt on the reliability of 
the measurement.     To weaken the  couplings in the  grounding circuit, 
one can use  a decoupling element  between the  grounded points of the 
generator circuit and the measuring device in the  form of a choke 
coll or In the form of an active resistance. 

To eliminate the electromagnetic  couplings,  one effective method 
is to use  a screen consisting of a number of parallel metal plates, 
placed very close to each other  [82].    The plates are  connected at 
the center.     In this  case the  large  capacitance between the plates 
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shunts off small capacitances between the generator and divider or 

the recording instrument. The electromagnetic couplings increase with 

frequency.  The magnitude of the induced voltage is determined not 

only by the coupling coefficient, but also by the Q factor of a cir- 

cuit.  The most frequently occurring form of the electromagnetic 

coupling in high-voltage nanosecond technology involves shock exci- 

tation of the oscillatory LC circuits in the measurement network by 

the steep front of an incident wave. Radical methods of protection 

against Interference Include a reliable and short grounding, and 

screening of the measuring apparatus. 

In [82] to reduce interferences, the measuring apparatus was 

screened by metal sheets which were welded together throughout the 

entire area of the testing region.  Copper strips running from 

suitably located grounding busbars were attached to the sheets at 

small intervals, and ran farther along all metal blocks of the 

carcass, screens of the measurement chamber, and the control panel 

with the oscilloscope screen on it. This type of grounding system 

is very effective in eliminating random distortions of oscillograms, 

and in protecting against the influence of usual power units located 

in the building on the measurement results. 

The study [75] describes a device for recording processes occur- 

ring at voltages up to 1,^00 kV. To eliminate Interferences at these 

voltages, an oscilloscope was put in a separate room with double 

screening.  A cable running from the voltage divider to the oscillo- 

scope had three screens Joined together and grounded at the point 

where the cable was connected to the divider. 

Two outer screens were connected to the room screens, and the 

inner screen — to the oscilloscope housing.  The oscilloscope was 

supplied with power by a motor-generator, where the generator was 

in the screened room and the motor outside of it.  The generator and 

the motor were linked by a shaft made of an electrically Insulating 
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material. When the oscilloscope was powered by an Insulation trans- 

former, a displacement of the zero line was observed, and the voltage 

drop was distorted during the breakdown of a spark gap. 

The entire installation was grounded at the location of the 

tested object. The screened room in the absence of a separate ground- 

ing acquired a potential of up to 35 kV during the acutatlon of the 

voltage pulse generator. For this reason, the screened room was 

connected to the common ground using a separate conductor which did 

not affect the quality of the oscilloscopic record. 

To reduce the influence of currents flowing through the grounding 

conductors on the quality of the oscillograms, sometimes the floor 

of the high-voltage room was covered with metal sheets or a metal 

net which were reliably grounded, and the objects to be grounded were 

connected with the grounded floor by means of short conductors. 
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CHAPTER POUR 

ELEMENTS OP GENERATORS OP HIGH-VOLTAQE NANOSECOND PULSES 

1-1. Coaxial Lines 

In forming, transforming« and transmitting high-voltage pulses4 

widespread use Is made of coaxial cables with polyethylene and teflon 

insulation« as well as of coaxial lines with liquid insulation 

(transformer oil, glycerin, water). The operating voltage on such 

lines may reach 10 V and more. 

When using coaxial lines and cables in forming and transforming 

pulses, it is necessary to know the characteristics determining the 

reliability of lines and cables, and limits of their use. These 

characteristics include the electric resistance of a cable when 

operating in the pulse mode and the frequency pass band.  Below, 

coaxial lines and cables will be referred to as coaxial lines. 

a) Definitions of the basic parameters of coaxial lines. 

Basic formulas to be used in computing coaxial line parameters 

are listed in the monograph [83].  Here we only give those that are 
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necessary In designing high-voltage lines.  The Inductance L of a 
coaxial line with copper conductors is given by 

L=0.2tn£+^B'±+-Iry  mlcrohenry/m,     (Ul) 

where D and d, mm are the diameters of the outer and inner conductors; 
f Is the frequency of the propagating signal.  If the frequency of 
the signal propagating In the line Is large, then the second term In 
(J|-l) may be neglected. The capacitance of a coaxial line, C, Is 
given [83] by the formula 

C- ^TJ-, nF/m. (i|-2) 

where c Is the dielectric constant. 

If the Insulation of a coaxial line Is composite along the 
length of the cable (a cable with air Insulation and resistance 
disks), then 

*" V,+Vt   ' (1-3) 

where quantities with the subscript 1 correspond to th? first 
dielectric, and those with the subscript 2 — to the second dielectric. 
V Is the volume occupied by the Insulation. 

For an Insulation which Is composite In the radial direction, 
we have 

.   D 
•••tin -J" 

where the subscripts 1 and 2 refer to the Inner and outer dielectrics, 
respectively, d Is the diameter of the boundary separating the 
media. 
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For the wave resistance Z from (4-1) and (4-2), we obtain 

,     60   .0      138 ,_ D   rtKwi 
z=7r,nTs•TT,g'3■, 0 (*-5) 

The propagation velocity of tne electromagnetic energy along 

a coaxial line Is given by 

o--^. rh/sec. (1M5) 

where c Is the velocity of light In vacuum. 

Now let us consider the questions Involved In selecting the 

dimensions of a coaxial line to obtain the maximum electric resistance. 

The Intensity E of the electric field at a point lying at a distance 
/ d D \ 

r from the axis of the cable f-j-</,«<-7-j Is given by [83] 

where U Is the voltage applied to the cable. Of course, for r ■ d/2 
the value of E Is a maximum, and for r - D/2 — a minimum. If 

U and D are given, then (4-7) Implies that for d ■ D/2.7? the value 
of E will be a minimum. 

To the condition D/d ■ 2.72 there corresponds a coaxial line 
whose wave resistance Is 60//r .  it must be noted that In this case 

the coaxial line will not be under optimum conditions, as far as 

wave damping (D/d ■ 3.6 for copper conductors [83] Is concerned. 

In constructing coaxial lines designed for a transmission of 

nanosecond pulses, one must keep In mind that they have definite 

limitations as to frequency. The frequency limitations are due, as 

shown below, to the damping of waves.  In addition, cables with 

discontinuous Insulation (for example, Insulating and centering washers 

at a definite distance In a cable with air Insulation) have 
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limitations related to the Inhomogenelty of such lines. 

The critical wavelength XQ  below which transmission over the 

line Is Impossible Is given by 

*.=2(«-t-A/r). «-8) 

where a Is the distance between washers, cm; A Is the washer thickness, 

cm; e Is the dielectric constant of the dielectric. 

If the wavelength becomes commensurable with the lateral dimen- 

sions of a coaxial line, then waves of higher type, such as the TE 

and TM waves, are set up In the line. For those waves, the theory 

based on the equations of telegraphy Is no longer valid. For this 

reason, the transmitted pulse becomes distorted. The frequency at 

which It Is possible for higher types of waves to occur In, and be 

transmitted over, a coaxial line Is called the cutoff frequency. 

The cutoff frequency for a coaxial line Is given by the following 

formulas: 

for TE waves 

i'Tiß+wr1 ^-9) 

for TM waves 

'*   U)-rf)KT 

where c Is the velocity of light In vacuum, cm/sec; D and d are the 

diameters of line conductors, cm; e Is the dielectric constant. 

b) Distortion of pulses by coaxial lines. 

When a pulse Is transmitted over a coaxial cable. Its shape Is 

distorted for three basic reasons:  losses In a metal, dielectric 
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losses in the insulation, and losses related to lonization processes. 

Contempory technology of fabricating high-voltage coaxial cables 

with hard insulation is able to minimize the volume of air bubbles. 

For this reason, the effect of ionization processes on the deforma- 

tion of high-voltage pulses may be neglected.  In [84] a study was 

made of the distortion of high-voltage pulses with an amplitude up 

to 70 kV during their transmission over a RK-103 cable, 530 m In 

length.  It was shown experimentally that the presence of a corona 

in reality does not have a significant effect on the damping and 

distortion of high-voltage pulses, and that it is possible to calcu- 

late the distortion of high-voltage pulses In coaxial cables with 

hard insulation at .igh gradients (up to 50 kV/mm) using the tech- 

niques utilized with small gradients.  In this case the experimentally 

obtained damping is 3-S%  higher than Its computed value. Additional 

studies have shown that this difference is due to the occurrence of 

the pulse corona in the air gap between the hard insulation and the 

cable sheath. 

The dielectric losses in the insulation at frequencies up to 

50 MHz for cables with polyethylene insulation do not exceed 3-5% 

losses in the metal, and in the frequency range indicated they may 

be neglected. With an Increase in frequency, the losses in the 

dielectric increase faster than losses in the metal, and at frequencies 

above 1.5-3 GHz, the losses in the dielectric become dominant 

[2, 83]. 

If only the losses in the metal are considered, the deformation 

of a rectangular pulse ("unit step") may be described [86] by the 

expression 

A(/.0--ierfc(Z)=I-*(Z), (1-11) 

where  h(i,t)  is  the  transient  response of the cablej   »(Z)  is  the 
probability Integral   (Kramp's  function); 
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'-ifc-^-^'»^**)1 

U^t-t,, t% = lVLtCt    is the delay time of the cable; L,= 2.10-,ln-^-   , 

henrys/m.  Is the Inductance of the cable per un'       able; C.g-, 'l(!'* .. 
IB In (rt rj 

F/m is the cable capacitance per unit length; c ..  «he relative 
dielectric constant of the insulation; r,, r« are the radii of the 
inner and outer cable conductors, mm; y, p are the magnetic perme- 
ability and the specific resistance of the conductors, respectively 
(for copper conductors; v ■ 4»• 10"'henrys/m); I  is the length of 

-2       2 the cable, m; p ■ 1.75 x 10  ohm mm /m. The probability integral 

x 

-■k]^ 
cannot be expressed In terms of elementary functions.     However,  its 
values can be found in tables  [8?].     In computing the deformations 
of nanosecond pulses when it is necessary to consider the losses  in 
the dielectric, the transient cable response should be computed 
[86] using the formula 

-I 
where P(«>-^e"^co»(«•»///.,,£ yi is the frequency characteristic of the 
cable which is the real part of the transmission coefficient; 
a'T VT:^^" Vl^   is the damping coefficient of the cable (in the 

high-frequency region); tf.^iV&oL./C, is the active resistance of the 
cable per unit length, ohra/m; O. — ojC.tgJ is the conductivity of the 
insulation of the cable per unit length, l/ohnrm. 

Beginning with several hundred megahertz, the function tg 6 for 
polyethylene-insulated cables may be expressed [88] by the formula 

t8»-f^£-. (4-13) 

FTD-HC-23-385-71 107 



where  a1 =  1.2'10"8  sec1/2/rad1/2; m »  2-10"11 sec/rad; 

is the phase coefficient. 

A calculation of the transient response from  (4-12) can be 
done  analytically   [89] or using computers   [90,   97].     With a certain 
approximation, the transient  function for the coaxial cable,  consider- 
ing the  losses  in the dielectric,  can be represented  [2] by Formula 
(4-11),  whose argument  is   computed from the    expression 

_        «,./ 0,347 

where  w    is the cutoff frequency of the  cable pass  band; o    is  the c c 
damping at the cutoff frequency.    The cutoff frequency u    is equal 
to the  frequency at which the transmission coefficient k ■ e"^ 
(where  Y = « + Jß)  is lowered by 3 decibels as compared with its 
values  at  lower frequencies.     In accordance with the above definition, 
u„ can be calculated using the formula c 

exp (-«,>,,)/)--pip (4-15) 

Due to the difficulty of solving this transcendental equation. 
Figure   4-1 gives the plots  of the cutoff frequency  of the cable pass 
band versus the cable  length  for the most widespread types  of cables 
[2]. 

Figure 4-2 gives the plots of the transient  responses  for the 

RK-50-11-13 cable  1,   5,  10  and 30 m in length  [2],  where A(t)  is 
the  ratio of the output voltage Up to the  input voltage u,.     If it 
is  desired to find the distortion of a pulse whose  form differs  from 
a rectangular form,   one should apply the Duhamel  integral.     In this 
case,  the  output  voltage Uptt)  has the  form 
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Figure 4-2. Transient response 
of the RK-50-11-13 cable for 
various lengths. 

Figure 4.1.  Cutoff frequency of 
the pass band for various types 
of cable versus their length, 
considering losses In the 
dielectric and conductors. MO=r«'.(t)Ä(/-t)rft,   (11_16) 

where T is the running variable; U'.CT) Is the derivative of the 

Input voltage. 

A technique for an approximate calculation of the Duhamel Integral 

Is described In [60, 6l]. 

c) Inhomogeneltles In coaxial lines. 

In coaxial lines used as forming or transmission elements of 

the generator of high-voltage nanosecond pulses. It Is possible for 

two types of inhomogeneltles to be produced. 

First type: inhomogeneltles directly related to the electric 

system of connections among the individual units and circuits of the 

generator (when additional elements are connected to the line, when 

the line is connected to a different wave resistance, when the lines 

branch off, etc.). 

Second type:  inhomogeneltles of the structural-assembly type 

(sharp variation of the conductor dimensions. Inclusion of resistance 

Insulators, line discontinuity, etc.). 
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In computing the effect of an Inhomogenelty of the first type 

on the waveform, one usually makes use of an equivalent network 

composed of a two-terminal network and a generator connected in series. 

