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This monograph is the first attempt at a systematic presentation of
material on the technique of shaping high-voltage nanosscond pulses. A con-
8idersbls portion of the book is made up of the authors' works started at
the high-woltage laboratory of Tomsk Polytechnic Institute in 1957 on the

initiative of the Doctor of Physicomathematical Sciences Professcr A, A.
Voroblyov.

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

The book is designed for scientific workers and engineers in appro-
priate fields and for students of higher educational *nstitutions.

FTD-HC-23-643~70




FOREWORD

The progress of science calls for new requirements in regard to the
pulse techniqus. From the pulses of millisecond dwration, which were used
in tolegraphy, the pulse technique passed on to the micrecsecend pulses far
the purposus of power engineering, radio engineering and radar and at the
present time it deals with pulses of nanosecond duration (1 nancsecond=ml0~9
second) and shorter pulses. The nanosecond pulse technique may be divided
into the technique of generating low-woltage pulses with an emplitude of a
fen hundred volts and lowsr and the technique of obtaining pulses with an
amplitude of ore, ten and hundred kilovolts,

Many works in the periodical prees end also the monographs /i, 37
have been devoted to the msthods of generating low-woltage shoxi pulses.
On the other band, considerably fewer works have been davoted to the obtain-
ing of high-voltage pulses of nanosecond dwration in spite of the fact that
the first investigations in this diroction appeared 30-40 years ago A
This was explained on one hand by the fact Shat wntil 1950-1960 science and
engineering did not show groat interest in such pulses, and on the other
hand = by the g~eat difficulties encountered in obtaining and recording
then. The harmonic spectrum of the namosecond pulses exteands up to super-
high frequencies. Therefore, to generate and transmit these pulses it is
necessary that the equipment wsed provide a wide frequency passband and at
the same time be able to withstand high voltages without btreakdown.

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

In the acceleration techniqus /2, 7/ these pulses are used for the
injection of electrons into an accelsrator, for a fast ejection of the accel-
erated particles, for obtaining a short-duration beam of charged particles,
for invesiigation of the proce:: of electron capture in the accelerator for
a precise measursmsnt of the energy of the particles, etc. Obtaining of
short x-ray pulses nscessary for pulsed testing of photcmultipliers, for
investigations in Lallistics, etc. may also be included here.

In nuclear physica /3, 8/ the high-voltage nanosecond pulses are

-2 -
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used for mesasuring the diffusion constants of neutrons, for the study of
materials with a short lifatime, etc.

In radar /G, 10/ the short pulses are used tec determine short dis-
tances to targets with high accuracy.

In high-speed photography the high-voltage pulses of nanosecond dura—
tion togsther with electro=-optical shutters and electronic optical convert-
ers are uwssd for the investigation of super-fast processes. In particular,
a discharge in gases 1s investigated in this mannsri the rate of the devel-
opment of electrun avalanches f 12/ ,expansion of the spark-discharge
chamnel at the initial stage ’ process of plesma formation during
a spark discharge and explosicn of the wire /1L, 157/.

In the physics of dielectrics and semicuonductors the high-voltage
pulses with 2 steep leading edge are used for the investigation of the
kinetics of tho treakdown process in sclid, liquid and gasesis dielectrics,
and also in semiconductors /16-197.

When using the short high-voltage pulses the strength of elestric
insulation incrsases by several times. Because of this, it is possibls to
reducs the dimensions of high-voltage instellations /20, 217. The use of
these pulses for oarrying out some of the high-voltage tests is alsc well
known [Z2-217,

tiyratrans and sperk dischargers are used as carnutators
in the high-vol*age manosecond=puise generators. The use of thyratruns is
linited by a comparatively low an~de voltage (about 30 kilovolts), a small
operating current (less than 1 Ikilcampere), by large dimensions ard by the

comvutation time (of the order cf 10-8 second). Spark dischargers have
considerable advanteges in this respect. It is known that there are dis-

chargars with an opsrating current of wp to 108 amperes /257 and a voltage
of 106 voits /26/. Under certain conditions the commtation time of the

dischargers amowmts to 10™° second éﬁ . This explains the fact that the
main attention 1s devoted in the book to generators with spark dischargers
and that a description of same of the regularities of the gas discharges is
given. Data on the generators with thyratrons are available in the other
books ZI, 27, and the special features of the operation of pulsed thyratrons
and their properties are described by T. A. Voronchev /287,

In the book the chapters 1 and 5 were written Ly the authors tcgether
with the exception cf Par. 1.2 written bty Yu, P. Usov and Par. 5.3 written
by G. A. Mesyats and V. V., Kremnsv; the chapters 2, 3 and L wero written by
Q. A. Mesyats and chapter & — by G. A. Vorob!yov,

FTD-HC-23-643-70
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CHAPTER 1. SOME OF THE REGULARITIES OF THE BREAKDOWN OFf GASES
Introduction

The operation of high~voltage nancsscond-pulse generators with spark
dischargers 1is highly affected by processes taking viace in the discharge
gap. The process of ‘“he preparation of the discharge from the instant of
the application of thu triggering pulse until the start of the fommation of
conductive chammel is connected with the operating time and operating stabil-
ity of the discharger. The speed of the formation of a chamnel with high
~onductance in the gap detormines the steepness of the leading edge of the
pulse. The maximum frequency of a stable operation of a pulse generator is
determined by the time for restoring the electric strength of the gap. In
addition to this, whon uring the dischargers it is important to know the
factors on which the breakdown voltage of the spark gap depends.

Par, l.i. Formation of Gas Discharge. Breakdown Voltage

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

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

At the begimning of the 20th centwry Townsend _7 developed a theory
of discharge in gases, which with a subsequent correotion makes it possible
to dascribe some of the discharge processes in gases. The discharge process
1s represented qualitatively by the following pattern. Original eleotrons
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formed in the immediate proximity to the cathode are accelerated by the
electric field in the direction toward the anode. Upon the accumulation
of sufficient energy the electrons colliding with the gas molscules and
atoms ionize them and the number of free elsctrons insreases in avalanche~-
liks mamer. Finally, the electron avalanche reaches the anods and is
absorbed by it.

Positive ionas formed dwring the impact ionization move toward the
cathode and upon approaching it pull out electrons which form naw electron
avalanchez. Consequently, pvlling-out of the electrons from the cathode
by the positive ions sustains the discharge.

Current density in the electron avalanches at the anode

& §

jl= .0 ’ -
J T (1.1)

where <o is impact-ionization coefficient indicating the number of ioniza-
tions per one centimeter of the elsctron path; y iz coefficient indicating
the average number of electrons pulled out from the cathode by one positive
iong .19 is current density accounted for by the photoeffect from the cathode
undex the acticn of an extraneous ionizer not connected with the gas dis-
charge.,

At the present time it has heen datermined that the emergence c¢f elec~
frons from the cathode in the gas gap is connected not only with the ion
bomberdment of the cathode but is caused by many other processea called
gamma processes, &nd first of all by the ultraviolet radiation of the excited
gas molecules or atoms.

The quantity in the denominator of the expression (1.l) indicates the
mmber of electrons pulled out from the cathode by ions which had formed in
the gas gap as a result of ionization initiated at the cathode by one elec-
tron. The discharge is callsd self-maintaining if it does not become extinct
when Jo=0. This is observed when

7(e':s—l)—!. (2.2)

oS

If y(e =~ 1)>1, then each following avalanche exceeds the preceding
avalanche. This process called the step-up of the avalanches continues until
electrical conductivity brought about by an avalanche proves to be sufficient
for the next stage to run its course - the final stage. The process of tran-
sition to this stage is not described in Towmnsend theory. It becomes clear fram
the foregoing that the {$ime for formation of Townsend discharge is determined
by the motion time of the electron avalanche and by the reverse motion of
ions through the interelectrode gap, multiplied by *he number of step-ups.
Inasmuch as in a gas the mobility of ions is three orders lower than the mo-
bility of electrons, the mution time of ions in the gas gap determines the
time for formation of Townsend discharge, which according to theoretical eval-
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uation should amount to 10'5-10'3 sesonds. This time was observed in the
case of the breakdown of a discharged gas. Howsver, with the atmospheric
pressure the discharge time in anm air gap with a length of omne centimeter

proved to be equal tc 1077 second /T2, 297. This fact which showed the
untenabiliiy of Townsend theory played an important role in the further
develomment of the studies on gas discharge. Cbservation of gas discharge
in an ionization chamber /12, 297/ showed that moving at a velocity of the

order of 107 cm/ssc the electron avalanche gradwally expsnds and at a cer-
tain instant of time a sharp increase of ioniged space is observed with this
space ocovering at a very high speed all of the interelectrode apace. This
is followed by a compiste breakdowm. This rapid process, which is a contin-
uation of the avalanche process,was called streamsr.

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

After reaching the ancde the electron avalanche is absorbed by it
" leaves positive ions near its surface. Ionic charge creates an addi-
tional field with a strength Ej. Protoelectrons which had appeared near
the anode move toward the positive volume charge in a field having the

strength Ej 4 E where Eag- is field strength brought dout by the applied

voltags U. If the strength F’l is sufficiently high, then after reaching

the positive volume charge the photoelesctrons will have time to create high-
power avalanches which compensate the charge of the ions that are at the
anode. This will lead to the creation of a conductive plasma. The new pos-
itive ions brought about by photoelectron avalanches, and newly appeared
photoslectrons act in a manner similar to that described, and a plasma col-
um called positive streamer rapidly extends in the direction toward the
cathode. Meek /70 7 formulated ths following corndition for the initiation
of the stieamer: Ej=kE where k=0.1 to 1 but its value has not been “eter-
mined exactly.

If a higher voltage ig applied te the gas gap, then Meek's condition
may be satisfied when the avalanche has nct yet rsached the anode. In this
case the streamer will appear in the interelectrode space and will spread
tomard the cathode and ancde. The streamer spreading toward the ancde is
called negative.

In an inhomogeneous field the sireamer spreads from the electrode
with a large curvature. The velocity of the spread of the streamer in a
homogeneous field amounts Yo 1.5 - 108 (positive) and to ;.9 « 107 cm/sec
(negatjve); in a highly inhomogonecus field it is 2,5 ¢ 10! (positive) and
2 « 10° cm/sec (negative).




On the basis of axperiments with ionization chamber Raether éﬁ_ﬂ de-
rived the following empirical equation for the condition for the _nitiation
of the sireamer:

ax =20, (103)

where x 1s the path cowvered by ihe electron awvalanche.

In the btreakdmm of large interelectrode gas gaps {of the order of
tens of centimeters and more) with a highiy inhomogeneous field when the
average discharge gradients drop to L-5 kv/cm, streamers do not create a
corductive path between the elactrodes and do not produce a btreakdown.
this case the discharge is.brought.about by the-lsader process a description
of which may be found in a book by I. 5. Stekol'nikov & .

On the basis of the latest investigations of the discharge time,
discharge voltage and development of electron avalanches in jonigzation
chamber the researchers Eﬁeached the conclusion that in the breakdown
of gases in a homogeneous f2eld at a constant voltage the formation of the
discharge 1s brought about by the 'step-up" of the avalanches according to
Towmsend. The breakdown voltage can be determined from the condition {(1.3)
with accormt taken of the relationship d=f(E). It turns out that the
breakdown veltage 1s a function of the product of the multiplication of
the presswre p by the interelectrode distance S, which was found earlier
by Paschen and now bsars the name law of Paschen. In Figure 1,1 are shown
Paschen curves for certain gases. The curves have a minimm. The lef%
tranch of the curves is characterized by an increase of Ups ﬁpr’utx'ealuiam]

with a decrease of pS. The increase of Upr is limited to the phenomena

characteristic of vacuum breakdomn. For the right branch; Uy increases with

an increase of pS. In the work by Loeb /127 is cited an analytical depend-
€108 Um-f(p‘i) which is an approximation of Paschen curve. With very large

values of pS this dependence represents an almost straight line:
Up=ApS. (Loks)

With a pS somewhat lower than the linear mode the dependance Uy.=f(pS)
has for many gases the following form:

— 1
LnpVprVorealdom/ 4,75+ B VS (1.4')
where A, Ay and Bo ave quantities constant for a given gas.

For ~ertain gases (Np, CO,, otc.) a deviation from the law of Paschen
is observed in the direction of a drop of the breakdown voltage with an in-
crease in the gas pressure and the more so, the higher the presswre. Large
deviations from the law of Paschern are observed in the cass of an inhomoge-
neous ield when an electrode with a large curvature has positive polarity.
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Figure l.,1. Helationship of breakdown voltage
in different gases to pS3 in the case of a
uniform field beitween the elecirodes of the gap.

Key1 (1; Upreakdowns Volts (3; pS, mu of mercwry colwan
(2) Alxr (k) m

In a homogeneous field achieved by the use of flat electrodes with
1ownded edges it is possibly to measure the treakdown voliage with accwracy
to tenths of a percent. As a rule this wltage does not differ in the case
of a breakdomn at the commercial-frequsncy direet and alternating woltages.

cperimental data satisfy well the equation (1.L'). Thus, according to Msek
20/, for air at the atmaspheric pressure

Uyp== 21,225+ 60815 ks, (1.4™)

if S 1is measwred in centimeters.

In the case of using spherical electrodes with small values of S/D
(D 18 the diameter of the electrode) the values of Upy approach the values
for the case of a homogeneous field. With an increase of S/0, electric
strength decreases and reproducibility of the results declinea, With an
S/D§0.5 the accuracy of measuring the Upr’3% and with an S/D»0.75 the

results twrn out to be poorly reproducible. The relationships at different
values of D are cited in many works in the form of tables /21, 22, 31/,




2 e

B

o i

Table 1.1

- o r—— e — ——

| " 0.7 |o.75io.a io.ss 0.9 |0.1s]1.0 lx.os 1

| S o.nlo,.‘mlo.ulo;sc 0.9 Io.os 1.0 ||.os 1.0

With a change in the gas density ’,_,:0.386 (p =~ mm of merewry

solum, t ~- °C), UppkU where U is breakdomn voltage under normal at-

wospheric conditions (p=760 mn of mercwry column, $=20°C); k 1s the coef-
ficient dependent on the value of p (Table 1.1) éf(_)7

If moisture does not become condensed on the electrodes an increase
in the moisture content of the gas is accampanied in the cass of a homoge-
neous field by an increase in the value of Uy, approximately by 0,1% for

each millineter of mercury column of the partial pressure of the moisture
vapors, Molstness increases Upr to a higher degree in the case of an
inhomogeneous field.

An increase in ges pressure leads to an increase in electric strength.
With pressures of the crder of tens of atmospheres Upyr depends to a high
degres on the candition of the surface and on the material of the electrodes.
The material of the cathode has an especially great effect. The btreakdown
voltage increases successively with a change in the material of the cathode
as follows: aluminum, copper, iron, stainless steel.

Polished electrodes aged by many discharges are used to obtain high
values of Upr-

The breakdown voltage in an inhomogensous field depends on the
polarity of electrode having a iarge curvature. For electrodes of the
point-plane type the interslectrode distance of which is equal to a few
contimeters the broakdown gradient at a positive polarity of the point
18 equal to 7.5 kv/em, and at a negative polarity — to 20 kv/em. With
largs intereloctrode distances (tens and hundreds of centimeters) the
breakdown gradients decrease to L~5 kv/em for a positive point and to
7-9 kv/cm for a negative point. Intermediate values of the breakdown
voltage result for electrodes of the point-point type.

Table 1.2

n=| o,l Ns a,l

4
Fas | He

2V, '
e ‘13-5|5|6-5 9|

Key: (1) Ges (2) Upreakdowns kv

In table 1.2 are given the breakdown voltages for different gases
{a homogeneous field, pS=100 mn of mercury column °* cm).
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Some gases the composition of the molecules of which contains the
atoms of ° -ids have high values of electiic strength exoeeding by two an
more times » electric strength of the air. But most of these gases can-
not be used since they have a high bolling point, are chemically axtive & rwgard
to the surrownding materials and decompcse under the effect of dissharges
with a formation of harmful subetances.

B. M., Gokliberg and associates [59, 33, were succeecsful in iso-
lating from among maay gases two gases which setisfy the above-mentioned
conditions. These are freon (CClsF,) and elegas (SFg). Freon has an elec-
tric strength 2,5 times higher than that of the air, its boiling point is
28°c, With a presswure of several atmospheres at room temperature freon
changss into a liquid. Elegz:: las somewhat better properties. Its electric
strength 18 close to the elsciric strength of freon, its beiling point is
62°C. Elegas is more inert than freern.

Addition of freon or elegas to the air and nitrogen increases elsc-
tric strength of the iatter two mcre than in proportion to the percent of
the addltion. These mixtures liquefy at higher pressures than pure freon
and elegas. The bweakdown voltage of the spark gap lccated in a closed
vessel may change with an increass in the number of breakdowns of this gap.
In the work /20/ 1% is noted that the breakdown voltage of the air gap de-
1'eases as a resuit of formatlon of nitrisc axide. When moistwre is present,
nitric acid may form which forme a conductive bridge between the electrodes
1 the walls of the vessel. A rise of the breakiown voltage is sometimes
ubserved in a closed vessel after several tweakdowns of CSFge This is ex-
plained by descomposition of the gas molecules into CF) and SFg; ae a result
of this its presswure rises [20/.

An appreciable drop of the static breakdown voltage is observed in
the case of an intensive irradiation of the cathode of a spark discharger
rith ultraviolet rays. When using pulsed sources of irrudiation (from a
spark discharge) this effect is used for triggering the commutating spark
dischargers and for the synchronization of high=-voltage circuits. The ef-
fect of the breakduwn-voltage drop was measured during the irrediation of
the cathode of the main gap with a nearty auwxiliary spavk which appearsd
during an undamped discnarge of a large~capacitance capacitor. A change
in the irradiation intensity is usually accamplished by changing the dis-
tance ¢/ between the sowrce of illumination and the main gap or by using
shields which absorb ultraviolet radiation. In the works /20, 30/ it is
shown that the breakdown=voltage drop
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100% (1.5)
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in the cass of short distances ¢ from the source of intensive ultraviolet
irradisticn to the main gap may reach 25 percent. With an increase of the
distance [ the value of +, decreases.
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A dscrease of w with an incroase of U is explained by the fact
that a larger is charactorized by a more intensive absorption of ultra-
violet rays by the air and, consequently, by e smaller photocurrent from the
cathode 1, the appearance of which lowers the treakdown voltage. It was
determined experimentally /20/ that the value of M 4ncreases in direct
proportion to the increase of VI3, On the basis of Tewnsend theory of gas
discharge during a steady-stete irradistion the decrease of M may be ex-
pleined by the increase of the space-~charge fleld of pcsitive ions, In ac-
co&noo with the experiment tha calculated relationship m=f(Vig) is rsc-
L) ear.

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

These problems were investigated in a greater detail in the works
/35, 36/ and are set forth in Far. 5.5.

Par. 1.2 Delay Time of Discharge in Gases

If pulsed voltage is applied to a spark gap, then its breakdown occurs
not immediately after reaching a static breakdown voltage in the gap but after
a certain time called discharge delay time t3. This time may be divided into
static delay time, or the time between the instant of the application of a
voltage sufficient for the brealddomn of the gap, and the appearance of “effec-
tive” initiating eleotrons, and into the time fur the formaticn of the spark
discharge.