The generator consists of a voltage source 2U. , where U.  is the 

voltage of the incident wave of arbitrary form [1], and the wave 

resistance Z of the transmission line. The two-terminal network 

consists of the input resistance of the remaining part of the line, 

Z, and the input resistance of the added-on element of the circuit, 

Z,.  The form of the two-terminal network depends on the way the 

inhomogenelty is connected. For example, when a circuit element of 

resistance Z, (homogeneous line or active resistance) Is connected 

Into a gap in the line with the wave resistance Z, the resistances 

Z1 and Z are connected In series.  If an arbitrary element of resis- 

tance Z1 is Included at the end of the line, then the resistance 

serves as the two-terminal network.  In this case. In the short- 

circuited situation Z, = 0, and when the end of the line Is open 

Z, ■ ».  It should be kept in mind that the equivalent network Is 
valid only from the arrival of the wave at the Inhomogenelty up to 

the return from the end and beginning of the line of those waves 

that were refracted and reflected at the location of the Inhomogen- 

elty.  In computing the effect of the reflected waves, one can use 

the superposition method. 

In analyzing inhomogeneitles In transmission lines and their 

effect on the form of the pulse, It is possible to use the results 

obtained in the technology of superhlgh frequencies.  In this case, 

one must know the maximum frequency f» In the pulse spectrum which 

must be transmitted without a substantial change of the amplitude 

and the phase,  t« may be taken to be the upper cutoff frequency of 

the frequency response that corresponds to the point at which the 

amplitude falls off to l/|/5 of the amplitude at medium frequencies. 

The relation between fM and the front width tf of a pulse, determined 

between the levels of 0.1 - 0.9 of the amplitude, has the form [6] 

t      M 
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The effect of an Inhomogenelty of the second type on the form 

of the voltage wave Is generally [6] accounted for by placing a 

square- or T-form four-terminal network In place of the Inhomogenelty, 

whose parameters depend on the type of Inhomogenelty and dimensions 

of the line. Simple inhomogeneltles In which we are interested may 

be replaced by a capacitance connected in parallel with the line. 

Let us consider a discontinuous variation of the radii of the 

coaxial cable conductors, this being one of the  most frequently 

occurring inhomogeneltles. 

In practice, we encounter three different cases:  1) diameter 

of only the Inner conductor is changing (Figure ^-3, a); 2) diameter 

of only the outer conductor is changing (Figure ^-Sjb); 3) both 

parameters are changing simultaneously (Figure i<-3,c). In all cases 

the inhomogenelty is accounted for by adding a capacitance (Figure 

^-3,d): 

C-fD, 

where D is the diameter of the outer conductor (in the second case, 

we may set ^=.-^4^ ). 

i UC 

M 

gs 
ay 

-I ^    .t 

J ß I 

"31 
■S 
T 

t cf a 
dJ 

Figure 4-3.  Inhomogeneltles of 
the second type (a,b,c) and 
their equivalent circuit (d). 

The plot of the coefficient 

F as a function of the ratio of 

diameters is given in Figure 4-4 

[14]. The curve d,/D ■ 0 corres- 

ponds to a discontinuance of 

the inner line conductor. The 

value of the capacitance for the 

third case (Figure 4-3,c) Is 

found, starting with the results 

of the preceding two cases. We 

first assume the presence of a 

discontinuity only for the Inner 

conductor, and then only for the 

outer conductor. The equivalent 
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Figure 11-4.  Plots for finding the 
capacitance C corresponding to the 
Inhomogenelties shown in Figure 4-3,a 
and b. 

capacitance can be found by adding the capacitances under the first 

and second assumption.  It is necessary to keep in mind that the 

data given here can be used only if the wavelength X > SD', where 

D' is the larger one of the diameters of the line.  The curves given 

in Figure 4-4 to aid In finding F are applicable to air-filled lines. 

If a cable is filled with a dielectric, the capacitance C must be 

multiplied by the dielectric constant e.  If the dielectric fills 

only the line whose inner conductor is of smaller diameter, then the 

value of C found with the aid of the plots in Figure 4-4 must be 

multiplied by e.  If a line with a large diameter of the inner con- 

ductor is filled with a dielectric, then In the first approximation 

it can be assumed that the value of C found for the air-filled line 

remains unchanged.  For lines in which the diameter of the inner 

conductor is changing, it can be assumed that — when the line with 

the large diameter is filled with a dielectric — the value of C 

increases e times, and, when the line v;ith the smaller diameter is 

filled, the value of C remains unchanged.  If the dielectric fills 

a portion of a coaxial line whose dimensions are constant, then this 

is equivalent to a jump In the wave impedance. 

In certain cases, a discontinuity in line dimensions may occur 

at constant wave Impedance.  In this case, one must observe the 
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condition d./D, ■ dp/Dp.  An Inhonogenelty at a point of contact, is 

accounted for by add?ng a capacitance C in the equivalent circuit. 

The effect of the capacitance can be substantially weakened by shift- 

ing the Inner conductor by A ■ D-/10 from the location of the inhcmo- 
genelty (In Figure 4-3 indicated with a dotted line).  The shift Is 

equivalent to an addition of a series inductance which compensates 

for the effect of the capacitance C. At high voltages In the line, 

the electric resistance of such a connection Is small due to the 

presence of sharp angles. To Increase the electric resistance, It Is 

better to use a smooth conical connection between the lines. The 

length of the connection should be chosen using the relation 

l>2Dt. 

A conical connection is often used when constructing discharge 

devices, peaking circuits, etc. A detailed analysis of this type 

of connection is given In [1]. Methods of eliminating inhcmogenelties 

produced by the resistance elements from the dielectric are described 

in [6]. 

d) Electric resistance of a coaxial cable in the pulse mode of 

operation. 

Polyethylene is most widely used as an insulator in radio- 

frequency and pulse cables.  Plat specimens of polyethylene possess 

a very high electric strength (300-600 kV/mm). For short segments 

of cable devices, the maximum breakdown strength in single-pulse 

breakdown is of the same order. However, in multi-pulse breakdown 

It Is lowered to 10-20 kV/mm, and strongly depends on the method of 

applying insulation, presence of semiconductor layers, diameter of 

the inner conductor, etc. 

A study of polyethylene has shown that the basic factcr responsible 

for the lowering of the electric resistance of cable insulation is the 

presence of air and gas bubbles of various sizes in the insulation. 
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At high voltages, electric discharges occur In the bubbles that 

result In a rapid rupture of the Insulation and cable breakdowns. 

The Insulation Is ruptured near the air bubbles, and then discharge 

channels gradually penetrate deeper Into the Insulation.  For a 

breakdown to occur, one needs a definite number of pulses which 

depends on the number of air bubbles, their size, amplitude and form 

of pulses, as well as a number of other factors. 

No reliablo data are available on the electric resistance of co- 

axial cables in the presence of voltages corresponding to the opera- 

tional parameters of high-voltage nanosecond generators.  It is only 

possible to make an approximate guess as to the service life of 

cables under those conditions. The most correct information is given 

by the so-called "life curve" for a cable which represents an exper- 

imentally obtained relationship between the number of pulses result- 

ing in a breakdown and the amplitude of the pulses. A characteristic 

"life curve" for the IK-2 cable, obtained using 10,6 m cable specimens 

acted upon by pulses with a front width of 0.8 psec and the width of 

3 psec, according to the data of [92], is shown in Figure ^-5. The 

question of how the "life curve" of a cable changes when varying the 

form of the pulses thus far remains open. One can assume that the 

change will not be very large [98].  A large reduction of the service 

life can be expected only with bipolar pulses. 

It was experimentally established that for t__ • 100 nsec, U = 50 sp 
kV; f = 50 Hz the mean service life of the RK-106 cable is largely 

determined by the quality of the cable, and in certain cases amounts 

to 1000 hours [107]. 

An experimental determination of the "life curve" of a cable 

requires a great Investment of time and materials.  For this reason, 

it is of Interest to consider the procedure of [93, 9^] in which it 

Is sufficient to determine experimentally two or three points on the 

life curve, and the remaining points can be obtained analytically. 
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Figure 'l-S. Plot of the life 
of a IK-2 cable segment 10.6 
m In length. 

In approximately determining 

the number of unipolar pulses which 

can be endured by the polyethylene 

cable Insulation until breakdown, 

use can be made of the empirical 

formula [95]: 

AT = 7,2.10" (^y'*. 

where U» Is the amplitude of the 

initial corona voltage; U is the 

amplitude of voltage pulses. 

For example, for the RK-50-9-11 (RK-106) cable in the case of 

unipolar pulses with the amplitude U ■ 50 kV, we have 

Ar=7.2.IO"(-^Jp5-)M«-1.6-10«  pulses 

It must be noted that for one of the mass produced radio- 

frequency cables with polyethylene insulation the voltage of the 

ionization start is no larger than 10 - 12 kV. 

The most radical method of Increasing the ionization start 

voltage is to use semiconductor layers on the inner conductor and 

underneath the screen.  The necessary condition for the semiconductor 

layers to be effective is that they have to be bonded tightly to the 

insulating layer.  In selecting the specific resistance of the semi- 

conductor layer, we are guided by the requirement that the air bubble 

at the boundary with the conductor be reliably shunted off. 

The use of semiconductor layers made it possible to produce a 

series of polyethylene-insulated high-voltage KPV cables (KPV-1/20, 

KPV-1/50, KPV-1/75, KPV-1/300).  Experiments at the Tomsk Polytechnl- 

cal Institute have shown that the KPV-1/300 cable In pieces up to 

several tens of meters is able to resist 6 to 10 thousand pulses with 
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the amplitude of 250 kV, and 100-200 thousand pulses with the ampli- 

tude of 180 kV.  The IK-^ cable, produced in the USSR, which has 

semiconductor layers, is rated for long-term service in the region of 

of 75 kV unipolar pulses.  The USA produces a series of special pulse 

cables with polyethylene insulation and semiconductor layers designed 

for voltages from 20 to 100 kV, and a service life of no less than 

10 pulses (maximum field intensity in the insulation is taken as 

equal to 20-25 kV/mm [96]). 

Coaxial systems Involving liquid insulation are very promising 

for high-voltage nanosecond generators. They possess a number of 

advantages as compared with polymer-insulated cables:  higher relia- 

bility, better cooling, automatic return of liquid insulation to 

previous state after breakdown, smaller damping [97]. The high 

reliability of such coaxial systems is due to the small volume of 

hard insulation which has to be thoroughly checked and tested. Tests 

made at the Tomsk Polytechnical Institute have shown that, when 

insulators are subject to strict quality control, the coaxial line 

up to several tens of meters in length sustains no less than 10 

pulses with an amplitude up to 300 kV, the conductor diameters being 

20 mm x 10 mm and ^10 mm x 200 mm. 

4-2. Pulse Thyratrons 

The use of pulse hydrogen thyratrons as commutating elements 

increases the reliability of high-voltage generators and simplifies 

their operation. 

The advantages of pulse thyratrons include: possibility of 

parallel triggering of a large number of thyratrons (small instability 

in triggering); operation at high repetition frequency; long service 

life. 

FTD-HC-23-385-71 116 



The . Quacks of thyratrons Include:  large inductance; switch- 

ing time Is much larger compared with spark gaps; restrictions on 

switching current and voltage; use of power for Incandescence. 

These drawbacks Impose definite limitations on the range of 

applicability of thyratrons when dealing with short pulses and large 

currents. To determine the range of thyratron working parameters, 

one must know such their characteristics as Inductance, switching 

time, triggering instability. Unfortunately, these parameters are 

not usually indicated in the technical description of a thyratron. 

As shown in § 2-1, the pulse front width Is determined by the 

Inductance of the commutator and the switching time. The switching 

time in a hydrogen thyratron is determined basically by the pressure 

in the bulb which depends on the temperature of the hydrogen genera- 

tor. With strict requirements as to synchronization, it is necessary 

to know the delay in the triggering of the thyratron, i.e., the time 

from the time of application of voltage to the time when the anode 

current appears. In case it is necessary to trigger several thyra- 

trons in parallel, it Is necessary to know the triggering instability. 

The studies done have shown that the triggering instability for pulse 

thyratrons with corresponding stabilization of the heating and 

triggering voltage amounts to 10"" sec [62]. Table 4-1 gives the 

basic characteristics of domestic thyratrons, obtained in [27, 62] 

and those obtained by the authors. An important property of thyra- 

trons is the possibility of increasing the current as compared with 

its nominal value when the pulse width Is reduced. Experimental 

studies have shown that, when the pulse width is on the order of 10 

Sue, the magnitude of the pulse current may exceed the nominal value 

several times. The criterion for the possibility of varying thyratron 

parameters, taking into consideration the maximum currents obtained 

experimentally (see Table 4-1), is provided by the product of para- 

meters fpotUZt  <_ N  , where N  is the certified value of average 

power. 