The ratic of the woltage U at which the breakdown of the gap takes
place, t0 the static breakdown voltage Up:l‘ i3 called relative overvoitage

=
g

The quantity PznP -1 4s called absolute overvoltage and is sametimes ex~

pressed in percent. It is obvious that if t3>0, then >1. From the
simplest Townsend theory (without taking the %onic volume charge into account)
the probability of the appearance of a discharge sta:rting in the time interval
dt upon the expiration of t seconds after the application of voltage is
equal /I27 tos

W (t)dt = Wn, e~V ™'at, (1.6)

where ngy is the mmber of primary electrons released in one second from the
cathode surface; W 1s the probability that each one of ngy electrons wil®
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creato an avalanche capable of bringing about a discharge. The equation
(1.6) 1leads %o the fillowing expression for statistical delay:

bt/
L erTtstbatatistical / e (1.7)

Wn. -

Each one of ny primery electrone laaving the cathode trings sbout (o“s-l)
ionizations during its motion toward the anode. The number of electrons
released from the cathode by ions created by one of the primary electrons
is called ionization-build-up coefficisnt M equal to

M ___:1(Ecs_ 1), (1.8)

"here Y 1s the number of elecirons released from the cathode by one elec-
tron. In each separate case the coefficient M muy be equal to O, 1, 2, etc.
but its average value will not necessarily be an integer. When M1 the
avalanche process and, as showm in Par. l.1, the equality M=l is the con-
dition for breakdown according to Townsend theory. In doing so, the quantity
W is the probability that with a woltage higher than the breakdiown voltage
the process of the initiation of new avalanches will not be discontinued.
Miking use of the theory of probability and taking into consideration that
y<€1, it can be shown that

In(l—W)
Me—p (1.9)

Knoving the discharge conditions, M can be determined fram the expression
(1.8), W can be found from the expression (1.9), and then, evaluating ng
from the conditions of the e~periment the statistical delay time can be ds-
termined using the expression (1.7).

When breakdown bears streamer character statistical delay time depends
on the product of the multiplication of the probability Wy that the original
eloctron may lead to the creation of an electron avalanche, and the probabile-
ity Wg¢ that the avalanche creates a hreakdown streamsr

; e igtHg treamer_/ g 1 (1.10)

VeV

Under the action of ths earth's radiocactivity and cosmic rays from 10
te 20 electrons form undor normal conditions in one cubic centimeter of air
in one second. With such a small number of original electrons the statis-
tical delay time is long. The nuwber of original electrons ng increases
nearly in proportion to the gas presswre so that a higher pressure decrsases
the statistical delay. Ultraviolet radiation of an &ppropriate mercury 1:mp,
of a spark or corcna discharge, radiation of radiocactive materials, and the
x=rays may be used for artificial jonization. Illumination of the cathode
with uwltraviolet light brings about a photocurrent from the cathode and
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sharply increases the rumber of original electrons. In doing 8o, the prob-
ability of ths formation of an avalanche by each one of these elactrons ap-
proaches wnity since each photoelsctron starts moving eway from the cathode
under the action of the field between the electrodes. With a photocurrent

denezty of 10712 amp/ca’ the mumber of electrons released from 1 cm® of the
cathode surface in one second is equal to 6 106. A very intensive irra-

diation of the cathode (& photocwrrent density of 107-3p-10 amp/ca?) leads
to the formation of the initial volume charge in the gas gap and reduces
the treakdown woltage. For a discharge gap equal t¢ 1 cm a photeccurrent

density of 10-12 amp/cm2 does not as yet producs an appreciable distortion

of the field by the volume charge, and statistical delay becomes suffiziently
short. The photoelectric effect brought about by the spark discharge is

pany times higher than in the case of a mercwry lamp /207,

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

Statistical delay time of the first discharge may be considerably
longer than that of the following discharges in those cases when the number
of umrecambined electrons after the first discharge is large. This phenom-
oncn is characteristic of inert gases but it also can bes observed in nitro-
gen and hydrogen. Increass in the mmber of origimal electrons is also ex-
plained by the possibility of field emission brought about by surface chargea
on a poisoned cathodes. It is possible that these surface chirges are brought
about by photons fram the preceding discharges.

With a heated cathode, thermionic emission sharply decreases statis-
tical delgy time and if it is reduced nearly to zero, then the time elapsed
between the instant of the application of voltage sufficient for a utreakdown,
and the instant of breakdown is equal to the time for forming the discharge.
For a Townsend discharge tals can bs calculated approximately by the methods
get forth in the works [37-327. In these works it was assaed that secondary
electrons are formed as a result of bambardment of the cathods by pesitive
ions, However, it is known that secondary elsctrons also appear imder the
action of dischary radiation in gas. Faether /L0, took both of these
factors into accovat and calculated the time for the formation of a spark
discharge in a homogeneous field on the baasis of an assumption that it is
determined chiefly by the time necessary for the growth of the avnlancha to
the dimensions at which the awvalanche starts changing into a streamer. The
streamer which has formed develops much faster than the avalanche. There-
fore, its growth time may be neglected. In his evaluations Raether assumed
that the transition of an avalanche into a streamer takes place with the
condition (1.3).

A more exact approximation was carried out by Fletcher 41{7 who cal-
culated for the first time the details of the space charge distribution in
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an avalanche. He assumed that at the initial stage of d=velopment of the
avalanche the distribution of the charge is determined chiefly by the dif-
fusion of el»ctrons with the concentration of electrons and positive ions
being so low that the space-charge field may be neglected. The rates of
increase of the concentrations of electrons n. and of positive ions n,
are deacribed by the following equations:

on

=3 —_ ‘_ﬂ-_ 1.11
- =ava- D72n_4 v g0 ( )

dng

o T eviA-, , (1.12)

where v 1s the drift welocity of an electron in the direction of a field
having the strength E along the axis 3z, and D is diffusion coefficient.

¥hen owing to icnization the densities of electrons and positive ions
increase the space-charge field stvarts changing the distribution of electrons.
Fletcher suggested an approximate method of determining the conditions under
which this process takes place. In his opinion, distribution does not change
in the tima t+ after the appearance of avalanche. If however, the time is
larger than t, then the space-~charge field becomes proportional to the num-
ber of electrons N and inversely proportional to the radius of the avalanche
ry, » which would be true in the case of a spherical distribution of the charges.
The radius r; 1s determined by integrating the drift velccity teought about
by the space~charge field Ej.

Therafore
— E ey
[,ﬁ:L=avalanchg7 Ea=E N:( s ) ) (1.13)
where Ep=Ey and N=MN; at the instant of time t. For the space~charge
field Flotcher found the following expression:

3 N \is \lalh)
E‘ = —— IE(_) »
,J.D 16 Nl
where 8 =g o

The eritical size of the avalanche N, at which the fieid in the
avalanche becomes equal to zero is calculated from the conditions of equality
of the space~charge field Ej, to the external field E. According to the
axpression (1.14) this is possible when

= - 256 N,
Zﬁk'p“ncr"ncrit.:'LcaJ..7 N =79 " ,'). . (1.15)

The tuime for the formation of discharge t, found from ths assumption that

b=
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it is determined chiefly by tha growth of the avalanshe to the critical
size is equal to

PR |
Lotemtasacharge ] H= ok, (1.16)

To determine the mmerical value of 4, Fletcher made use of the
quantity as=3 * 10 en caleulated from Raether's data /27, 1In uddition
to this, he assmed v tobe equal to O.706VE » 105 en/sec, which leads to

an avalanche velocity observed by faether _7 in fiaids approaching the
minimm brealdown value, and extrapolated fbr kigher fialds.
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Figwe 1.2, Relationship of the tio for
the formation of discharge t, to the field
strength E (1) and of the critical strength
Ecp to the btreakdown voltage U (2).

Theoretical curvs of the relationship of the formation time to the
field strength E at which a breakdown of the gap occurs is shomn in Fig-
ure 1.2, Also shom there for comparison are the experimental points. The
results of Fletcher's calculations indicate ‘hat the diecharge formation
time at an E>50 kv/em 1s a function of the field strength alone and coes
not depend on the length of the gap or applied voltage. This conclusion was
confirmed by experiment. It follows rrom Figure 1.2 that with the largs
values of E the time t, becomes equal to 10~Jsecond or less. An exper-
imental study of the discharge formation time in the region of 1979 second
is also cited in the works éﬁ?-ﬁ  To achieve larger values of E (or P)
in the gap 1t is necessary that tThe duration of ths leading edge tr of the
voltage applied to the gap be smaller than the sxpected value of the time tp.

In the experiments carried out by Fletcher /177 te=3 « 10710 gecond. There-
fore, in the calculations he assumed the leading edge of the pulse to be
ideally steep (te=0).
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The relationship of the discharge formation time ¢, in the air
under normal conditions to the distance betwsen the electrodes S in a
range of 0.2-l ma with an overvoltage P=l.1l to 1.15 ia determined in
the work /h6/. A multi-avalanche discharge with a discharge time of 10

to 1075 sec appeared for an S=0,2 to 1.5 mm. With larger distances the

time tn decreased unevenly by two orders and thenceforth depended in di-
rect proportion to the magnitude of the gap 4. With an intensification of
irradiation of the gap with ultraviolet rays the inicusity of the electron
avalanches inereased and the distance at which discontimuity in the relation-
ship t,s£(S8) was observed decreased. With the further increase of irradi-
ation intensi’y this relationship was linear. The authors explain such a
behavior of the relationship t,=f(S) by the transition of Townsend discharge
jato a streamer discharge. Consequently, to obtain a small value of ¢, it
is necassary to create in the discharge gap conditions for the realization of
a single-avalanche streamer mechanism of ths diacharge.

In Figure 1,2 is shown the relationship of the critical field A to
the magnitude of the voltags (the right Y-axis) at which after passing through
the entire gay one avalanche reaches critical dimsnsions and leads to a treak-
dowi, Several avalanches are necessary for the breakdown of & gap with a
smaller E. This increases the ty.

In conclusion, on the basis of the formula (1.10) wa will obtain sev-
eral relationships for t,. with different relationships hetween tr and tg.

1. Suppose btytn. With normal conditions in the air /20, L17s

v=0.706(E)%105 cm/sec. (1.17)
With -g-= Ll to 176 volts/cm/mn of mercury column /327 (1.18)
No=A(E - 13)2

where A=1,54  10~7 em/v2, B=2L;,400 v/ecm. A pressure p equal to 760 mm
of mercury column was ysed. Since the value of N,p has little effect on
the result, an Nyp= may be used in the calculations [I?, 297 « Substi-

tuting expressions (1.17) and (1.18) into the expression (1.16) we find

1690 : (1.19)
= Y E (E — 24 400

: 1690 8™ .
P UL U, —21400- S)

(1.20)

where U, is the amplitude of the voltage pulse at which a breakdown cf the
gap occurs,
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To determ’~o the ti Ross [Ii/ suggested an empirical formula also
found from the sxpression (1.16)s

(1.21)
PPN K

PTe-n
2. Suppose t,<t,.

If the time ¢, is measured from the start of the application of the
voltags, then /I7/:

LBp=t17t10ading odge_7 tymty +ty 1y (1.22)
l. ) .
where = — j a(f}vi)et,
0 (1.23)

and %7 1is determined by formula (1.19) or (1.20). If the voliage om the
leading edge of the pulse increases in accordance with rectilinear law, then

.gL‘ (1;2’4)
te

U=

or

T
k—-e—t.

t£S

Sutstituting the expression (1.2l) imto the equalities (1.17) and (1.1i8),
and substituting then the expressions obtained for v and o into the
formula (1.23), we will find the t,.

Yo will finally find the following for t,:

-'I 2‘
- 1690 " LU,
VT, (Uy—24400S) { (1.25)
U2 —6.71-10 U,S + 11080 t,.
(Us — 244005)*

t,

3. Ve will examine now a case when the breakdown occurs on the lead-~
ing edge of the pulse, i.e. t,<tp.

We will determine the time ¢, from the start of the application of
the voltage until the breakdown of the gap /I/ from the following formula:

tyom by + by, (1.26)
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We will determine the value of %} fram Raether's condition (1.3}, and
to — from the axgtession (1.20) 1f the following is substituted in the
place of Y, [IL/s

a
31}1 + 3tp
o Lty
The final expression will asume the following form:
= — oty .
m’z e--/ f,:(l.l4"s+2r44$)' lo.—i--rﬂ-(:fg_)s;:w E (1’27)

It follows from the equalities {1.20), (1.25) and (1.27) that the
time ty cuan be regulated steplessly from single nanoseconds to tens of
nanoseconds with a constant value of Uy by varying the length of the
spark gap S. In doing so, with a sufficient intensity of ultravioiet
irradiation the value of t, proves to be very stable /I7, LL/. This

"ienomenon can be utilized in high-voltage nanosecond pulse tachnlque /DL,
Dy hl7. Soms of the neiworks making use of this effect are shomn in
Pa. agrapha 4.2 and 5.6.

Par, 1.3, Provessecin Spark in the Period of Spark Discharger Commutation

In the psriod of discharger commutation the spark resistance varies
fron a very large valus determined iy the developed streamer, to a value
apgroaching zero. The rate of the transition of the discharger from a
nearly nonconductive state into a conductive state determines the duration
of the leading edge of the pulse appearing on the load. This process of
the transition of discharger from a nonconductive state imto a conductiwe
state may be characterized by a curve of the relationship of the voltage
Uy (t) &’Ucomutationj or resistance R;(t) @'fasparg to time. Tt
is customary to call the curve U (t) characleristic of the commutator

commitation. The duration of the commutation is characterized by the time
between two fixed points U'y and U", on the commutation curve (Figure 1.2).

Figure 1.3. Characteristic of a spark
discharger camutation.
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Ususliy a U'k-O.S‘ Ug is uwsed and U", — equal to 0.2 or 0.1, accordirg to

the character ¢f the curve (t). Et there is a reglon of a delayed volt-
age drop on the comeu‘ation acteristic (to the right of the point b),

then the former value of the U", is usod, and if there is no such region,

then the latter valus of U"y 4s usec.

To determine the spark resistance in time, Toepler /5, L9/ suggested
the following empirical formula

kS
“1";

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

Since q3§oidt, then R, LI

{ia
$ (1.28)

LR =Bopark 7

Making use of the furmula (1.28), Toepler 4?0 Krutzsch Beindort /6
Sahner /527 and others /5, 22/ calculated h'é7;’:ara.meters é‘;’ ‘the leadirg éd?ge']’
of a pulse obtained in a network with a spark discharger as a commutator.

It is difficult to maks practical uie of. tha relations. obtained with the
aid of the formula (1.28) to determine the parameters of a pulse since the

quantity k is actually not a constant but depends on the time /B3/, treak-
down voltage and load resistance /5 7.

The relationship (1.28) obtained by Toepler is purely empirical.
Therefore, theoretical evaluation of k 1s impossible. However, in spite
of the approximate character ¢f this formula certain dependences of para-
meters of the leading edge of a pulse, for example of the maximum steepness

(%-g) » on the pressure and inductance /5li/ agree satisfactorily with the
n

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

The characteristic of discharger commutation depends both on the para-
meters of the discharge circuit and on the conditions in the spark gap. Two
types of spark dischei'ge are differentiated. Belonging to the first type
are sparks the maximum current of which varies from a few amperes to tens of
amperes — a low-power disc..arge. Belonging to the second type is a high-
power discharge in which the current in the spark channel reaches hundreds
and thousands of amperes. The first type of discharge appears when the
storage capacity i1s small or whun current-limiting resistances or inductance
are inserted in the discharge circuit. In the case of a high-power discharge,
capacitors with a value of the order of microfarads and more with low induct-
ances and resistance of the discharge circuit are used as the storage devices.
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In a low~power discharge the woltage drop and the increase of the
current in a spark in the air urdsr normal conditions takc. place in a

time of the order of 108 second [B5-577 and stops at a level of a few tens
of volts. This carresponds approximately to the potential difference be-
tween electrodes in the case of an arc discharge. Sometimes there 1s a
step on the commutation curve /29, 587 the crigin of which remains unclear
up to the present time /597. the case of a high~power spark the voltage
drop in the spark gap under normal conditions in the air also takes place
in a time of the order of 2079 second /30, 59, 60/. However, unlike a low-
povier breakdown the rapid voltage drop stops at a level of Ug™(0.1 to 0.2)1g

¢=voltage drop/, after which the rate of the voltage drop is slowed down.

10 valw of Ug increases in proportion to the Uy and decreases with an
increase of the resistance and inductance in the circuit.

As already noted, to obtain high-voltage pulses with a stesp leading
edge it is necessary to accelerate the process of creating conductance in
the discharger, i.e. to decrease the commutation time. It was shown as far
back as the work of Rogomski and Tamm /617 that the commutation time sharply
decreases with an increass of the voltage in the discharger higher than the
static breakdown voltage. Gdnger /827, Rose /I, Fletcher L'Z'Z and others
/36, 227 reached the same conclusion. Rose created special sonditions
in the discharge circuit in order to obtain & minimum cammutation time. In

doing so, the inductance of the circuit was equai to 6 ¢ 1010 henries. In
a discharger filled with nitrogen, at a treakdown voltage of 5 kv, which cor-
responded to a relative overvoliage Pa3.6, the commutation time was tx=

=5 + 107%¢s. The relationship of the commutation time to the field strength
at which a treakdown of the gap occurs /637 is shown in Figure 1.L.

30 1] n £0_Ealicr
0 __
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Figure 1.l Relationship of the commuta-
tion time ¢) to the pressure p and
field strength in the gap E.

In the works by Beindorf /6.7, I. S. Stekol'nikov /35/, Knin /597
and others /L, 63, 64/ it is shown that commutation time decreases with an
increase of the pressure in the discharger above the atmospheric pressure.
In Figure 1.l is given a curve of the relationship of commutation time to the
air pressure M The time ty was determined betwoer the levels of (2.9 to
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0s2) Ug. Thus, the available experimontal data indicate that commutation
time decreases with a rise of tho prossure in the discharger and of the
overvoltage in the spark gap.

Table 1.3

€, % 0 3 9 16

Il,,‘mx 7 14 I 20 |2

It is shown in ths work /B5/ that the commutation time %, of a dis-
charger depends on the shape of the electrcdea. With the electrodes of the
point.—point type the value of ¢t} is approximately twice as large az with
the sphere—aphere electrodes. traviolet irradiation of the discharger
affects the time ty. The relationship of the value of t) in the air under
normal conditions to the percemt drop of the breakdown voltage w, brought
about by ultraviolet irradiation of the discharger /66/ is shown in Table 1.3.
The commutation time in a discharger filled with oil is shorter than jn an
air discharger under normal conditions /86/. Therefore, oil-filled dischargers
de 1613;11 in some devices to obtain a short-duration leading edge of a pulse

9 L]

Weizel and Romple /20, 68-70/ determined the spark resistance Ly exam-
ining the main piocesses taking place in the spark-discharge channei. In
doing so, 1t was assumed that during the time of the existence of the spark
channel, effects brought about by the presence of elsctrodes were negligibly
small in comparison with the processes of the transfer of charges in a dis~-
charge region distant from the electrodes. The discharge current 1 and
electric field strength E are comnected by the relationship

i =xwrienb.E, (1029)

where n, is concentration; b, ~- mobility of electrons; e ~— electron
chasge.

During comnutation, which under our conditions lasts less than 10 Ozec,
no substantlal expansion of the discharge channel takes place /13, 617, In
addition to this, at high presswres it may be considersd that mobility of
electrons does not depend on electric field strength and so the equality
(1.29) directly connscts the quantities i, E and nge.