As can be seen from Table 4-1, the self-inductance of heavy-duty 

pulse hydrogen thyratrons with voltages up to tens of kilovolts and 
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TABLE  iUl 

Parameters 

Thyratron type 

TGI-1 
325/16 

TGI-1 

100/16 
TGI-1 

700/25 

TGI-1 

2500/3' 

Metal]Ic-ceramic 

TGI-1  IGI-l  TGI-1 
1000/25 3000/50 500/16 

Requirements  on  stability, 
%: 
for power source   
for ignition   
for heating of hydrogen 

generator   
for heating of cathode . 
for amplitude of firing 

voltage   
Delay of discharge in 
nominal mode, nsec   

Front in nominal mode with 
heating voltage of 6.3 
V, nsec   

Minimum front at Uheat 

V (nsec)   
Inductance of thyratron 

(in coaxial case), 
microhenrys     

Pulse anode current   in 
nominal mode,  A     

Pulse anode current  at 
t  ■ 100 (nsec) (exper- 
sp 
imental data)   

Average anode current, A . 
Repetition frequency, Hz.. 
Maximum anode voltage, kV. 
Heating current, A   
Maximum amplitude of feed- 

back voltage, kV   
Average output power, 

kilowatts   

5 
10 

O.H 
1 

1 

+1 

15 

10 

0.15 

325 

lO^5 

0.2 
103 
16 

8.5 

16 

5 
10 

0.1 
1 

1 

+1 

20 

12 

0.15 

400 

10J 

0.5 
450 
16 
11 

8 
10 

O.H 
1 

1 

+1 

25 

15 

0.35 

700 

2.10- 
1 

500 
25 
20 

5 

25 

1.5 
10 

0.8 
1 

2 

+14 

35 

2H 

0.7 

2500 

7.10- 
2.5 
250 
35 
55 

5 

43 

8 
10 

0.4 
1 

1 

+1 

20 

15 

0.2 

1000 

3.10" 
1 

700 
25 
20 

5 

25 

25 

15 

0.3 

3000 

10.10 
4 

50 
87 

250 

15 

10 

D.12 

500 

10c 

0.5 
103 
16 
15 

3.2 

8 

currents up to several kiloamperes is approximately Ln, ^ 0.3 micro- 

henrys.  If the internal resistance of the generating device is 

small, p <_ 10 ohms, the time constant of the current rise L^/p is 

large, and this makes it impossible to use heavy-duty thyratrons for 

generating high-voltage nanosecond pulses.  At the same time, in 
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Figure ^-6.    Reduction of the 
switching time by Including 
capacitance and nonlinear 
Inductance Into the anode 
circuit of the thyratron. 

contrast with other gas-discharge 
devices, thyratrons possess a 
number of extremely valuable 
properties such as high reliabili- 
ty,   simplicity of startup and 
high pulse repetition frequency. 
This makes It necessary tc search 
for new circuit designs that will 
permit the use of heavy-duty 
hydrogen thyratrons  for generating 
high-voltage nanosecond pulses. 

Figure ^-6 shows one of the designs  for a generator of high- 
voltage nanosecond pulses based on a two-stage coaxial line In which 
a hydrogen thyratron Is used as a switch.    The pulse front width at 
the output of the generator  (without considering the parasitic para- 
meters of the output circuit) Is determined by the rise time of the 
current through the thyratron,  and depends on the time of discharge 
development.  Inductance of the commutator circuit, and the capaci- 
tance Cj..    To reduce the switching time, an inductive commutator LK 

with a small switching time t- << tf is connected In series with the 
thyratron.    The commutator Is activated after the thyratron tran- 
sient Is terminated and the current through the thyratron attains a 
maximum (t_ Is the front width without correction).    A network of a 
similar type Is used at the output of high-voltage generators  [20]. 

Let us consider the basic concepts  Involved In selection of the 
parameters LK,  CK.    The capacitance CK can be found from the condition 
that the maximum currents In the I^Cj, circuit and through the 
generator be equal: 

'■"*?• 

where p Is the wave Impedance of a line stage. 
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This  formula  Implies that,   in the  case of heavy-duty thyratrons, 

the  value of C„ may  reach several  thousand picofarads. 

The  inductance  L.  is selected using the  following considerations 

1,    The  current  ^„ at which the  inductance Lj. becomes saturated 

must  satisfy the  condition 

where  U    is  the  anode  voltage, a 

This condition means that  the  active  front width  is  defined 

as  the  time  of voltage  rise  from 0.1 to 0•9U    . . 

2.    The  value of the  inductance LK0 after entering the  saturated 

state must  satisfy the condition 

where tffl is  the width of the corrected front. 

If one  considers that  the voltage across the Inductance  in- 

creases  linearly,  then it  is easy to show that  In this case 

For /«»O.lt/./p 

L.-s^p. C*-17) 

This assumption is completely Justified in rough  calculations, 

lumber of turns  in  inductam 

value  of the   saturation  field H, 

The number of turns  in  inductance  LK can be determined by  knowing the 

'K' 
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where lQ  Is the average length of the magnetic line of force. 

The core section Is 

s~  I.i6.l0-W (1-19) 

where y Is the magnetic  permeability of the core material. 

The rise time of the current through LK0    which determines the 
pulse  front on the load Is 

'•.-P.2-f- (1-20) 

The ratio tf/tf0 ■ k Is the coefficient  indicating the reduc- 
tion of the switching time. 

Given the value of k,  the required value of LKn Is: K0 

^• (1-21) 

Thus, the inductive commutator must obey two conditions: up to 
saturation its magnitude must be LK> and after saturation — LK0. 

Or, in other words, one must select a magnetic material that 
satisfies the condition 

where yH is the magnetic permeability at saturation. 
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In the case of nanosecond pulse generation, the most convenient 

material for a coll core is ferrlte. 

^-3. Spark Gaps of Nanosecond Range 

In this section, we consider spark gaps with nanosecond switch- 

ing times that are triggered with nanosecond accuracy. 

In § 2-1 and in [1, MJ, it was shown that, in a static break- 

down of a spark gap, the tin^ during w'iich the voltage across the 

gap decreases from its initial value to one which is close to zero 

(the switching time t ) is In proportion to the time constant 

(\=2plaFj  .  If the voltage at which the gap Is punctured Is constant, 

then the ratio of the field intensity to the pressure Is £/p=const t 

Then 

9-2(£/p)-«M-'. (4-23) 

i.e., the value of 9 and the commutation time tK will be smaller In 

proportion to the increase in gas pressure and the value of E/p. The 

increase of gas pressure to reduce the switching time of spark gaps 

was first used in [25].  In [26] a spark gap was immersed in a 

nitrogen atmosphere at a pressure of hO  at, and the commutation time 

obtained was 3 • 10""  sec.  A majority of spark gaps for generators 

of high-voltage nanosecond pulses were used in an atmosphere of 

compressed gas [1], 

It is well-known that, as the spark gap width d decreases during 

Its static breakdown, the ratio of the field intensity to the 

pressure, E/p, increases.  For example, in the right-hand portion 

of the Paschen curve in the region near the minimum, we have for 

the air ElP-A+tf   , where A = 62 • lO^ V/cm . at; B = 340 V [99] • 

This means that for small spark gap widths d << 1 cm, even at at- 

mospherlc gas pressure one can obtain E/p > 10 V/cm • at, and the 

time t ^ 10"^ sec [100].  In [101] this effect was proposed for 
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building spark switches with a nanosecond switching time. Still 

another possibility of reducing the switching time, which followfi 

immediately from Equation (^-23), is to use a gas with a large para- 
2  2 

meter a. For example, if for the air a ^ 1 at • cm /V • nee, then 
2  2 

for argon it is larger than 20 at • cm /V  • sec [102]. This Is due 

to the small (on the order of several nanoseconds) switching time 

of spark gaps in argon even at atmospheric gas pressure and gap 

widths on the order of 1 mm [103]. 

In [5, 137] use was made of spark gaps filled with transformer 

oil, and the commutation time obtained was on the order of 10  sec. 

Such arrangements, however, have not been popular due to their In- 

stability and short service life.  It is also possible to obtain 

switching times on the order of 10" -10"*  sec using gas spark gaps 

operating with spark gaps whose voltage has been preliminarily raised. 

The overvoltage in spark gaps can also be obtained when spark gaps 

operate as front sharpening circuits [1] and when a large number of 

spark gaps are connected in series [10^]« 

Commutators that are capable of being triggered with nanosecond 

accuracy are usually in the form of trigatrons, spark relays, and 

three-electrode and multi-electrode spark switches. 

The trigatron operates in the following fashion. After the 

triggering pulse reaches the rod electrode 3 (Figure ^-7, a), a 

discharge occurs between electrodes 3 and 1. This initiates the 

breakdown of the main gap between electrodes 1 and 2. In [105], a 

study was made of the possibility of trigatron triggering with nano- 

second accuracy. The trigatron was placed in a freon atmosphere at 

a pressure of 0.1^1 at. The ..laximum operating voltage was 50 kV. 

It was shown that the delay time between the arrival of a triggering 

pulse and the operation of the trigatron is less when the polarities 

of the triggering pulse and the potential on the ungrounded elec- 

trode are opposite.  For a triggering pulse of amplitude 32 kV and 

front width of 2 • 10~ sec, the delay time was 2 • lO- sec, with 

a scatter of no more than 1 nsec.  In this case, the voltage across 

the gap was less than the static breakdown voltage by 10%  and more. 
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In  [106],   In  order to reduce the 
amplitude of the trigatron trig- 

gering pulse,   its  keep-alive 
electrode was  covered with barium 
titanate which is a dielectric  of 
a high dielectric  constant 
(e  >  1000).     A small  gap was 
created between the dielectric 
covering of electrode 3 and elec- 
trode  1.     When the triggering 
pulse was  applied,  almost  the en- 

tire  voltage was applied to the  gap.     In such  spark gaps,   filled 
with air at atmospheric  pressure,  the maximum working voltage was 
25  kV,   the delay time was  17-65 nsec depending on the required 
operational mode of the  gap,  and the scatter of the delay time did 
not   exceed 3 nsec.     The amplitude of the triggering pulse was  0.5-1 
kV with a  front  width of 5 nsec.    A spark gap using ceramics  of 
high  e  was also described  in  [108], 

Figure  4-7.    a - trigatron spark 
gap;   b  - spark relay;   c  - 
three-electrode spark  gapr   1, 
2  - main electrodes;   3  - keep- 
alive  electrode. 

The spark relay has  two spark gaps  (Figure  1l-7,  b):    the main 
one  — between electrodes  1 and 2, and the initiating gap 3  [27]. 
Ultraviolet  radiation  from a spark in gap  3,   incident  on cathode 2, 
results   in photocurrent   from the cathode,  which initiates breakdown 
of the main gap.     In  [27]   it  is  shown that,   if the voltage across 
the  main gap  is too low by  1-2$ and the operating voltage is about 
10  kV,   the delay time t-  between the breakdown of the  initiating and 
main  gap   is ^5 nsec. 

In  [109]  for triggering a spark relay  in the air,  use was made 
of pulses  of ultraviolet  radiation 6 nsec in width and 1 nsec  in 
front  width.     In this  case,   there  is higher stability  (+1 nsec) 
between  the  breakdowns  of the main gap and auxiliary  gap.     As the 
voltage  across the main  gap approaches  its  static  breakdown value, 
the  time  t    approaches  the time needed  for an avalanche breakdown of 
the  main  ^ap. 
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The basic advantage of a gas spark relay Is the fact that the 

keep-alive and main gaps are completely insulated electrically, and 

that the time t^ is highly stable.  The disadvantage ia that tho 

working voltage is restricted to a narrow range, assuming the Inter- 

electrode distance is constant. 

The range of the working voltages of the spark gap increases 

considerably when vacuum spark relays and spark gaps are used in 

conjunction with a powerful triggering laser beam and an electron 

beam.  In [110] a study was made of the effect of laser radiation 

on the gap breakdown. The study involved an investigation of the 

time delay t- between the arrival of the laser pulse and the appear- 

ance of the current flowing through the spark gap in air, nitrogen, 

and elegas. The laser beam had the power up to 80 megawatts, the 

pressure was 100-1,^00 mm Hg, the distance between the electrodes 

was 0.^-1.5 cm, and the electric field in the spark gap was 10-100 

kV/cm. The time t_ was inversely proportional to the electric field, 

gas pressure, and the distance of the focus from the surface of the 

anode. 

Reference [111] gives a description of vacuum spark relays.  In 

these switches the breakdown of the main gap is initiated by an 

auxiliary breakdown on the surface of mica which separates the elec- 

trodes of the triggering gap. A use of this insulating lining makes 

it possible to lower the breakdown voltage of the triggering gap, and 

thus lower the amplitude of the triggering pulse. For example, VIR-7 

operates reliably when the working voltage varies from 10 to 100 kV. 

The triggering time of the gap and its stability depend on the 

curvature of the triggering pulse front.  If the amplitude of the 

triggering pulse is 2.2 kV and the front curvature is 225 kV/ysec, 

the time t-, for the VIR-7 gap is (3 + 1) • 10  sec.  The basic 

drawback of this type of gaps is the small number of bubbles due to 

the rapid covering of mica with metal and the vacuum losses In the 

bulb. 

The three-electrode spark gap is built in the following way 

(Figure 4-7, c).  Electrode 2 is connected to a source of high d-c 
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voltace  l^,   and electrode   1  is grounded through the load.     The width 
of the  pap 2-3,   d^,,   is  chosen such that   it  will not be punctured 
at   voltage Ü,,  and the width of the gap 1-3,  d.-,   is such that  it 
will not bo punctured by the triggering pulse.     When electrode  3 
receives a triggering pulse  U- with polarity  opposite to U,,  the 
t',ap  2-3  is punctured,   and the middle  electrode  is  raised to poten- 
tial U   .     If the gap widths are  in the ratio d -/d,- ^ 2,  then the 
trap  unit has a maximum double range of operating voltages.    A study 
of the  operation of the three-electrode gap unit  [27] has shown that, 
In  order to reduce the triggering delay time and to increase the 
stability of this time,  one must  increase the amplitude and curvature 
of the  triggering pulse   front.     If the  front   curvature  is  ^0-50  kV/ 
/ysec and the amplitude of the triggering pulse  is  50-7055 IL ,  the 

—8 scatter of the time t     obtained is on the  order of +10"    sec.    The 
operation of the  gap unit   is  considerably accelerated and stabilized 
if the  gaps  2-3  and  1-3 are  irradiated with ultraviolet  light.     In 
[112]  a suggestion was  made that  in order to  stabilize thu operation 
of the three-electrode gap the gaps 2-3 and 1-3 should be irradiated 
by  a spark from the auxiliary  gap connected in series with a cable 
which carries the triggering pulse.     In this case, the stability 
of t^  is no  less than +1 nsec. 

Reference  [57]  proposed a spark gap with high speed triggering 
o 

(10" sec) by an electron beam through a thin metal foil in the 

cathode. Such a spark unit has a wide range of operating voltages, 

high triggering stability, and, most important, it makes it possible 

to eliminate localization of a spark channel, and permits a wide 

area of discharge due to which one can ultimately obtain higher 

rates of current rise. 

Reference [113] describes a single-action discharge unit operating 

at up to 200 kV which makes use of a discharge in polyethylene.  The 

triggering instability for this discharge unit did not exceed +1 nsec. 

The three-electrode nanosecond spark gaps provide triggering 

pulses of high amplitude and a narrow range of operating voltages. 
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To eliminate these drawbacks.   In  [100,   101]  it was  proposed to use 
multi-electrode  spark gaps  in which the capacitance between the 
electrodes and the ground  is  greater than the  interelectrode 
capacitance.     To obtain a switching time on the order of 10      sec at 
an atmospheric  gas pressure,  the spark  gaps have narrow gaps   (on the 
order of 0.1 mm). 

4-4.     Resistors and Capacitors  for High-'VoltaEe 
Nanosecond  Pulse Devices 

-  ~        ■   i -       ^    -  ^   _ - 

a)     Resistors 

Ohmic  resistors used in high-voltage nanosecond devices must 
satisfy the  following requirements:    their resistance must   be in- 
dependent  of voltage and frequency within a certain interval, the 
resistor must  have a small parasitic  inductance and  capacitance, and 
be thermally stable. 

It  is  not  always possible to satisfy these requirements.    For 
this  reason,  the problem of selecting resistances  for nanosecond 
high-voltage devices cannot  be  considered as solved.     We shall 
discuss certain features of these resistors. 

The resistors used in the nanosecond range are of the following 
types: carbon, film, metal-film, and composite. Wire resistors are 
not always applicable,  due to their high inductance. 

The depth 6  of the current  penetration into the  conductor at 
which the  current  density becomes  2.718 times  smaller than the 
maximum density at the conductor surface can be used as  a character- 
istic of the  skin effect.     The  depth 6   is  given by 

Vl W (4-24) 
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where f is the frequency; u is the absolute magnetic permeability of 

the conductor; a is the specific resistance of the conductor material. 

Given the depth 6, depending on the frequency, one can determine the 

variation of resistance for this frequency, and as a result one can 

find the permiüsible thickness A of the conducting layer. The depen- 

dence of the resistance on the frequency is in practice negligible 

for the entire frequency spectrum of the pulse, assuming that for the 

maximum frequency »]/ * . The value of 6 for conductors at fre- 

quencies corresponding to nanosecond pulses can reach tens of microns. 

Therefore, conducting filmr must have a thickness on the order of 

several microns, which does not present any problem when it comes to 

the fabrication of resistors. When the resistors are subject to 

voltages of high frequency, the effect of self-capacitance and self- 

inductance of the line is apparent. The equivalent circuit for 

resistance at a high frequency is similar to the equivalent ciroult 

for a long line with losses.  In addition, we have the effects of the 

capacitance between the leads of the resistor and their capacitance 

with respect to the ground. The values of the linear capacitance and 

inductance Ln and C0 are determined by the form factor of the re- 

sistor, kf [11^] (it is assumed that the resistor is cylindrical In 

form): 

"sy 

wheri  I is the resistor length; D is  its  diameter; 

c,«s»io*    . pP/cm (^-25) 

(4-26) 
i, =2iin<Tt*^—ij, nano henry/cm 

If there is a spiral cut on the resistor which is Introduced to 

increase resistance, the value of L0 is determined using another 

formula 

£,^0.9—5-. nano henry/cm 
** (4-27) 
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where w is  the number of turns   in the spiral.     Since the value of  L 
is  much greater for resistors with  spiral cuts,   such resistors are 
rarely used in pulse circuits of nanosecond range. 

It  is  difficult  in practice to use the above-mentioned equiva- 
lent  circuit  for the resistor.     It   is considered  [11^]  that  if 

R> Wtt i  then the effect  of Ln can be neglected,  and the equivalent 
c:rcuit  can be drawn in the  form of a parallel RC  circuit   (C = C.i). 
For smaller values of R,  the effect of C-  is neglected,  and the 
equivalence circuit  is  drawn in the form of a  series RL circuit 
(L ■ LQJ).     The effect of L and C can be neglected  if the correspond- 
ing time constants L/R and RC are smaller than the front  width by a 
factor of four-fifths. 

Under the  influence  of high voltages, the dependence of the 
resistance  on the voltage  is  manifested.     In this  case,   starting with 
a  certain voltage the resistance R is reduced,   and Ohm's  law does not 
hold.    One of the reasons  for the nonlinearity of the resistance can 
be  found in the local overheating of the conducting film caused by 
nonuniform current distribution.     In composite  resistors,  the non- 
linearity may be caused by the influence of the conductivity of the 
clearance between conducting grains,  which at   field  intensities 

5       6 10-10    V/cm has a nonlinear character.    The maximum permissible 
operating voltage is restricted by the electric breakdown and 
sparking on the surface of the resistor.    The  voltage at  which a 
breakdown along the surface occurs  is practically  independent of the 
type of conducting covering,  and is determined  for a given pressure  p 
only by the  distance between the  leads, their  form,  and location. 
The  dependence on the voltage  U.      at  which a breakdown occurs  in the 
resistors without  cuts   (of MLT,  VS and other types),   on the  resistor 
length  I and pressure p   (for pi >  1 mm Hg •  cm)  with sufficient 
accuracy  is  given by [11^1]. 

(/„-aoo^r*. V (4-28) 

If the working voltage is less than U,  by 20-30%, then in the 

absence of heating and an external temperature of 15-20oC, the resistor 
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is  guaranteed to operate without any danger.     It  Is necessary to 
keep in mind that    Equation (4-28)   Is valid  for pulses  on the order 
of 10"' sec   In width;   for pulses  on the order of 10~"  sec  In width, 
the value of Ubr turns  out to be much higher.    The magnitude of U. 
can be increased by  placing the resistor In an Insulating liquid. 

Designs  of resistors operating In pulse  circuits  In the nanosecond 
range occur In different  forms that  are determined by the application 
of the resistor.    Resistors occur as parts and even subunlts of con- 
structions.     In addition to cylindrical forms, disk and plate re- 
sistors are also used.    Table 4-2 gives the basic parameters of 
certain high-frequency  cylindrical  resistors  of the UNU type with a 
carbon covering [114]. 

TABLE   4-2 

Nomi- 
nal 
power, 
watts 

Dimensions Value of 
resist- 
ance 
ohms 

Limiting 
voltage at 

ysec, V 

Maximum 
Type 

Length 
mm 

Dia- 
meter 

mm 

test 
power 

at pulse, 
kilowatts 

UNU-10 
UNU-25 
UNU-50 
UNU-100 

10 
25 
50 

100 

122 
182 
252 
352 

25 
29 
45 
64 

50;  75 
50;  75 
50;  75 

75 

4,000 
6,500 
8,700 

12,500 

212 
570 

1,000 
2,000 

In resistors of the metal-film type designed for operating in 
the high-frequency range,  Nlchrome   is used as a surface  covering, 
which is deposited on a  dielectric  substrate  by spraying in vacuum. 
Sometimes to  obtain high-frequency  resistors  on the order of one 
klloohm and more,  resistors are used with composite coverings   (mix- 
ture of powdered conductor with a dielectric). 

When using resistors,  it is necessary to keep the fact  in mind 
that  the resistance  is   dependent  on temperature,  and the  latter may 
increase during operation.    To avoid resistor overheating,  one must 
increase the  surface area or use  forced air or water cooling.     For 
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example, resistors of UNU type increase their nominal power by a 

factor of 5-10 with intensive air cooling.  Metal-film or carbon 

resistors are sometimes provided with water cooling.  In this care, 

their power is several and even tens of kilowatts [115]. 

When voltages in the pulse are on the order of hundreds of 

kilovolts, one can use a water solution of NaCl or other salt solu- 

tions as resistors. Such resistors have small inductance and are 

characterized by a large heat capacity. The skin effect in such 

resistors is absent if the resistor diameter satisfies 

Making use of Equations (^-24) and (^-29), and considering that 

for water  0<O.I4.  henry/m, we shall find an expression for the 

water resistance R at which there will be no skin effect 

(4-30) 
ff>i.6io-V/o.ohm 

where f is the frequency, Hz; I  is the resistor length, m; o is the 

specific resistance, ohm/m. 

Thus, knowing the uppermost frequency in the pulse frequency 

spectrum, fM, and the resistor length Z, the required value of R is 

selected by means of a suitable salt concentration. Disadvantages 

of water resistors are the following: great dependence of R on 

external factors, particularly on tenperature, large self-capacitance, 

substantial change in R In the course of time. 

In matching long lines, one must Include a resistance which is 

equal to the wave impedance of the line. If an ordinary concen- 

trated resistance is added, the pulse will be distorted due to 

parasitic parameters, i.e.. Inductance and capacitance of the re- 

sistance and the leads.  For this reason, it is better to use a disk 

type resistance. One can Improve the frequency properties of the 

matching resistance by placing a cylindrical resistance of diameter 

D and value R, equal to the wave Impedance of the line, inside a 
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cylindrical screen whose length is much longer than its diameter. 
This produces a line section with losses and with a certain wave 
impedance Z'.  The relationship between R and Z' may be selected 
using the equality R~/fz'      [6], The matching unit with a cylindri- 

cal screen, however, has a narrow frequency pass band, and can be 
recommended only if the ratio of the resistor length I  to the 
smallest wavelength AM does not exceed 0.1. 

In order to better match the resistance with the transmission 
line, the profile of the screen surrounding the resistance is chosen 
such that the wave impedance of the entire unit at any cross-section 
will be equal to the ohmic resistance of the remaining part of the 
resistor [115].  If the resistor has a uniform film covering, its 
value does not depend on frequency, and at a distance x from the end 
of the load it will be equal to: 

where R- is the resistance per unit length. The wave impedance of 
the line without losses in that cross-section is 

'.-/g — (Ml) 

where C    and L    are the inductance and capacitance per unit  length at 
the cross-section y.    There will be no reflections if 

/£ -**. 7~**' (1-32) 

We can assume that within a small element Ax the diameter of the 
screen is constant. Then 

£.-O.JJB^J--, whenry«/« 

c.._l*  pF/. (M3) 
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where e  1J the relative permittivity of the dielectric  in tho npaoe 
between the resistance and the screen;  y  Is the ordlnate of the 
profile;   D is the resistor diameter.     Starting with  (^-33)  and  (^-32), 
we obtain: 

or 

*-■?-•       • (I1.3*) 

This calculation of the screen profile takes  into account only 
the radial components of the electric  field,  and neglects the axial 
components.    Neglecting this  fact, coaxial  loads with an exponential 
screen give good  frequency characteristics. 

A  further improvement  of the frequency  characteristics of co- 
axial loads is achieved by making screens with a special profile 
whose detailed analysis  is given in [115]. 

b)    Capacitors 

The basic requirement  for capacitors used in high-voltage pulse 
devices is that they must have small Inductance.     It  is also 
necessary that capacitors be of small size,  since otherwise the 
connecting leads will  introduce a large inductance  into the dis- 
charge circuit. 

To obtain pulses with a large current,  one needs capacitors 
with high capacitance.    Among high-voltage capacitors those with a 
paper-oil  insulation have the highest capacitance.    Their inductance 

has been calculated in [116,  117]. 

Capacitors with a paper-oil  insulation consist of Individual 
sections wound  In reels and  connected together  into parallel  groups 
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TABLE 4-3 

Capacitor type 
Inductance, 
nanohenrys 

Air specimen: 
100 pF   
1,000 pp   

Air variable capacitance: 
Of small dimensions   
Of medium dimensions   

Ceramic disk: 
KDK-3   
KDK-1, 2   

Ceramic  tube: 
KTK-1,   2     
KTK-3,   4,   5     

Press-covered with mica: 
KSO-1   
KSO-11, 12, 13  

Mica specimen, blocked   
Paper: 

Of small dimensions KBQ-4     
Of medium r.lmensions  KBG-M,   KB     
Of large dimensions  (high capacitance) 
Of high capacitance with an irregular 

location of leads     

10-20 
30-50 

5-20 
10-60 

1-1.5 
2-4 

3-10 
20-30 

4-6 
15-25 
50-100 

6-11 
30-60 
50-100 

200 and more 

to  Increase  capacitance.    The groups are connected in series to in- 
crease the operating voltage.    The inductance of a capacitor in- 
creases as the number of sections  in a group becomes  larger, and it 
also  Increases as the number of groups becomes higher.    Table 4-3 
gives the  values of Inductances for capacitors of various types  [119]. 

Ceramic two-plate capacitors possess small inductance.    Among 
domestic ceramic capacitors of greatest  interest are barrel-shaped 
and disk capacitors whose capacitance is relatively large and whose 
Inductance  is  small. 

Their characteristics are listed in Table 4-4. 