The equation of energy balance in the spark charnel may be written
as follows

{E=Ws + Wt +- {1.30)

vhere Wp 18 energy loss in a unit of time owing to thermal conduction;
Wg — energy loss for radiation; u — internal energy of the spark channel.
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Intsrnal energy of a spark channel consists of the energy of the
progressive motion of atoms, ions and electrons, of energy spent for ioniz:-
tion, and for molecular gases also of the energy of the excitation of oscil-
latory and rotational states and of the bond disscziation energy. It is
assumed that elsctron gas receirving snergy owing to the fisld transfers it
%o the heavy particles of the plasma so slowly that in the time intervals
being examined neither the kinetic energy of ions, atoms or molecules nor
the dogree of excitation of the oscillatory or rotational states hardiy
change. The processes of molecular di~iociation may be neglected. Con-
sequently, internal energy in a discha ge chammel is campletely spent for
ionization processes. It is also assumed that energy losses for the thermal
conduction Wp and radiation Wg are also absent. It 1s easy to see that
all of the assumptions listed are valid only for discharges of shcrt dwuration
in high elsctric rields.

Internal energy i1s defined by the expression
g =-zrin, —%-k Te +=ringea;, a (1.31)
where the first term rspresents kinetic energy of the electvons ard the
tecond = energy lost by electrons in the process of ionisation (k is
Boltzmann constant and T, is elsctron temperature).

It follows from the expression (1.29) that conductance
F--%-x:r’n,b.e, (1.32)

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

. (1.33)
where
[ b"
O AT, rem (1.34)

R |
Since b,=P N and )"-1; s the expressions (1.33) and (1.3L) may be written
as follows:

f—iu' (1.35)
V4
Pe
= K ;,+ﬂq e (1,36)

where p 1s gas pressure; A& — clectron free path length; Pe - factor of
proportionality comnecting by, and A
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If Wg and W, equal to zero are taken 59, 627 and the equations

{(1.30) and (1.35) are solved simultanecously, eliminating the internal energy
u, we will obtain

. {
2%
P —;—é‘l’dt. (1.37)
From the expression (1.37) ws will find the spark resistance Ry
R () =—25
2.} fdt (1.38)
1]

Conditions on the basis of which formula (1.38) are reproduced most
satisfactorily only during the stago of a rapid voltage drop in the spark.
In doing 80, the faster this stage progresses, the more the pattern desecribed
correspends to reality. In the operation of spark dischargers, conditions
are speclalily created the high-voltage nanosecond devices to obtain a com-
mutation time +ty <10"Ysecond.

Investigations of the applicability of the formmula (1.38) for analyzing
the processes in a spark were conducted in the direction of checking the time
conetancy of the coefficient a. Khiln's /597 investigations did not confirm
the time constancy of the coefficient "a" {fcr discharges in the air and hydro-
gen. The main reason for this discrepancy consists in that the investigations

of the spark were canducted with the times of 10~7 to 10"639c when the basic
premises used in deriving the formula (1.38) were nc longer observed. In
addition to this, the treakdown of the gap investigated in the work E%Zewas
initiated by an awmxiliary spark which, as shown abeve, highly affects
length of the commutation time.

S. I. Ancreyev and M. P. Vanyukov /53/ investigated the time depend-
ence of "a" in the alr under normal conditions and its relationship to the

resolving power of oscillograph equal to 1077 sec. It follows fram the data
they obtained that during the first 1C nanoseccnds the ccafficient "a® changes
insignificantly and the following "a" may be assumed

a=(1 to 1.3) cn® . atm/v° . sec.

Unfortum tely, the coefficient "a" has not as yet been determined ex-
peri.antally for the other gases. Theoretical evaluation of the quantity "a®
may be done using the formula (1.36).

Par. 1.4, Restoration of Electric Strength of the Spark Gap

In obtaining the high-voltage pulses with a high repatition rate it
1s important to now how fast the electric strength of a discharger is re-
stored after a spark dischargs.
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When current no longer flows through a spark a column of heatod and
highly ionized gas remains in the channel, in which the piocesses of diffu~
sion and recombiration bringing about a decrease of electrical conductvity
of the spark channei with time take place. However, the voltage on the dis-
chaiger elactrodes increases at the same time owing to the charging of the
shaping element of the network from a charging device with this voltage
glowing down the restoration of electric strangth of the gap, If the break-
down veltage of the spark chaunnel becomes restored faster than the voltags
on the electrodes increasey, then the shaping element of the network will
become charged to the full voltage and the network will be able to produce
tho next pulse. If the increasing voltage on the elestrodes reaches the
breakdown voltage sconer than the shaping element is fully charged, then an
uncontrolled treakdown will appear.

If the repeat~operation voltage at which the contro’led operation of
the discharger stops is found by moans of a simultaneous construction of the
~rve of voltage Tise on the discharger Ug(t) [UnsU ger_/ and the
surve of the restoraticn of the breakdovm strength Uy(t) Upestoration /

an’ is defined by the ordinate point of their tangency or intersection.

Many works a review of which is given in the work /%07 are devoted
te tlie investigatlion of the process of restoration of electric strength of
the pap after a spark discharge.

A. V. Rubchinskiy /727 investigated in detail the restoration of elec-
'ric strength after a spark discharge in hydrogen, nitrogen, oxygen, air,
inert gases and their mixtures at woltages of up to 10 kv, pressures up to
one atmosphere and interelectrode distances of up to 20 mm. The discharge-
cwrrent pulses reached 1,000 amperes with a different duration of them. The
steepness of the voltage applied to the discharger is equal to 0,5-1 kv/micro-
second. Electric strength is restored fastest of all in hydrogen and slow-
ast of all in nitrogen. The difference in the rate of strength restoration
in hydrogen and nitrogen is very great. TFor example, 50 percent of original
strength is restored in hydrcgen in 1,600 microseconds and in nitrogen in 4,000
microseconds. No substantial differences in the rate of strength restoration
are observed in pure insrt gases. The dependence of the restoration rate on
the pressure is little marked in all gases. The steepness of the Uy (t) char-
acteristic is very highly affected by various admixtures to the pure gases.
For example, an addition of C.1 perzent of hydrogen tc argon increases the
restoration rate nearly twofold. An admixturs of oxygen to argon alsoc has
a similar effect. In addition to this, the lower the rate of the voliage
applied to the discharger, the more effective the action of an admixture of
oxygen. An addition of nitrogen to argon slows down the restoration of the
strength, Nitrogen proved to be mure sensitive tc the admixtures than the
inert gases. Four thousand microseconds are necessary to restore 50 percent
of the criginal strength in pure nitrogen, and in nitrogen with an admixture
of 1 percent of hydrogen — »nly 1,300 microseconds.

The shape and polarity cf the elactrodes have a considerable effect:
on the rate of restoration. Vhen the poinl is the anode the restoration of
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strength in nitrogen and hyc:-ogar takes place faster than in the case of

flat elsctrodes or when the point 1s the cathode. The material of the
slactrodes has no substantial effect on the shap: of the curves Uy(t).
Invesiigaticn or the effect of duration and amplitude of a pulse of current
flowing through the gap indicates that with an increase of the dwration of
the flow of cwrrent through the discharger the rate of the restoration of
the strength decreases to a higher degree than with an !ncreasa of the ampli-
tude.

Cn most of the curves Uy(t) investigated in the work /727 there are
4wo sections differing in the slope: initial section with 2 high rate and a
flattened section where the rate of strength resteration is considerably
lower. In the opinion of A. V. Rubchinskiy /72/ the initial steep section
of the curve Uy(t) is determined by the breakdomn strength of the ion layer
which forms at the cathode under the action of voltage applied to the gap,
and the folluwing flattened section is connected with an increase of gas
density in the discharge column as the gas cools.

With a decreuse of the concemtration of charges the thickness of the
ion layer grows and Uy increases. Vhen the concentration of the charges be-
comes so small that under the action of the vcltage applied to tho gap this
layer extonds over the entire gap,the seccnd section of the curwe Uy(t) starts.
Since the cooling process of the gas contirues slower than the decrease in
the concentration of the charges, the sccond section of the restoration curwve
has a flatter shape than the first. Calculations showed a qualitative cor-
respondence of the experimental and theoretical curves Uy(t) for all gases
except nitrogen and argon. The influerce of cxygen and hydrogen admixtures
on the increase of the etsemmess of Uy(t) in nitrogen and argon may be ex-
plained by the tendancy of hydrcgen and oxygen t¢ the formation of negative
ions. Recormtination of negative lons with positive proceeds faster +han the
recombination of electrons with positive ions. Theraefore, an addition of
hydrogen and oxygen to argum and nitrogen accelsrates the fall-off of the
concentration of the charges in the gap and res.wres its strength. In addi-
tion to this, the moiecules of the impurity may break down the metastable
nolecules of the basic gas which reducs the breakdown strength of ths gas
owing to stepped lonization.

In addition to the methods examined, gas or magnetic blowing d[2*'0, 21,
31/, a discharger with a mumber of gaps larger one, etc. may be wsed to
accelerate the process of restoration of the strength of the_gap after a spark
breakdown.

It is clear from the forogoing that the pulse repetit? n rate depends
on the time for the restoration of the bLreakdowr strenghth of the gap. How-
ever, the characteristic U.,(t) is not the only characteristic of the frequency
properties of a discharger. It is also necessary to know the characteristic
of the wvoltage rise on the discharger Un(t) which should iie lower than U, (%)
and not touch or intersect it. It is especially important to havea flattened
initial section of Up(t). It is of interest to note that this is helped by
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the low after-discharge resistance of the discharger, whisch for a certain
time after the discharge stays approximately equel tc ssro. The laet cir-
cumstance prevents the voltage rise on the discharger since nearly all of
the charging voltage will be spplied for a certain time to a charging resistor
(or inductance). The lowering of tha rate of increase in the initial por-
tion of the characteristic Upit) is helped by the charge of the shaping
capacitance throwgh the inductance (espe in the case of a resonant
charge) unlike a charge through a resistor /T3/. In addition to this, a
charge passing through an inductance increases the efficlensy of the gen-
nrator in comparison with a eircult arrangement with a charging resistor.