Reference [118] gives a description of an installation for the 
■tudy of exploding wires  in which a water capacitor is used as an 
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TABLE  4-4 

Parameter KVI-3 K15U-1 K15-4 K15-5 

Capacitance,  pP 
Operating volt- 

age,  kV  
Height,  mm  .... 
Diameter, mm .. 
Weight,  g   

220-4,700 

16-5 
20-14 
20-50 
35-70 

470-10,000 

4.8-16 
14-27 
45-185 
50-600 

220-4,700 

12-40 
38-65 
19-48 
30-300 

70-15,000 

1.6-6.3 
4-7 
8-40 

1.5-33 

Inductance-free reservoir unit.    The capacitor Is charged In a pulse 
mode.     It  Is discharged through an exploding wire when the  voltage 
on the capacitor reaches a required value. 

4-5.    Pulse Electric Resistance of 
Insulating Materials In the Nanosecond Range 

The pulse electric resistance of insulation subject  to high- 
voltage nanosecond pulses has not as yet been sufficiently Investi- 
gated.    However,  even today there are several papers available which 
permit us to estimate for a given pulse width the value of the 
electric field at which the breakdown of the insulation occurs.     It 
Is very Important to know this parameter when designing generators 
of high-voltage nanosecond pulses. 

a)    Electric resistance of gas gaps 

It  is known that the breakdown delay time t- consists of a sta- 
tistical component a,  determined by the current  of the cathode 
electrons initiating the breakdown, and the time of discharge  forma- 
tion,  T.    The breakdown delay time t. has a statistical character, 
and it is described by the Laue formula according to which the 
number of breakdowns nt with a delay time t- depends on time t  as 
follows 

»I—** 

(4-35) 
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where aQ is the mean  statistical time of delay;  n0  Is the total 
number of breakdowns. 

Reter [121]  has  shown that   in air gaps  on the order of several 
I centimeters wide and  for overvoltages on the  order of 10%t  the dis- 

charge formation time T is equal to the time it takes for an ava- 
lanche to develop to dimensions for which the avalanche becomes a 
streamer.     A streamer grows much faster than an avalanche,  and  its 
time of rise may be neglected.    The transition of the avalanche  into 

q 
the streamer occurs at the electron number N« % 10 . Therefore, we 

have 

In V, 
'^"3—• 

(^-36) 

where o is the coefficient of shock ionization; v Is the electron 

drift velocity. 

Fletcher [112] attempted to Invoke Reter's Idea to explain the 

dependence T(E) when the overvoltage on the gap was twice ar large 

and higher. However, as was shown later [123], this attempt en- 

countered a number of difficulties. 

The purpose of this section Is to consider questions related to 

the electric resistance of gas gaps during the breakdown with high 

overvoltage (double and higher). Such overvoltages on spark gaps 

can be achieved due to the short pulse front which sometimes Is 

approximately 3*10   sec [122, 123].  Due to the large magnitude 

of the electric field,new effects occur which are not important 

during breakdowns relatively low overvoltages. First of all, the 

development of a discharge is strongly affected by the effect of 

self-deceleration of electron avalanches which consists of the 

following. As the electron avalanche grows N • exp ox (x ls the 

path length), so does the field of the ion volume charge which 

Lowers the resultant field, reduces the coefficient of impact ioni- 

zation a and slows down the growth of the number of electrons N and 

Ions In the avalanche [121], 
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The  radius  of the avalanche  is  calculated on the basis  of an 
analysis of diffusion processes,  and   equals [122] r,   ■  (6Dt)" , 
where t   Is  the time,  D Is  the diffusion coefficient.     If we  assune 
that the positive Ions are concentrated  In a sphere of radius  r;, 

then the  field of the avalanche  ions   is E,  ■ eNrT2 * eNE(9UTx)'1, 
where e  is the electron charge;  LL, is  the thermal energy of 
electrons,  eV;  E  is the externally applied field.     If the equality 
E,  ■ E  is used as a criterion of seii-deceleration,  and x  is  re- 
placed by N/o,  then the number of electrons  in the avalanche at 
which the self-deceleration occurs can  be written as: 

•v,*.Wt in *,<-•• (4-37) 

The expression on the right  depends on the field E to a much 
lesser extent than a.    Consequently,  we can assume N„ ^j a"  ,   i.e., 
the greater the  field E, the smaller  is  the number of electrons 
which is required to slow down the development of the electron 
avalanche.    For example,  if at the atmospheric pressure  in air, a 
gap d is 1 cm wide, and the overvoltage of 101, the value of N is 

o 
N % 10 [121], then with an overvoltage of 100%  this value decreases 

by more than one order of magnitude. Of course, the number of ex- 

cited molecules and the number of ions In the avalanche is in this 

case reduced by the same numerical factor. 

Another important effect Involves a small value of the time of 

development of the electron avalanche up to the beginning of the 

self-deceleration. This time period is determined by the formula 

In^,/«».. 

where v is the electron drift velocity; Nj. is the critical number of 

electrons. At the atmospheric pressure in air and K >  100 kV/cm, 

this time is less than 5,10 sec.  During that short time, only a 

small number of excited molecules will radiate photons, since the 

average time of photon emission by the excited molecules, TB, to 

several nanoseconds [121]. Since the number of photons, radiated by 
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the avalanche,  Is N_ % N»,  and the 
time of development of the ava- 
lanche up to a critical size is 
much  less  than TRf  the number of 

-2  -1 photons  is Nf 'v a    v 

Both of the above-mentioned 

effects slow down the emission of 

photons by the avalanche, and thus 

the emission of secondary elec- 

trons.  This is because, in a 

breakdown with a large overvoltage, 

photons of the avalanche produce 

secondary electrons due to the 

photoelectric effect on the 

cathode or the ionlzation of gas 

in the gap. This results in a situation where, with single electrons 

initiating the breakdown, the breakdown delay time for the gap de- 

creases with an Increase In the field much more slowly than the time 

of the avalanche growth up to Its critical size. Figure 4-8 (curve 

1) gives the plot of the breakdown delay time t- versus the field E 

for an air gap 2  mm wide at the atmospheric pressure. The cathode is 

irradiated with ultraviolet rays simultaneously with the arrival of 

the pulse [121»]. Since the current of the electrons, produced by 

the ultraviolet radiation incident on the cathode, is «vlO   A, the 

average time between an emission of two electrons turns out to be 

^1 nsec, and one may assume that the discharge is initiated by single 

electrons. 

Figure 4-8. Time of discharge 
formation versus field in- 
tensity . 

1 - breakdown initiation by 
single electrons [87]; 
2 - breakdown Initiation by 

ft 
Nn % 10 electrons. 

To reduce the breakdown delay time t-, it i' uecessary to in- 

crease the number of the initial electrons that start the breakdown. 

In [122] the number of the initial electrons initiating the break- 
I 

down Is approximately 10 according to [125].  In that case, the 

time t, turns out to be equal to the time for the development of an 

avalanche up to its critical size (Figure l|-8, curve 2). This is 

explained by the fact that the growth of current in the gap is due 

to an avalanche multiplication of electrons.  Therefore, the time 
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V  mm lip am 
cm STVf 

v*       vfmm Hg see 

from the moment  of the voltage 
pulse arrival to the time of 
breakdown,  which  Is  defined as 
coinciding with the beginning of 
a rapid current  rise,   is given  by 
the expression  [12^1] 

(4-38) 

Figure 1-9.  Dependence of pt on  .   *     *    4.^       *   t -, * 
E/p for varioSs gases (1-6 are v'here 4 ls the m^m^  value of 
freon 12, elegas, nitrogen,    current, determined by the reso- 
air, argon, helium, respec-    , ..    • ^».    4,,      « tivelv) » r lutlon of the oscilloscope; N0 

is the number of the initial elec- 
trons that start the breakdown; 

d is the gap width. The number of which the logarithm is taken 
7     8 

usually varies from 10 to 10 , which is close to the time of the 
development of an avalanche to its critical size, defined by Equa- 
tion (4-26).  Formula (4-38) implies that the dependence of T on E 
can be written in a form which agrees with the law of similarity. 
In fact, since  «//»-/,(£/p) , and  ».-/,(£/*) » then xp~r{£tp) ,    Tnis re- 

lationship has been confirmed for various gases (Figure 1-9) [138]. 

b) Electric resistance of vacuum gaps 

Pulse electric resistance of vacuum gaps in the nanosecond range 
has been investigated only for gaps several millimeters in width 
[126. 1271.  Characteristics of vacuum breakdowns were studied at 

-8 the pressure of 10' nun Hg in a metal-glass chamber which was heated 
for 20 hours at a temperature of '♦20oC. Hemispherical electrodes 
made of copper, aluminum, lead, molybdenum, and graphite were used. 
The breakdown delay time depends only on the macro-intensity of the 
field E at the cathode (Figure 1-10), and does not depend on d. 

The plot of t-(E) is given in Figure 1-10.  It confirms the 
view that the breakdown of a vacuum gap is initiated by an explosion 
of the micropoints on the cathode due to the autoemission curront. 
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Figure  4-10.     Plot 
of E(t^)   In  case 
of breakdown of 
vacuum gaps  for 
various elec- 
trode materials. 

The electric  field at the micropoints may be 
increased hundreds of times and even  more as 
compared with the macrofield E [128].    The 
appearance of flares on the cathode as a re- 
sult of an application of a voltage pulse was 
observed in  [129].    The  flares would appear 
chaotically from one breakdown to another at 
various  places on the cathode.    They would 
cross the gap at a speed of approximately 
2*10    cm/sec.     In the process of crossing the 
gap,  the current  of the vacuum spark would be 
increasing.    The ratio of the gap width to the 
time of current rise is close to the velocity 
of motion of the cathode flare.    As shown in 
[130], the growth .f a current in a vacuum 
gap is due to the stream of electrons  from 
the front of the plasma.    This current heats 
the anode and causes its erosion  [131]. 

The strength of a vac .urn gap is considerably reduced by Intro- 
duction of a dielectric.    Figure 4-11 gives the plot E ■  f(t)  in the 
case of a breakdown over a surface of empty cylinders made of for- 
sterlte ceramic measuring 8 mm in outer diamete,,, and 6.8 mm in 
inner diameter [132].    The cylinders were placed in a vacuum In a 

uniform field.    A detailed oscilloscope and electron-optical  study 
of the development of a discharge over the surface of ceramics  in a 
uniform field was carried out in [133].    The breakdown delay time 
consists of a statistical component and the time of discharge  forma- 
tion.    The  first  component t-  is determined by the time necessary for 
an appearance of an electron capable of initiating a discharge. 
During the formation time, a discharge develops over the surface of 
steatite  ceramics  with the speed u ■  (1  - 7)   '  10    cm/sec   (field 

■ 
E •  (1  - 2)   •   10^ V/cm).    The speed of the discharge  development 
when the  residual  gas pressure  is raised  from 10  ^ to  10      mm Hg 
(E «  120  kV/cm)   increases  from 2.2 to 4«10'   cm/sec. 
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Figure 4-12. Plot of sparking 
voltage versus the electrode 
diameter 6 with a nonunlform 
field,   D =  11  mm,  d = 2  mm. 
1  - static  voltage of sparking 
for a nonuniform field at  the 
cathode;  2 and  3  - pulse  volt- 
age of sparking,  respectively, 
for a nonuniform field at  the 
cathode and anode. 

breakdowns on the surface of 
forsterite ceramics  for gaps 
of various widths. 

1 - d-2 mm;  2 - d«0.9 mm;   3 - 
d"0.3 nun. 

Of course, the process of discharge development  is much more 
complicated if the field in the cathode region is nonuniform [135]. 
In this case, there is a strong weakening of the pulse electric 
resistance.    Figure H-12 givas plots of the amplitude of a rectangu- 
lar pulse with 1 nsec  front  and a width of 0.5  Msec  for various 
electrode  diameters producing a nonuniform field.     The  same figure 
gives an analogous plot  for static breakdown voltage.     When the di- 
ameter of a cathode with sharp edges  is  less than the diameter of 
the dielectric, the pulse electric resistance  is lowered.    This  is 
due to the  intensification of the tangential  component  of the field 
at the cathode due to the nonunlform distribution of the potential 
over the surface of the dielectric caused by the presence of surface 
and volume capacitances [135].    Just as in the case of a uniform 

field,  the discharge is initiated by single electrons,  and it propa- 
7 

gates at  a  speed on the order of 10'  cm/sec   (assuming a nonunlform 
field at  the cathode).    This  velocity increases with an  increase 
in pressure of the resldi «il gas and field Intensity.     The gas  layer 
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absorbed at the surface of the dielectric [133, 135] plays an impor- 

tant role In the development of a discharge. To Increase the pulse 

electric resistance, one must lower the number of gas molecules on 

the surface of the dielectric and reduce the electron current toward 

the surface flowing from the contact between the cathode and the 

dielectric. The latter can be accomplished by Improving the contact 

between the cathode and the dielectric, for example, by lowering the 

cathode into the dielectric [136], 

c) Electric resistance of liquid dielectrics 

The electric resistance of liquid dielectrics in gaps 6 < 1 mm in 
6  7 

the interaction of voltage pulses with a nonosecond front is 10 -10' V/cm 

[137-139]. The breakdown delay time is on the order o*" 10"^-10  sec. 

During a breakdown of pure and humidified transformer oil by a volt- 

age pulse front (front width — 15 nsec), it was found that the elec- 

tric resistance for gap widths of 50-250 microns was almost identical 

and approximately equal to 2«10 V/cm. The electric resistance of 

the two types of oil in a static breakdown of the same gaps differed 

by almost four times [139]. According to [137], distilled water had 

the electric resistance slightly higher than the transformer oil. 

In [138] a study was made of the breakdown delay time for gaps 

50, 100, 200, 500 microns in width in transformer oil, in distilled 

water (specific resistance a % 5  '  10"    ohm"  • cm- ), and in indus- 

trial water (a  % 10  ohm  'cm ),  Studies were made using a 

pulse generator of amplitudes up to 500 kV and a front of 2 nsec, and 

a time constant of the voltage drop at the pulse top of 10  sec. 

Hemispherical electrodes 2 mm in diameter were made of stainless 
p steel,  and the  container with the liquid had a volume of 100  cm   . 

After each three-fifths of breakdowns, the electrodes were polished, 
and the liquid was replaced. The relationship between the gap field 
intensity E and the breakdown delay time t- for industrial water and 
transformer oil is shown in Figure 4-13. The time t. was determined 
as an average of 5-20 measurements. The typical fluctuation of the 
discharge time  is  shown for the   interelectrode distance  of 500  microns. 
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Plot of ECt.) for Figure il-13. 

transformer oil (a) and in- 
dustrial water (b). 

1 - for gap width of 500 
microns; 2 - for 200 microns; 
3 - for 100 microns; 'I - for 
50 microns. 

The plots of ECtO for distilled 

water are close to the plots for 

industrial water [138]. Tho time 

t_ for E > 6 • 10  V/em beeomes 

practically identical for all 

gaps.  Figure ^1-13 implies that. 

Just as in [137], water and trans- 

former oil have an Identical hlr;h 

electric resistance In the nano- 

second range. 

A study of pulse breakdowns 

of 61 micron gaps in n-hexane 

fo" E ■ 3.28 • 10 V/cm has shown 

[139] that there is a conditioning 

effect. What this means is that 

the maximum of the distribution 

curve for the breakdown delay time 

in the process of single break- 

downs (during five hours of opera- 

tion) is displaced from 6 to 16 

nsec, and the width of the distri- 

21 nsec. 

bution curve increases from 9 to 

Pulse ultraviolet irradiation of the gap did not result in 

stabilization of the time t 
3* 

It was noticed that the value and 

stability of t-, as well as the conditioning effect, were strongly 

affected by a constant auxiliary field in the gap. The magnitude 

and polarity of the auxiliary field in the range 16.5-82 kV/cm re- 

sulted in practically Identical effects. Figure b-Hi  gives plots of 

E(t-) for n-hexane in the presence of and without the auxiliary field, 

It should be noted that there are very few papers available on 

the pulse electric resistance of liquid insulation in the nanosecond 

range. Thus far, not even a study of the effects of electrode polarity 

in a nonuniform field and the electrode material on the function 

E(t-) has as yet been made. 
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Plgur« 'i-iu.    Plots 
of E(t^)   for n- 

d)    Electric  resistance of solid  Insulators 

The problems of the mechanism Involved 
In the breakdown of solid dielectrics 
(alkall-hallde crystals)  in the presence of 
rectangular pulses of nanosecond  front were 
discussed  In  [140,   1^1].    We  shall consider 
only those papers  in which the relationship 
between the breakdown delay time and the 
field  Intensity for practical  insulating 
materials  Is given. 

hexane (6l micron 
gap) in the pres- 
ence of  (a)  and with- ?he study [112] describes studies of 

^Lio-L^^i^r        electric resistance for a number of polar constant   rleld or r 

82 kV/cm. and certain nonpolar polymers  in homogeneous 
and nonhomogeneous  fields during an exposure 

of 3«10"    sec and less.    The voltage pulse amplitude was  up to 500 
IcVj   front width was 3 nsec.    During 30 nsec, the voltage at the top 
of the pulse was reduced by 7%.    A study was made of the electric 
resistance of organic glass,  polystyrene, polyethylene,  Polyvinyl- 
chloride,  and Teflon-4.    The thickness  of specimens  during break- 
down in an  inhomogeneous field was  1.5-3 mm.    Breakdowns were 
accomplished using electrodes of the point-plane type.     A needle 
with a radius of curvature of 65 microns was imbedded  into a di- 
electric  to a depth of 3 mm.     A homogeneous  field in the  specimen 
was  produced  by using the electrodes of the sphere-plane types.    A 
polished steel  sphere  14  mm in diameter.  Imbedded in a heated state 
into the  dielectric,   served as a spherical electrode.    The gap width 
was  0.5 mm.     A copper foil,  ground  into the surface of the dielectric 
with the aid of vaseline oil,  was  used as a plane.    The  specimens 
were placed  in transformer oil.    The results were treated  statistical- 
ly according to the Laue technique. 

The electric  resistance of organic  glass and Polyvinylchloride In 
the  field of the  point-plane  is much lower than the electric re- 
sistancp of nonpoüar polymers   (Figure  4-15).     In a homogeneous  field 
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Figure 4-15.    Dependence of mean break- 
down voltage on the voltage applica- 
tion time for polysterene  (1), poly- 
ethylene (2), organic glass  (3), 
Teflon-4  (4), and Polyvinylchloride 
(5).    a - for negative polarity of the 
point; b - for positive polarity of the 
point. 

Figure  4-16.    Dependence 
of electric  resistance 
on the voltage pulse 
width  for the sphere- 
plane electrodes. 
1 - orpunic glass; 2 - 
Polyvinylchloride; 3 •• 
polystyrene. 

the electric resistance of polar polymers  is much higher than the 
electric resistance of nonpolar polymers  (Figure 4-16). 

In [143] a study was made of the relationship between the elec- 
tric resistance and the voltage arrival time for polysterene, Teflon- 

—Q 4,  organic glass,  and muscovite mica with exposures of 5  •  10    -3   • 
•   10*    sec.    The hemisphere-plane electrodes were deposited by evapo- 
ration of tin in a vacuum.    Specimen thicknesses at the location of 
breakdowns are given in Table 4-5. 

TABLE 4-5 

Name of dielectric Thickness, 
cm 

Fluctuation, 
mV/cm 

Organic glass .... 
Polysterene   
Teflon-4   
Teflon-4 (film) .. 
Polystyrene (film) 

0.035 
0.050 
0.080 
0.032 
0.021 

1.5 
1.25 
0.92 
1.18 
1.45 
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Figure 1-17. Dependence 
of electric resistance 
on voltage pulse width 
for polystyrene (film) 
(1), mica (2), Teflon- 
k (film) (3), organic 
glass (i), polystyrene 
(5), Teflon-^ (6). 

The same table gives the fluctua- 

tions in the electric resistance relative 

to the average value for a pulse of 

approximately 5*10 7 sec. 

Figure l»-17 shows volt-second 

characteristics for the dielectric speci- 

mens investigated. Figure 1-17 shows 

that film materials have a higher re- 

sistance than strip materials. 

< 

i 
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CHAPTER V 

APPLICATIONS OF NANOSECOND PULSES OP HIGH VOLTAGE 

5-1.  Applications of High Voltage Nanosecond 

Pulses In Quantum Radlophyslcs 

a) Semiconductor lasers with electron excitation. 

The development of domestic high-voltage nanosecond technology 

was to a considerable extent stimulated by work done in the area of 

quantum radlophyslcs and accelerator technology. In 1961 N. G. Basov 

proposed the idea of building a semiconductor quantum generator with 

electron excitation.  Successful realization of this idea In the follow- 

ing years depended on the development of nanosecond high voltage gen- 

erators that would power strong-current injectors.  Results of studies 

on semiconductor quantum generators with electron excitation are given 

in [l4i| - 148]. 

A semiconductor quantum generator with electron excitation con- 

sists of a single crystal semiconductor target, a source of electrons, 

and a generator of nanosecond high voltage pulses. The semiconductor 

target, which is the active element of the semiconductor quantum 
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generator,  is excited by a beam of fast electrons.    To achieve gener- 
ation,  the semiconductor target is the form of an optical resonator. 
An external mirror [1^8] can be used to Improve the directivity of 
radiation. 

Using the electron method of excitation of semiconductor lasers, 
it  is possible to Increase the volume of the active region as compared 
with the semiconductor  laser on the p-n Junction, which makes  it 
possible to significantly increase the radiated power.    In addition, 
it  If possible to use as the working substance semiconductor materials 
with a forbidden zone width    making it possible to generate radiation 
at a small wavelength  (through vacuum ultraviolet).    Using this method 
of excitation,  it was possible to obtain generation from 7 to 0.3 
microns  [1^5]. 

The basic restriction on the power of the pulse is related to 
the crystal heating by the pulse, and is in practice determined by 
the heat capacity of the working substance.    The maximum permissible 
density of a stream of accelerated electrons is approximately equal 

2 2 to  10    A/cm .    The energy of the accelerated electrons is about 300 
keV.     A further Increase of the electron energy is not advisable, 
since at  large energies,  radiation defects are produced in the semi- 
conductor which Increase the probability of nonradiative transitions. 
The maximum power of photons radiated by a semiconductor laser with 
electron excitation may be estimated, taking into account the effi- 
ciency achieved of 10 - 30% [I'lS].    It amounts to tens of megawatts 
with a repetition frequency of hundreds of hertz.     In building such 
lasers,  one must use large-current sources of electrons and nanosecond 
high-voltage pulse generators. 

The pulsed power for semiconductor quantum generators with elec- 
tron excitation Is usually supplied by generators of pulses having a 
width on the order of several tens of nsec, and voltages up to several 
hundred kilovolcs.    The power ranges from several to hundreds of 
megawatts  and repetition  frequency — from tens  to hundreds of hertz. 
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At the P. N. Lebedev Physics Institute, several versions of nanosecond 

generators have been developed that satisfy the above requirements. 

For transforming pulses, these generators make use of various networks 

Involving coaxial cables and thyratron commutators.  The networks for 

the three versions of the nanosecond generators used for semiconductor 

quantum generators with electron excitation are described In Sections 

2-3, 2-4, as well as In [70]. 

b) Qas lasers with pulsed power supplied by nanosecond 

generators. 

At the present time there are quite numerous and diverse types 

of gas lasers.  For this reason there Is a wide range of requirements 

on systems supplying them with power.  There Is, however, a type of 

pulsed gas lasers whose efficiency Is largely determined by the exci- 

tation rate. We have In mind the so-called lasers based on self- 

llmltlng transitions. In those lasers, generation Is achieved using 

transitions whose lower level decays very slowly (It may, for example, 

be metastable).  For this reason, an Inversion of occupancy during 

such transltlonr occurs only In the transition process, and generation 

takes place at the leading front of the excitation pulse.  It Is not 

hard to show that the time during which an Inversion exists, and con- 

sequently, the length of generation In such systems. Is on the order 

of the lifetime of the upper operational level (In practice, the 

length of generation turns out to be slightly shorter). For transitions 

In the optical region of the spectrum, a typical lifetime of the oper- 
-Q     -7 

atlng level for the allowed transition Is 10  - 10  seconds.  In 

order that the excitation energy used In the discharge be efficiently 

utilized, the width of ^he excitation pulse must not be greater than 

the width of generation. 

This type of laser Is Interesting, because it permits one to 

obtain a relatively large value of the peak power generator at substan- 

tial pulse repetition frequencies.  The power may be generated in a 

very wide spectrum Interval and may encompass the visible and ultra- 

violet regions. 
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At the present time, we have already a knowledge of many transi- 

tions In various atoms and molecules, for which pulse generation of 

the type indicated above Is obtained.  In particular, the largest peak 

generating power out of all gas lasers Is obtained from transitions 

of nitrogen molecules in the ultraviolet region of the spectrum 
o 

(x » 3,371 A). The power is about 2.3 kW [1^9].  Considerable peak 

power can also be obtained, using a different system of nitrogen mole- 

cule bands in the near infrared region of the spectrum [150].  In the 

visible region, the maximum peak power is obtained using the green 
o 

line of neon X » 5,^00 A; it amounts to 190 kW [149]. The laser type 

in question is also of great interest, because it is theoretically 

possible for It to obtain a high efficiency coefficient.  At the 

present time, the efficiency of a majority of gas lasers is on the 

order of lO"-1 and less, which is due to the use of high working levels 

and the difficulties involved in obtaining a large rate of depopula- 

tion for the lower working level. For lasers based on self-limited 

transitions, both of these difficulties are absent. For this reason, 

pulse generation can be achieved with high efficiency in principle. 

1.) particular, the maximum generation efficiency should apparently be 

achieved from the resonance to metastable levels: generation using 

these levels is possible only in the transition process.  By now 

generation in such transitions has already been obtained in several 

atoms and ions [151 - 153]. Among them the greatest hope from the 

point of view of high efficiency is to use copper atoms [150] and 

thallium atoms [152].  The favorable structure of levels in these 

atoms permits us to hope for an efficiency on the order of 10%,     A 

power of 40 kW was obtained with the average power of 0.5 W and 

efficiency of about 1%  [154] In the corresponding transition of copper 

in the green region of the spectrum. The lifetime of the working 

level in thallium is approximately 7 nsec.  For this reason, a larpe 

power and high efficiency generation for thallium can only be obtained 

using an excitation pulse 5-10 nsec wide. 