Oving to a long time forr the restoration of the discharger strength
the pulse repetition rate in pulse generators has a value of the order of

10° cps with the curronts in a pulse of up to 1 klloamp and voltages of the
order of ten kilovolts.
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CHAPTER 2. ANALYSIES OF PROCESSES IN DISCHARGE CIRCUIT WITH A COMYUTATING
DISCHARGER

Introduction

Before passing on to an analysis of processes in a discharge circuit
and their effect on the shape of a voltage pulse we will introduce the basic
notations of the pulse parameters (Figure 2.la). Here tf is duration of the
leading edge of a pulsa; tgy, = duration of the cut; t; — pulse duratiom;
Ua — pulse amplitude; A -~ voltage Lorn.

Par. 2.1, Cischarge Circuit of e Pulse Generator

The substitution network cf the discharge circuit of a generator of
nanosecond pulses is shown in Figure 2.2 where Up 1s the voltage of the
shaping elemsnt; C, - the load and wiring capacitance; C == shaping capac-
itance; Ry — ronlinsar resistance of the commutator; L — discharge-circuit

inductance; Ry -~ damping resistance and internal resistance of the shaping
elemont.

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

In the general case an exact calculation of the parameters of the
leading edge of a pulse in a network with a commutator is made difficult
owing to mathematical difficulties. Calculation may be carried out with
certain assunptions; for example, the commutation characteristic of the
discharger is specified. In doing so, a source of emf with a Zero intermal
resistance instead of the commutator resistance 1s inserted in the substitu-
tion network of the discharge circuit. The time depsndence of this emf is




Figure 2.1. Determination of pulee parameters (a);
voltage pulse on the load R, (b); pulse on the ca-
pacitance C (c).
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Figure 2,2. Qeneral substitution network (a);
substitution network with account taken of the
circuit inductance (b); substitution network
with account taken of the value of the capac-
itance of the shaping capacitor (¢) and network
with account taken of the spurious parameters of
the L,C, discharge circuit (d).
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described by the commutation characteristic Up(t) which changes insignifi-
cantly with a change in the active and reactive parameters of the circuit
35, 5%7. Therefore, with a variation of these parameters in a certain
Tange the characteristic U (t) may be coneidered invariable.

We will examine the effect of paramsters of the discharge circuit and
comutation tims on the duratior of the leading edge of a pulse in the case
of invariable voltage on the shaping element (C=00). It follows from the
diagram in Figure 2.,2b that with a unit voltage on the shaping element the
transfer characteristic of the circuit on the terminals of the load has the
following form _

2.()

[zn’zn] L 2(2) (2.1)
where Z,(p) is the load impedance; Z(p) — aggregate impedance of the circuit,
including Zn(p).

If the commutator is replaced by a cource of emf e=-U;(t), then the
agegregate relative emf 1s equal to ‘

(or*ee T eo=1-Lel) (2.2)

The characteristic e¥,(t) always bears a monotonic increasing character.

If h(p) is also a monotonic increasing function, then the duration of the
1sading edge of the pulse on the load /73/ is equal to

&ztf'tlead:!.ng edge / b=V v (2.3)

where t). 1s the commutation time of the discharger; typ = the duration of
of the leading edge with the condition that

8,7(t)=0|t <0;
8, *(t)=1]|t >0.

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

_1l+ap+ap+. . . taup®
k(p)= 14bp4 0,00 +. . . +app* ' (2.4)

where m&n - 1, then according to /737

t=2V3(a, = b) + 0, —a;3, (2.5)

where // 18 a ‘actor which depsnds on the method of determining the ...
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In practice, in all of the arrangements of the discharge circuit wed hencefx-th
A=2,2 4f the duration of the lsading edge 18 determinsd between the levels
of 0,10.9 of the pulse amplitude.

An important conclusion follows from the formula (2.2) that tp is

not dependent on the farm of a function approximatirg the commrtation char-
acteristic but depends only on the value of tyg. In the simplest case, when
Z,R and Z(p)zlp + R, the value of tgp = 2,2 ‘.*;. If 4 <tor, then it

follows from the expression (2.3) that

E )
fy= -+ 22 (2.6)

Thus to decrease the dwration of the leading edge it is necsssary to de-~

creaso the commutation time and the time constant of the discharge circuit
L

E.

Formula (2.3) may bs used approximately also in the case when the
function h(t) 4s not monctonic, if the voltage horn at the vertex of h(t)
is less than 10 percent » Howaver, in doing so, it is necessary to de~
termine tp not by the formula (2.5) but directly from the curve h(t).

Usually the commutation characteristic is determined experimentally
and approximated by soms sultable functicn, usually by the exponential

U,(t) = er‘d' (207)

For an exact calculation of the pulss parameters with account taksn
of the conditions in the discharger and of the circuit parameters it is nec-
esuzary to know the resistance of the commutator R (in our case this is the
spark resistancs R4y). It is impossible ‘o calculate the transient in the
circuit in Figure 2,23 with accownt taken of nonlinsar resistance of the
spark according to Weizel and Rompl /I, 37/. Actually, there is even no
need for this since all of the pulse generators used have only three diifer=
ent substitution networks of the discharge circuit, a detailed analysis of
which will be given in the following thrse paragraphs.

Par, 2.2, Determination of Parameters of the Iaa%%ejof a Pulse With
Kccount Taken of the inductance ol the Discharge Girc

To obtain rectangular pulses with a large current the subetitution
network of the generator has the following parameters: C=0o, Cp®0, Ry3=0.
The discharge circuit of a genarator with a shaping line has such a substi-
tution network (see Figure 2.2b) and also a circuit with a shaping capacitor
for which the B,C is several orders larger than the duration of the leading

aedge of the pulse tg.
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Differential equation for the curront of the discharge circuit with
account taken of the spark resistance Ry accord..ng to ths formula (1.38)

has the following forn
LE 4RI+ -,
* " " (2.8)
755’” 4
In the place of 1 and t we will introduce new variable quantities:

Zﬁn'“i"ﬁ!park] x-'-:%: :--—3-; L) i’f.. (2.9)

where p 1is gas pressura; 3 — the length of the spark gap; *a¥ - & con-
stant characterizing the gas. The variabie x 18 a relative pulse voltage
across the resistance R,. We will substitute 1 and t expressed by x

and 7 into (2.8) and introduce the coefficient

W cU.'L (2.10)
2SR
In doing so, we will ottain
X+ —7‘ + A ‘L:-— | 8 ]
2} faas (2.11)

It follows from the expression (2.11) that x=f(T) depends only on
one parameter A and has no exact aolution except for the case when A=Q.
In doing so0, -

] x
"'T'"l_-—x'*' 4(1 +k.'

(2012)

The integration constant is determined from the condition that T'=0,
x=0,01 and is equal to 1,53 Fumerical solution of the equation (2.11) for
nonzaro values of A was carried out by Sahner , and the curves x=£(T)
for different values of A are shown in Figure

Making use of the curves x=f(t) it is possible to calculate the com-
mutation characteristics of the discharger with different coefficients A (see
Figure 2.3b). It may be seen from the figure that the commutation character-
istic depends little on the value of A. This characteristic may be condi-
tionally divided in the region of a rapid voltage drop in the discharger gm
and the region of a slow drop where this drop is protracted. The same shape
of commutation characteristics is observed erimentally in the case of large
currents in the spark (a high-power dischar;:g. Such a behavior of the com-
mutation characteristics drews tvhe tranmsition region of the leading adge to-
ward the top of the pulse and increases the duration of the leading edge.

The 7y vs A characteristic determined from the curves in Figure 2.3a
is well approximated My a straight line when O0LAE25
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Tgr10.5 + 2,2 A

o ) (2.13)
B L
popie # 2,2 o
¢ 8002 Rn

This formula is analagous te the expression (2.6).
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Figure 2.3. Time dependence of the relative

voltage x-—t%- across the resistance R, (a)

and commutation characteristics of the discharger
x,.=£(T) for different A (b); the equivalent ex-

ponential xr=e"o'0753’°' is also shown here.
Uk

Y%

Making use of the equation (2.11) we will calculate the maximum steep-
ness of the leading edge of the pulse. For this purpose we will denote the
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r x’dt-i (201'4)
o o

We will differentiate the equality (2.1h4) with respect to T. W¥e will sub-

stitute into the resulting expression the y and % found from ths equa-

tﬁn (2.11). If it is taken into account that for the maximum stespress
é?.o, then .

2x, (1 - x,— Ax'd—x" () —-Ax'_)'z: 0.
(2.15)

The values of the voltage x, and the steepness xm' pertain to the point

with the maximu value of the steepness. The wmaximum steepness cannct as yet
be determined from the equality (2.15) since x, 18 not kmown. It may be
sesn from Figure 2.3a that in the region of maximum steepness the relationship
x=f(%) approaches rectilinear relationship. Therefore, it is sufficient to

determine the value of xp approximately in order to f£ind (%).with high

accuracy. We will assume that the value of x; does not depend on A. I: that

case, after determining it for any one value of A (for example, A=0), this
value may be considered valid for the other values of A.

Making use of the equation (2.11) it is possible to show that with
A0 xpd.

If we substitute this value of x, into the equation (2.15) and transform
somewhet the equality obtained, we will obtain the following
N K 3V _ 8
e
3 _
+-§-—0.

Solution of the equation (2.16) and substitution of A and xm' with their
values from the equality (2,9) and (2.10) lead to the following formula

rdU -7 a Uy
(77).»_ 256 Ts"“ — (A (2.17)
The following empirical formula may be used when O§AK 25
. 5(A) = — 0.1574 + 0,0108A2 — 0.00017A". (2.18)

Tt ray be seen from the formulas (2.17) and (2.18) that to increase the
stoopness and decrease the leading edge of the pulse it is necessary to decrease
the parameter A.
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Verification of the correctnsss of assumptions made in the derivation
of the formula (2.17) may be carried out by msans of a comperiscn with the

exact values of (%%) salculated in the work /527 for some of the values
na
of A.