Let us now consider the requirements on the power and amplitude 

of the voltage pulse used in gas lasers of the type considered above. 
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Tho IM.-'.J  :-:'o.-Oi-.,-.  -tet t'fnltil n.- the  oporat U'M ef :i  =:!•<.'.u   mjortty k>i" 
Lu'cM';--  l .u-i-vt MI  thi /.i«!!'-! tnlt tvl trati.-.li !oti;-.   Involve.-   pxcltatton i»!' 
t-u1 w^fi;'.t1..-:  lovol  l\v the oKvtroju'.     Opt Imun eondltloiitf   for  InvoPi'lon 
atv  lu'Mi'vod   r'ot'  the itoflnlt«   r:io:m elecitvn enoi'py  during ^--'•ol'.itv o. 
Hu'   lattf:*   If   rlvvn  by  tht«   ratio  B/ip«  whetv  R  Ifl   the  eloetrlc   field 
In the dlc'v'hatV'te plMMi and p   li?  the  pressure et* the  working >':'.:■. 
For I  ptVMl  ^l.'.e  of the dlsohaf^e  oavlty,  K/p   v U/p,  where  U   la  the 
voltage on the al^ohaiye oavlty.     In present   Uu'er-s,  the proasure of 
the Morklng ga;'   !;•-  lu-'iially   1   -  10 torr.   With •ueli profouret  and u.-ual 
dimensions  of  la^er;-,  voltage:?  amounting to several  ten.--  of kilovolttf 
are  required as  a  fule.    To   Iru'reade the power atid energy of (toneratlon, 
the pressure  of the working pas must  be  Increased,  which   Implle;-  an 
increase   In  the Morking voltage.     This may apparently  he possible with 
nanosecond tTenei'ators of high  voltage,  up to hundreds  of kilovoltti« 
In  [1?1]  It  was  shown that, when uslr^ a hlf.h voltage nanosecond 
generator,  generation may be produced at pressures  up to atmospher-lc 
pressure. 

To increase the average power of radiation.  It  Is desirable to 
raise the pulse repetition frequency.     Since the delonlzatlon time of 
the plasma Is  lO--3 seconds.   In principle It  Is possible to achieve 
pulue repetition frequencies  on the order of one or several   kllohert^. 
Sometimes  It  is  of definite  Interest  to adopt a mode  of operation 
designed to obtain a relatively small peak power coupled with a high 
pulse repetition frequency  [155]. 

Rectangular voltage pulses on the order of 10      seconds and lone 
in width,  front width of approximately 10      seconds,  and amplitude 
of several tens of kilovolts are used to control the electro-optical 
Kerr valve in a network modulating the  factor of the resonator  In a 

_7 -ci 
solid-state  laser.    The  light  pulses obtained are  10-10      second:- 
in width,  and their peak radiated power is up to  lO-' W  [9,   I56]i    Hy 

2 -9 -P »9 using current  pulses of amplitude  10    - 10      A and  10       -  10      soeonud 
In width to power semiconductor lasers,   it becomes  possible  to obtain 
a generated power of tens of watts with nanosecond  light   pul.-o width 
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even at room temperature. In obtaining such current pulses, current 

pulse generators are used which are based on spark gaps [157]. 

Summarizing the opportunities of applying high voltages 

nanosecond pulses in quantum radiophysics, M may state that prospects 

are opening up in this area. These are baseu on the applications of 

powerful nanosecond generators and are extremely interesting. They 

may result in a new impetus to the development of high voltage nano- 

second technology in the near future. 

5-2. Application of High Voltage and Super-High Voltage 

Nanosecond Pulses in Accelerator Technology 

a) Production of powerful pulse electron currents. 

Powerful pulse currents of accelerated electrons are finding 

application in studies of the effect of very short intensive flares 

on materials, in radiation chemistry pulse radiolysls, in laser power 

supply (see Section 5-1), in heating of plasmas, and in accelerating 

ions to a high energy. 

Reference [158] describes a generator of pulses with an ampli- 

tude 50 - 500 kV, width 10 - ^0 nsec, pulse repetition frequency from 

single pulses to 50 Hz, and a pulse front width of 3 nsec. The genera- 

tor is used to obtain  powerful pulse electron currents. 

A resonance transformer with inductively coupled circuits (Tesla 

transformer) is used as a source of the charging voltage. A coaxial 

line -7«. is used as a reservoir unit, and a cutoff discharge 

unit P, is used to control the pulse width (Figure 5-1). 

The resonance transformer (see Section 1-3) consists of two 

Inductively coupled LC circuits in which the natural frequencies are 

equal (L^C, ■ LpCp)(Figures 1-10 and 5-1).  If the capacitor C^ 
(Figure 5-1) is charged, then after a discharge of the gap P^^ [91], 
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Figure 5-1.     Schematic diagram of a generator. 
1 - starting of the spark gap P, ;  2 - starting 
of the spark gap Ppi  3 - voltage regulation; 
'I - charging unit;  5 - control panel. 

oscillations are set up In the L-jC,   circuit which are transmitted 
through the Inductive coupling to the L-C- circuit, and vice versa. 
The capacitance of the coaxial line   St   Is used In the role of Cg. 
If one neglects transformer windings and takes the coupling coeffi- 
cient to be k ■ 0.6, then the voltage on the line   fit   will be In the 
form of beats.    The beat maximum will be In the second half wave, 
and Its value will amount to   6^2"^CJCJU,       (U0 Is the Initial voltage 
over Cj).    In a transformer actually built, C1 ■ 0.23 microfarads, 
L,   ■  2 mlcrohenrys,  Lp ■  1,230 mlcrohenrys,  Cp  ■  370 pP.     The primary 
had 6 turns and the secondary 230 turns.    The transformer was made 
In the form of two coaxial cylinders  (outer one made of bakellte. 
Inner one made of polyethylene).    The secondary was wound on the Inner 
cylinder and was made of nlchrome wire with an ohmlc resistance of 
50 ohms.    The secondary with the cylinder was placed in transformer 
oil.     Nlchrome wire was used to scatter extra energy and thus reduce 
the wear of the electrodes In the spark gap P0. 

When the required voltage maximum Is reached In the  line   JI\ , 
the spark gap P2 is triggered  (Figure 5-1), due to which the line  .V, 

FTD-HC-23-385-71 153 



Is  dltcharged,  and a pulse with steep front  enters the  load In the 
form of an electron  tube.    A portion of the pulse through the  resis- 
tance R =  2^0 ohms   (seilte rod [sic])  and a KPV cable of wave  Impedance 
50 ohms la  used to trigger the cutoff spark gap P^.    The reservoir 
line   «^i Is  made of brass tubes,   its wave Impedance is  60 ohms  and 
length 4.5 m.     The  switching gap  P2 is  filled with nitrogen at  a 
pressure of 15 at  to reduce the  switching time. 

The cutoff spark gap P^ clips the pulse by shunting off the  load 
at  a suitable time  instant.    The  clipping Is  determined by the  length 
of the cable  Jh and the width o£ the discharge gap P.,.     The discharge 
gap is made in the form of a trlgatron, and is filled with nitrogen 
at a pressure of 10 at.     The gap  P^ is attached to the matching unit 
(Figure 5-1)  which is  necessary to match the  gap with the load.     A 
500 kV electron tube  is  built into the matching unit,   and so is  the 
isolation coil which supplies voltage to the cathode of the electron 
tube. 

The multlelectrode gap P,  in the primary of the transformer 
contains 8 gaps and permits one to control the voltage between 3 and 
30 kV without  changing the gap width, and to commutate the maximum 
current of 15 kA at the  switching frequency of 50 Hz. 

Reference  [28] describes an injector for an iron-free single- 
turn strong-current  400 MeV synchrotron.     The  injector produced an 
electron beam 12 nsec  in width and 600 keV in energy.     A diagram of 
the injector is  given in Figure 5-2.    A segment of line  1 with a 
wave impedance  of 120 ohms is shorted at  one end.    The other open end 
contains a  cathode  unit  and a heating filament,  to which voltage  is 
fed inside a central  ^ube of the  coaxial  line.     A coaxial  line  2 with 
the wave impedance of 20 ohms is  connected to the midpoint  of line  1 
through a gap  P0.     Line  2 is charged by a Marx generator 3 through a 
resistor 4.     Lines  1  and 2 are immersed in transformer oil.    After 
generator 3 is  actuated,   line 2 is  charged for 4*10      seconds,  which 
Is   followed by a  breakdown of gap P«  in the presence of an overvoltage, 
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/.120 ohm 
ignition c*v v^^g '-c 

6700 pP 

Figure 5-2.   A diagram of an Injector for a 
'lOO MeV synchrotron. 

and a pulse width a 1-2 nsec front  goes to line 1.    A voltage wave, 
travelling toward the open end of the line, doubles at the end and 
produces a rectangular voltage pulse on the cathode.    The pulse width 
can be regulated with the gap width of P,.    The front of the injection 
pulse is approximately 2 nsec.    The  functioning of a synchrotron with 
this injector is described in [159]. 

Reference  [68] describes the development of a pulse generator 
producing 10      W pulses.     The generator consists of a two-stage line 
with a 50 ohm output resistance which is charged by a Marx circuit 
through a voltage of 5*10    V.    The generator was built to produce an 
electron current from a metallic point.    The maximum electron energy 

6 4 was approximately 3 x 10    keV,  and the current was 5*10    A.    The 
pulse width did not exceed 30 nsec.     Figure 5-3 shows a schematic 
diagram of an electron source.     In the anode-cathode vacuum chamber, 

-5 the pressure was 5*10 v mm Hg,  and in the electron beam chamber the 
pressure could vary In the range  10      - 760 mm Hg.     A  larp-e electron 
current  from the point was  obtained by producing a  field intensity of 
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I 
no less than 10    V/cm ct its end. 
The cross-section of the electron 

2 
beam behind the anode was 10 cm . 
Reference [IT'O gives a descrip- 
tion of a pulse electron accelera- 
tor designed for the energy of 
12 MeV, current of 170 kA,  and 
pulse width of 70 nsec.     A two- 
stage shaping line was used as 
the reservoir element In the accel- 
erator.    The  line was Insulated 
with transformer oil.     The switch- 
ing gap was also placed In trans- 
former oil.    The reservoir line 

was  charged by a Marx generator which contained 186 capacitor stages 
designed for 1 uP and 100 kV each.    The total amount of energy stored 
In the capacitors of the voltage pulse generator was about  1 megaJoule. 

Figure  5-3.    A diagram of an 
electron source. 

1 - anode-cathode chamber; 
2 - electron firing chamber; 
3 - sharp point cathode; 
^ - target; 
5 - anode (thin foil). 

Accelerator tubes t 2 m In size were made of luclte and epoxy 

resin. The voltage along the tubes was distributed by metallic rings. 

Tube sparking was observed at a voltage exceeding the level of the 

electric ctrent'th of the vacuum side of the tubes. The cathode was 

in the form of a metal rod or a system of rods with a hemispherical 

emitting rurface.  All the accelerator elements, Including the voltage 

pulse generator, reservoir lines, and the electron tube, were placed 

In a tank filled with oil. 

Reference [12] describes an electron accelerator designed for 

energies up to 2 MeV with a sharp-point cathode In which a Marx gener- 

ator with gaps at a high gas pressure was used as a source of nano- 

second voltage pulses. To obtain a voltage pulse of amplitude up to 

2 MV, 160 stages were used. The generator pulse width was 50 nsec, 

and the current reached 10 kA. 

FTD-HC-23-385-71 156 



Reference [^8] describes the development of an electron direct 

action accelerator producing a current beam cf 30 kA amplitude and a 

pulse ?5 nsec In width.  A sharp-point cathode was also used as a 

source of electrons.  The voltage pulse was produced by a discharge 

of a coaxial line through a discharge unit. The coaxial line with 

the wave Impedance of ^0 ohms was charged to 3.6 MV by a constant 

voltage source In the form of the Van de Graaff generator.  The chief 

advantage In having the reservoir line charged by a constant voltage 

source Is the possibility of exact control of the pulse amplitude. 

This Is very necessary, for example, when studying the autoelectron 

emission. 

1*^ 

A 
 t*V 

- rULn - 

♦ ^. 

9— 

Figure 5-^. A diagram of the 
300 kV electron accelerator with 
a plasma cathode. 

1 - discharger; 2 - reservoir 
capacitance; 3 - pulse transformer; 
H -  shaping lines; 5 - widening 
tube; 6 - Insulator: 7 - high- 
voltage electrode; 8 - Faraday 
cylinder; 9 - cathode; 
10 - focusing magnetic lens. 

Figure 5-^ gives a diagram 

of an electron accelerator with 

a plasma cathode [161].  The 

accelerator has the following 

parameters:  energy - 500 keV, 

current - 10 kA, pulse width - 

30 nsec.  In the accelerator 

(Figure 5-^) the shaping element 

is charged through a pulse trans- 

former.  The reservoir capacitance 

2 with the aid of an air gap 1 Is 

discharged Into the primary of 

the high-voltage pulse transformer 

3. The transformation ratio is 

equal to 30.  The transformer was 

placed In a tube filled with 

transformer oil.  The shaping 

element 1 Is made in the form of 

a coaxial line filled with glycer- 

ine.  The wave Impedance of the 

line is 80 ohms.  The leddlnr; and 

trailing fronts of the hlp:h-voltage 

pulse are formed with the aid of 
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peaking and clipping spark gaps. Both spark gaps are mounted In one 

chamber, and operate at an air pressure equal approximately to 10 at. 

The cathode 9 of the accelerator tube consists of a ceramic plate 

of height e, with a silver layer deposited on one side, and a metal 

net firmly pressed against the other. A pulse voltage UK ^ 10 kV 

from a special pulse generator Is applied between the electrodes of 

the cathode.  At the locations of the junctions between the net and 

the dielectric, discharges occur which propagate along the dielectric. 

The plasma in these discharges favors production of large electron 

currents by the cathode. 