Comparisorn of the results shows a gocd agrsemsnt of the formula (2,17)
with the ;mact data when AL25 (discrepancy in the results does not exoeed
S percent).

Par. 2.3. Effect of the Value of the Shaping Capacitor on the Pulse
Farameters

If the time constant of RyC is congruent with the comsutation time
of the discharger, then it 1s necessary tc calculate the voltsge drop in the
capacitoar C attiributabls to its discharge. In this case, the effect of C,
may be nsglected and it may be considsred that Cje0. T2 it i3 necessary to
danp the osciliations at the pulse tail, then a resistance Rq dis connecled
in series with Rp. In the calculations we will consider that R, is the
sum of the damping and load resistance (see Figwre 2,2¢c). In a gensrator
with such & circult it is possible to obtain a duration of the leading edge
of the pulse sherter than the commutation time ¢ owing to a certain dis-
charge of the capacitor during the curmutation. However, in this case tne
pulse amplitude Uy <Ug, and a shorter pulss duration (see Figure 2.1b) can
be obtained than the cammutatior time. If Rj0 and 1a0, then the pulse
will have a sawbtooth shape with the following dwration at a level of 0.1

t1=e 03 Rnc «

e will pass on %0 an analysis of the processes talking place in the
discharge circuit (see Figure 2.,2c). Differential equation for cwrrent in
the circuit has the following form

IR ARY+L -%- v, (2.19)

If instead of the R4, 3its value from the formula (1.38) is substituted
into the equality {2.19) and the following series of new constant and vari-
able quantities are introduced:

B=FRC. , _ViIC ,_ s, (2.20)
. (] k alUs’
1. i U, d
Sy Z= H =L =___Jl’_ .
= =<ui * e =, (2.21)
then we will obtai:
_z_+32+ 222 o (2,22)
y de




I

2
Here y Jtr< Su is a quantity proporticlal to the irmer energy of the dis-
0.5 ugc

charge channel. The following relationship exists between Z, y and T3

2=y 42 (2.23)
dt
In this case the relationship between Z, y and x has the following
form
=24 49
Z=—_.59, (2.2L)
It follows from the expression (2.21) that g{rg -2 gx .

We will eliminate 2 and 4 from the equality (2.22), and integrate
with reepect to x the right and left members of the equation obtained. In
doing so, we will determine the integration constant on the basis of the
following conditions:s ®=0, y=0, xal. After all transformations we will ob-
tain a differentiai equation which describes the relationship between plasma
energy in tho discharge chaimel y and the woltage across the capacitor x:

2Y3+Bet —‘;'—(—:%)’+ 2¢— 2=0,

=y

The equation (2.25) was obtained by Weizel /697 for analyzing the
process of plasma formation during a discharge and he solved it for certain
particular values of B and k.

{(2.25)

Ths rmlationship betwsen Z and 7 is defined in a parametric form
in terms of x ”

Z= S &. t=4 jr:,%+€0“’t (2.26) (2.26)

Iater on, we will be concerned not with the current 2Z but with the
voltage across the resistance R,, equal to

Zy=ZB.
In this case the expression (2.26) assumes the following form
Zy =—-f—.%; ==—BS%+const.. (2.27)

T™he aquation (2.25) cannot be solved exactiy in the general form. However,
when k=0 it changes into an ordinary quadratic equation with respect to
V@. After finding (x) and substituting it into the expression (2.27)
woe will find the followings

- 35 -




em S inte -1y — BYAFTE TR ey —
r=—In(x, - 1) Wm_.”m(ku x,)

- _"ﬂll 149 t:
To i h n(x, +1 B) + const: (2.28)
ZU=I(1——'— .

%

whers '
y=Vi+28( — 5.
5=V1+28(1—x (2.29)

The integration constant can be determinsd from the condition that 7T=0,
2=0,01. An analysis of the relationships (2.28) and , 2.29) indicates that
the curve 2y(T) has a maximm. From the condition E‘_’.o we will deter-

mine 2y max and the value of x ., corresponding to it

X max = l/" +28);B(| +2B)* , . (2.30)
Y "1 + 28 )
2w =(1- ) R (2.31)

If we substitute the value of x from the equation (2.30) into the equality
(2.28), then we will determine the time 7T ,, with which 2y assumes the

maximum value. The quantity T, cannot be a technical characteristic of
the leading edge of the pulse since at the begimning the lsading edge has a
rapld increase which changes into a very slow rise. Therefore, it is impor.-
tant to determine the maximum steepness Z'um of the leading edge. For
this purpose, we will devermine y from the expression (2.22), square it,

take a derivative of y° with respect to % and taking the equalig (2.23)
into account we will obtain an equation in which we will take & d =0

Then we will obtain the foliowing E:f
. kZ=ZWx D,
Lo = 2B 2+ kT xup (2.32)

where the subscript "m” indisates valugs corresponding to a point with the
maximum stee?ness of the leading edge. In order tc determine the maximm
stespness 2'y from the expression (2.32) it is necessary to know the values
of 2, and Xp vhen B are specified. It is impossible to determine 2,

and Xy in the general case when k0.

To determine X, and Z; when k=0 we will perfarm on the equatlon
(2.22) the same operations as in the derivation of the formula (2.32), and
then take from the ieft and right members the derivative with respect to o

2
and assume a %:o. In doing so, after substituting 2 with 2y we will

. d
ot.ain:
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2[2k.t, — 2y - —zg—"](-l’. ~Zyd'=

| .
=605~ 20 [ U5 1 07 u(x, — Zoup — Ze] 4
e zer - T (2.33)

Since 2Z;,<0.25 (see Par. 2.2) and xp§l, then the expression (2.33)
can be 8 ied by proceeding from a concrete value of B. FPor example,
with B

x.t4ZU.- (203,4)

The second relationship for the determination of ccnnection between
Xy and Zy, can be provided by formula (2.29). In this case we will cb-

tain :

le—fii. (2035)

It follows from these expressions that with BRS, Z;,~% and x,Ad, i.e.

the voltage across the capacitor C hardly changes. Consequently, with
B»S, formnla (2,17) which was obtained with a replacement of the capacitor
C with a2 source of infinite power (see Par. 2.2), can be used to determine
the maximum steepress of the leading edge of the pulse.

In order to have an idea of the steepness of the leading edge of ths
pulse when Q<B<5, we will Getermins Zy, and x, when B&L. In doing

8o, the expression (2.29) wili assume the following form

Zy mgm‘m(l = xma)'

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

15x, - 1252 + 1e0

x, =0839=084; Zy.=02478. (2.36)

If the obtained values of x, and Zy, are substituted into formula (2.32)
having first substituted Z; with the quantity ZU n® e will obtain

(£x) =028, (2.37)

3T =




1.0, with a docrease of B the maximum steepne#s decreases and in the limit
with B-20 it also tends to zero. The reason for this phenomenon conazists
in a large decrease of the pulss amplitude wvhen B are small. With ‘he
values of B<5 the pulse maximum becomss more explicit and the pulse shape
approaches a peaked shapas. Therefurs, the duration of the lsading edge can
be determined Ly the value of ¢, from the formulas (2.,28) and (2.30).

We will dwell in a greater detial on the effect of the valus of k
on the pvlse parameters. We will determine the condition for aperiodicity
of the capacitor discharge. In the limit with T-*co the voltaﬁe on the

-

d
capacitor x-30, a%"o. Substituting these values of x and 3 inte

formula (2.25) wewill deternine the limit value of the quantity Poe and
then

e I}
yo=Vea=XE=L (2.38)

if the expression obtained is substituted into the equation (2.22) and 2
is expressed in terms of X, we will obtain the following equation of the
asymptote of the curve x(T)

o D T e
HT:"*”B(I'{‘ {F-T-'il?-x) e T<=0 . (2.39)
With k<—1-(l+23+1/_l+23) (2.140)

the asymptote becomes aperiodic and, consequently, the curve x(%) will not
have zerc and negative values in the interval 0T <©©O. With an ideal
comnutator (i.e. with Ry=0) the condition of discharge aperiodicity has the

following form )
R> 21/2_
. (2.L1)

or ’ B
A< —.
<=2

If the condition (2.L1) is observed, then vhe condition (2.L40) will also be
observed, and with an increase of B the condition (2.L40) approaches (2.L1).
This is explained by a decrease of the effect of the spark resistance.

We will determine the effect of k on the pulse itude. When k=0
the pulse amplitude can be determined by the formula (2.31). From the equa-

tion (2.25) we will express @ in terms of x, gxs)’ B and k and will take
a derivative of ¢ with respect to x. Taking the equality (2.27) into ac-

count we will assume that at the point where Zy=2Zy pax the derivative ,d__ggo,
In doing so, we will obtain ax

Zyani =,.\‘ém,[l - l ]_ (20,42)
) B

/
28
V V-3 2%y pax 2B(1 — 2'max
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In order to determine the pulse amplitude it is recessary to loow
when kwiO. When the values of B are large the curve 2(x) bas
a t mzximum. Therefore, in order to know 2 it is sufficient to
determine x,,. only aporaximately. Formula (g.m obtained for k=0 may
be used for its approximate determination. The validity of the formula
(2.42) for Bsl, and k=V2 to 10\/2 was verified by the graphs shown
in Weizel's work /70/. This verification showed that the largest error
18 about 4 percent.” Thus, the use of the formulas (2.42) and (2.30) for
the determination of the puiss amnlitude gives a good correspondence with
the results of exact calculations.