In the last version of this accelerator, the polarity of the 

charging voltage pulse was reversed, and the Faraday cylinder 8 was 

replaced by cathode 9 (Figure S-'O. Just as In all the other accel- 

erators of this type, the anode was made out of a thin metal foil In 

order to direct the electron beam away. In a number of electron 

accelerators [12, 48, 68, 17^], sharp-point metallic cathodes were 

used as electron sources. Reference [175] established the character 

of electron emission from such sharp points.  It was shown that the 

emitting point always has micropolnts with a much smaller radius than 

the main point. With a large electric field at the micropolnts, they 

explode due to the rapid Joule heating by the electron autoemlsslon 
Q 

current.  If the electric field at the tungsten point reaches 10 V/cm, 

then the autoemlsslon electron current Is 10  A/cnr, and the time 

necessary for the explosion does not exceed 10^ seconds. After the 

points explode, a metal plasma Is formed which propagates In all direc- 

tions at a speed of approximately 2*10 cm/sec. Just as In the case of 

a cathode flare during a vacuum discharge (see Section 4-5, b). As 

the plasma spreads forward, the cathode flare emits electrons. The 

radius of the surface emitting elejtrons Increases at the same speed 

as the speed of propagation of the plasma. The electron current in 

the gap between the front of the plasma and the anode is determined by 

the Langmuir law.  In [176] it was assumed that the emission of elec- 

tronc into the plasma from the point Is due to the autoemlsslon of 
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electrons amplified by the electric  field of the plasma.     Accordlnr 
to estimates,  the magnitude of the  field should be on the order of 
the Debye plasma  field. 

b)    Control of electron beams in accelerators. 

In accelerator technology, we are often faced with the problem 
of rapid control of charged particle beams  in the accelerators.     Con- 
trol is achieved by producing a pulsed electric or magnetic  field 
which displaces the particles in the desired direction during a time 
shorter than the time needed for a particle to move around its orbit 
once.    A description of a pulse generator developed to control a 
100 MeV electron beam Is given in [29],    The generator forms  single 
voltage pulses 10 nsec In width,  100 kV in amplitude, and a 1 nsec 
front. 

Line  Jit  (Figure 5-5)  is charged through resistance Rp by the 
pulse generator (discharger P,, capacitance C,  resistance R^,).    The 
width of the spark gap Pp is selected such that  Its breakdown will 
occur after the reservoir line Jlx  is fully charged for 0.1 - 0.2 ysec 
after the breakdown of P,.    At the spark gap P^,  the wave branches  off, 
and over line .7j  it travels toward the load.     It travels toward the 
gap P- by means of line «^ .    After the pulse is reflected from the end 
of the line  J1k and the voltage on the electrodes of the gap Po is re- 
distributed, the latter Is actuated and clips the pulse off.     If the 
wave Impedance of the lines satisfies   P3>pi>pi    ,  one can obtain a 
certain increase in the voltage amplitude. 

Two coaxial lines •7«, controlled by the gap P^, are formed by 
coaxlally located electrodes.    The inner line, shorted at the end,  is 
made of a section of RK-6 cable, and the outer one  Is  formed by the 
cable sheath and a duraluminum tube.    The wave Impedance of both  lines 
is ^5 ohms.    The nitrogen pressure in the gaps P« and P, is 20 at. 

The gap of the spark  gap F^ is divided into  two  Ulontjcal   r;apo  by 
the middle electrode.    The  generator works with a  load of 13 ohms. 
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Figure 5-5.  A diagram of a generator of 
100 kV voltage pulses. 

Thin type of circuit results In a series breakdown of the dis- 

charge unit gaps with an overvoltage, and the time fluctuation does 

not exceed 2 n3ec. 

5-3« Studies of Discharge Development in Dielectrics 

When studying the processes Involved in the development of 

discharges In gases. In a vacuum, and in solid dielectrics, it Is 

customary to have high-voltage pulses 10  - 10" sec In width, with 

."ronts on the order of 10 

flat. 

-Q 
sec. The top of the pulse Is strictly 

A pulse with a flat top can be obtained if a line of distributed 

parameters Is used as a reservoir element.  For the same length of 

the reservoir line, the pulse width will increase with an Increase in 

the delay time, which Is determined by the value of the linear para- 

meters L- and C«. Pn  Increase In the Inductance L0 Is achieved by 

using a spiral winding.  The capacitance C0 can be increased by using 

a dielectric with a large dielectric constant e. 

In the generator (Figure 5-6), developed at the Nuclear Physics 

Scientific Research Institute affiliated with the Tomsk Polytechnlcal 
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Figure 5-6. A diagram of a 500 kV 
pulse generator. 

1 - Marx generator; 2 - spiral reservoir 
line; 3 - switching gap; ^ - keep-alive 
gap; 5 - chamber under study. 

Institute [171J, the reservoir line 2 was made of coaxial cylinders. 

The outer one was made of brass and organic glass. A spiral made of 

tnin brass foil was wound around the inner cylinder of organic glass. 

Glycerin with e ■ 40 was used as the dielectric In the line.  The 
line parameters were the following: line length - 1.5 m, outer cylinder 

diameter - 15 cm, high-voltage rodd diameter - 2.6 cm, spiral pitch - 

1 cm, spiral width - 0.7 cm, wave Impedance of the line - 75 ohms, 

delay - 100 nsec/m. 

The reservoir line was charged by a Marx generator of 1 to 

500 kV with five stages. After generator 1 was actuated, the spark 

gap P, was punctured, and the shaping line 2 was charged through 

resistance R«.  The current charging line 2 flowed through reslstancs 

R, from which LQCQ  the signal proceeded through the delay line and 

triggered the thyratron.  Resistance Rp was chosen such that the time 
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needed to charge the shaping line to a maximum value would be 3 - 5 

Msec. Commutator 3 was filled with nitrogen at a pressure of 10 at 

By ehanging the gap width, It could be tuned in such a way that the 

breakdown between the commutator electrodes would be caused by the 

breakdown of the initiating gap k.    The delay line was chosen in such 

a way that the thyratron was actuated after 5.7 usec from the break- 

down of gap P., The actuation of the thyratron and gap b,  respectively, 

ta followed by the breakdown between the electrodes of commutator 3. 

By that time, the reservoir line had already been charged to its 

amplitude value. 

In the design under consideration, the chamber for the study of 

dielectric breakdown was built as one unit with the commutator. The 

pulse amplitude was 500 kV; front width was 1.5 nsec. The amplitude 

at the top of the pulse decreases according to a time constant approx- 

imately equal to 10"^ sec. Experimental data on the electric strength 

of various insulators in the presence of high-voltage nanosecond 

pulses a.e given in Section 4-5. 

5-1*.    Use of Pulses to Power Spark Chambers 

Spark chambers are used in high-energy physics as track detectors. 

There are several versions of spark chambers in existence. Prom the 

point of view of the characteristic features of high-voltage power 

supplies and the character of the particle tracks, they can be sub- 

divided into three basic types: 1) spark chambers with small inter- 

electrode gaps of about 1 cm (ordinary spark chambers); 2) spark 

chambers with large inter-electrode gaps from several to tens of 

centimeters (tracking spark chambers); 3) streamer chambers. 

Neon is most often used to fill chambers, which means that free 

electrons remain the wake of a particle. We shall dwell in more 

detail upon questions related to the high-vcltage power supply, and 

the principles of operation of spark chambers of the second and 

third type. 
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In track spark chambers with a large Inter-electrode gap, the 

discharge preserves the direction of the particle track up to angles 

of 50 - 60° C relative to the direction of the electric field. Voltage 

pulses of hundred of kllovolts are needed to supply them with power. 

In a majority of experiments, the Marx generators are used for that 

purpose. These generators, as they are usually constructed, make it 

possible to obtain pulses whose leading edge Is 20 - 30 nsec In 

width [162].  In [52, 53] It was proposed that. In order to reduce 

the pulse front width, one should use inductance-free capacitors filled 

with glycerin or water that would shunt off the shock capacitance of 

the generator.  In normal generators, built according to the Marx 

design, this makes It possible to obtain front widths equal to several 

nanoseconds (for more details see Section 2-2). The spark in the 

chamber is formed after the Individual streamers which developed from 

electrons along the track of the particle, merge together after the 

application of the field, and form a continuous plasma string coinci- 

ding with the direction of the track.  For this reason, the spark 

channel is slightly shifted relative to the true trajectory of the 

particle and is 0.3 - 0.5 cm [163, 16^]. The steeper the leading edge 

of the pulse, the less the shift, and the higher the accuracy with 

which the coordinates of the track are determined. An Important 

characteristic of track spark chambers is the value of the maximum 

angle between the direction of the particle track and the electric 

field in the chamber at which the spark still maintains the direction 

of the track. The value of this angle determines the spatial isotro- 

plclty of the chamber. In the initial spark chamber of Fukul and 

Mijamoto [160], a 100%  coincidence of the spark and the particle track 

was observed up to an angle of 15°.  In [165], by shortening the front 

of the high-voltage pulse and reducing the inter-electrode capacitance 

of the chamber, it was possible to increase the angle up to which the 

spark followed the particle track up to 30° (with a 100!? effectiveness). 

Finally, in [166] the angle was ^5%.    In this study, a specially 

built generator (see Section 2-2) was used which made it possible to 

obtain pulses with a 2 nsec leading edge and 500 kV amplitude.  The 
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curvature  or the  trailing edge  and the  stability of the pulse width 
are of no .-pecial  importance  for the  operation of track spark  chambers. 
However|   in  special experiments  — for example.  In measuring the  ion- 
Izlng ability of particles  from the brightness of sparks  In the 
chamber — as was done In [167], the requirements on the stability 
of pulse  width may  be high. 

In streamer chambers,  a mode of operation Is achieved such that 
the development of the spark discharge Is stopped In the streamer 
stage by  limiting the width of the  high-voltage pulse  fed to the 
chamber.     The  direction of particles  In  It  Is approximately parallel 
to the electrodes.     Tracks  In such chambers have the shape of a chain 
of Unht  points  or short lines.     The accuracy with which the  coordi- 
nates are determined depends  on the  size  of the streamers,   and the 
feasibility of track recording on photographic film depends on their 
brightness.     Streamer chambers  are most   sensitive to  forms  of high- 
voltage pulses.     In the first  few papers   [168, 169],  chambers were 
powered by a Marx multiplier network.    Two-electrode air clipping 
gaps were used to regulate pulse widths.     As Indicated above,  Marx 
networks of usual construction do not permit one to obtain pulses 
with steep fronts,  and two-electrode air clipping gaps do not produce 
pulses cf high width stability.     A flat leading front of the pulse 
does not  permit  one  to produce a field In the chamber of sufficiently 
high intensity,  so that small,  but sufficiently bright,  streamers 
could be  obtained  (field Intensity was  10  - 1^ kV/cm).     Instability 
In pulse width made  It Impossible to obtain tracks of Identical width 
and brightness  In the  chamber from one  case to another.     In  [170]  a 
streamer chamber was  supplied with power by the nanosecond pulse gen- 
erator described    in  Section 2-2,  so that  tracks  of sufficient  bright- 
ness were obtained with approximately Identical streamer dimensions 
(2-3 mm)   both along and across  the  field.     It was shown that   for 
stable operation of a streamer chamber with the field Intensity  of 
25 kV/^m,  pulses with a width stability no worse than +1 nsec  are 
needed   (total  pulse   width was   13  nsec). 
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Figure 5-7 shows a diagram of a high-voltage nanosecond generator 

with a streamer chamber [^0]. 

The generator Is In the form of a stage strip shaping line which 

Is charged by pulses from the Marx generator (RLC).  When the maximum 

value of the charging voltage is obtained, the gap P Is actuated, and 

a rectangular voltage pulse Is formed in the line.  Its amplitude is 

equal to the charging voltage,and the width Is equal to twice the time 

needed for a wave to travel along the line (see Section 2-6). The 

pulse thus formed propagates along the transmission line with a wave 

Impedance of 2p, the composite part of which Is a streamer chamber 

with matching resistances R ■ 2p connected to It. To exclude the 

occurrence of a pulse voltage on the chamber during the line charging, 

a bridge netwox'k is used to charge the line capacitances C, through 

inductance L, (Figure 5-7, b). 

Figure 5-7« High-voltage nanosecond 
generator with a streamer chamber. 

a - generator diagram; 
b - pulse charging diagram. 
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With the help of this generator, a pulse 10 nsec in width, 

a front of approximately 3 nsec, and an amplitude of about 800 kV was 

obtained at the streamer chamber.  Castor oil was used as an insulator 

In the shaping line.  In order to reduce the front width, a gap was 

used filled with nitrogen at a pressure of 20 at. 
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CYMBOL LIST 

RuaaIan Typed 

H H 

♦ f 

MMH mln 

H P 

DX In 

QblX out 

EHeUI o 

BHVTP 1 

«Hi th 

PW sp 

CP av 

rp gy 

r g 

WAHC max 

onT opt 

B B 

n I 

p P 

/i d 

H sp 

1 E 

H • h II-M 

U cyl 

Meaning 

load 

front 

minimum 

pulse 

Input 

output 

outer 

inner 

thickness of 
core strip 

specific electric 
resistance 

average 

gyromagnetlc 

generator 

maximum 

optimal 

upper 

line 

stray 

damp 

spark 

gap 

voltape at mini- 
mum point 

cylinder 
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Russian 

y 

TP 

n 

noBT 

HP 

Typed 

I 

c 

In 

h 

rot 

br 

Meaning 

amplifier 

cutoff 

Incident 

halfwave 

rotational 

breakdown 
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