We will reduce formula (2.42) to a form more corgsnient for vse by
substituting the parameter k with the parameter A--E- (sse Par. 2,2)
and substituting Xpay from the expression (2.30). In doing so, we will

obtein o
b Zavie
Zum::‘l/“’” 2(;4—.:8)‘ X

(2.43)

|- e
V(1 + 28y —2A- 2y wpy

Par. 2.4. Determination of the Pulse Parameters With Account Taken of
The load Capecitance

The load and wiring capacitance C, in the substitution nstwork of
a discharge circuit have to bs calculated in the generators to obtain rec-

tangular pulses when the load resistance Rn is high. In doing so, a re-
sistance Ry is inserted in the circuit to damp the oscillations at the top
of tho pulse. The capacitor C 1s replaced with a sowrce of infinite power
having a voltage Uy (see Figure 2.2d§

If the duration of the leading edge of the pulse on the load
t.«R.C., (2.1&11)

then the current during the commutation pesriod j'Rn{jcn and, consequently,

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

If the discharger is to be considered an idsal commutator (i.e. Ry=0),

then the value of the damping resistance Ry found from the condition that
A Kl porcent (see Figure 2.1c) is determined from the relationship

R, > 2%(1 = _L-__). (2.L5)




When tha equality (?.L45) is observed the duration of the leading edge of the
puloe betwsen the levels of O-1 is found from the following formla

(2.46)

We will analyze the effect of spark resistarice on the pulse parameters
vhen the condition (2.hh) 19 satisfied. For the sale of analogy with the
2.3 we will omit the subscripte ™" and #d® aft »

c2lculation given in Par.
the € and R.
Differential equation of the current ir the circuit {see Figure 2.2c)
(2.47)

will be written as follows:
Ri+Ryi+L -‘-’— +U.=U,

After the transformations of the equation (2.47) similar to those carried
out in the derivation of the equation (2.22) we will obtain the following

,—+BZ+II’-7’:—+.:=I. (2.48)

The same notations have been used as ir the preceding paragraph. The differ-
ences consist only in the connection between Z, x and <, and alsc between
"

2, ¥ and x. In this case -
, < 2'5":' ' o (2.2;9)
a2 | (2.50)
The equation (2.47) may be reduced to the following form
(2.51)

2Vi+Bz+ (L) +2d—dx=0.

9(x) from the equation (2.51)

where P=y<.
with which we are concerned will

After determining the relationshli;
the relative voltage on ths capaciter x(7T)
be written as follows:

(2.52)

- - dx
4I o <+ const.

v ==

Like the equation (2.25) the equation (2.51) is not soived in the general
form. An idea of the curve x(T) (see Figure 2.1c) will be sufficiently
complete if the voltags horn at the vertex of the pulse /) and the steepness
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of the leading sdge % are known. First we will find the condition -ith
which A0, For this purpose, it is nascessary to determine yce (%ao 5

x=0) from the expression (2.51), substitute it into the inequality (2.L0)
and f£ind aperiodicity condition of the curve x(T). As in the preceding
cass, 1t turns out that this condition is the inequality (2.40). However,
2ulfitlnent of the condition (2.10) is not always expedient since this leads

B
to a decrease of ths stespness of the leading edge of the pulse. If k'."vfpz-"

or R;\/;_%_ , then the steepness is higher than with the condition (2.L40) and

the horn Z\is equal to L percent even in the most unfavorable case when Ri=
=0,

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

&) for k=G, For this purpose, with k=0 we will find @ from the equation
(2.81), take a derivative of q with respect to x, after which taking inte

accomt the expressions (2.48), (2.49) and (2.51) we will obtain
.‘_x;-: 1—"(I_- 1 )__ (2053)

A B Vi-2Bo +4E=

gx
If a derivative of d-% with respsct to x 1is taien and it is equated to zero,
then we will determine the valus of x, at which steepness assumes the maxi-
mun valve O

1 /0528 —(1 + 28" '
xy=1 V T g (205’4)

' dax
Substituting this exprecsion into the formula (2.53) we determine {ﬁ)m =f(B).
d
To determine (%)ﬂ when k#0 ws will substitute -dgs} . % into the equal-
ity (2.51), Next, we will express ¢ in terms of B, k, x and %, we will
take a derivative of @ with respect to x and equate the terms c"ontain:lng

x" to zeros
dx \ _i—Xufs
(}T).“ B (l

1

1//1—25»(%):—23:-.“33,) (2.55)
If x,=f(B, k) is known, then (%)m is determined by solving the transcen-
dental equation (2.55). The velue of X, can be determined approximately

by proceeding from the following. The % vs x characteristic has a flat

e i1 s
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maximun: vhen Xx=x;. Therefore, steepness in the region close to x; ds-
pendn littls on x. It is sufficient to find only an approximate valus of

Xp in order to dutermine (%)h vith high accuracy.

It is possible to find the value of Xxp approximately considering
that with one and the same B X; is not dependent on k, determine xp
with k=0 by formula (2.Sh) or find rp considering that R®;*0.

As the mumerical solution of the equation (2.51) indicates, with
BS the best results are obtained in determining X, by the first method.

In Table 2,1 are given the values of (%)n obtained with an exact and ap-

proximate destermination of b when the equality ks..B.. is observed.

Nz

meble 2.1
B I 0 1 2 4
( ax \ 0,3849 | 0,2033 | 0,1433 o,ogzr
d= iy
0.3840 | 0,204) | ©,1431 | 0,0920%°

b ® Onpelesze/ca M3 NCpIOrO yCAORNS.
*¢ Tovwoe swawenwe rx .

(1) Determinsd from the first condition (2) Exact value of x

§

As it follows from Table 2,1 the difference between the exact and
approximate values of the maximum steepness does not, exceed one percent.

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

B
with the conditions of ¥°77= and B€5 the following empirical formula
obtained from the formulas (2.54) and (2.55) may be recommendeds

AU\ _vFaUs [| _ o enreV7EC YIEY
( ).- o [1 0.6876™-2€ + 0,293 (T) =

“ (2.436)
A~ 3
—0,0312 (_?%F_.) ].
252
whers Uy is the voltage of the source; ea._g;..
ay,
0

=g =




Formilas for calculating the pulse parameters according tc the condi-
tions in the discharge gap and circuit parameters were obtained in Par. 2.2-
2.4, It follows fron formulas (2.33), (2.17), etc. that to decxesse the
duration of the lesading edge of the pulse .t iz necessary, with other con-
ditions being constant, to decrease first «f all the values of the spurious
parameters L and C. But if L and C are negligibly small, then the
duration of the ltading edge ty will bs determined by the spark resistance.
In doing so, to decrease ts :L£ is necessary to decrease the time constaat
of the discharger

92>
all

Wo will eramine the methods of decreasing the 9. As it foilows from
the eqution (1.4), for the right branch of Paschen curve the htreakdown volt-
age increases with an increase of pS. In a certain range of pressures Ug=
=const when pSsconst. Ve may write pS=pyS, where p,; is pressure cor-
responding to normal conditions and usually taken to be equal to one atmos-
phere; Sy 18 the length of the epark gap at the atmospheric prossure and
the breakdewn voltage Uj.

Then we obtain §=_5
' L]
0= 282
) ep U‘. . (2 057)

Consequently, to decrease the O it is necessary to increase the pressure
in the discharger p with the U, being constant. This conclusion agrees

with the experimental data cited in Par. 1l.3.

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

Up=n - mp
where n and m are certain constant quantities, then

B — 225 __ (2.58)

aln—mp)® =

With an invariable p3 the denominator tends to "an" with a decrease in the
pressurs g whilo the numerator continues to decrease. This leads to a de-
crease of O, This conclusion is in qualitative correspondence with the re-
sults of investigations of low-pressure dischargers /757,

If a pulse breakdown of the discharger takes place when p=const and
the voltage is higher than the static breakdown voltiage Upr: then

=g




.~

kool

Us=8 L,
and aU,p

/fp=pr=breakdown/ (2.59)

Consequently, with an increase of overvoltage @ in the gap the value of 9
decreases, which leads to a decrease of the duration of the leading edge of
the pulse. This is confirmed by experinental data given in Par. 1.3.

If in the expression for @ the numerator and denominator are divided
by 52 and a p=l atmosphere is taken, then we will obtain

2 .
'=-‘E'" (2.&]

where E 1s electric field strength at which a breakdown of the gap takes
place.

Tt follows from formula (2.,60) that the value of © can be controlled
by selecting a gas with different coefficients ®a"™ - ~d the strength E. In
addition to this, the value of E changes with & « terent shape of the
~lectrodes. In the case of electrodes with a nomuniform field in the gap
the averzge value of E 1is smaller than in a uniform field. Consequently,
© <chould increase with an increass in the degree of nonuniformity of the
field in the discharger. In the work /B5/ it is shown with the point-to-
point elsctrodss the commutation time t} exceeds the ty with the sphere-
to-sphere electirodey.

A decrease in the value of © at a constant pressurs p with a de-
crease in the length of the spark gap should be expected from formula (2.60)
since in this case elsctric strength of the gases E increases. In Table 2,2
are given the values of ‘he field strength E at which a breakdown of the
gap in the air takes place according to the length of the gap S in a uni-
forn fisld /29, 76/.

Table 2,2
S.em| 1 | 0,1 0,06 l 0,01 | o,006 | 0.001 o.ooosl
IE.K\{/CM 3 l 45 53 l 97 l i25 400 700 I

With a decrease of S from 1 to 0.01 the value of E increases ap-
proximately threefold while the value of @ (and consequently also the com-
mutation time tk) decreases in this process by nearly one order. This con-
clusion is confirmed by experimental data /83/. However, this effect may Le
utilized only with low pulse amplitudes.

The relative parameters of the pulse depend on the coefficients which
wmite @ and the circuit parametsrs. For the substitution network (see
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Figure 2.i. Curves of the relationship
of the time Ty g to the value of B:

1 — experimental; 2 —— theoretical.

Figure 2.20) such a coefficient is A, and for the networks in Figures 2.2c
and d == B and k. It is of interest to verify this experimentally. In Fig-
ure 2.l are shown the curves of the rolationship of the duration of the lead-
ing edge at a level of 0,1-0.8 to the coefficient B for the substitution
network in Figure 2.2c. The value of the parameter B was controlled by
varying the p, Ry, C and UYg. The discharger was in an air-fillsd coaxial
metal charmber. An L=0 could be considered in all experiments. Also shown
here is a curve obtained theoretically from formulas (2.,28) and (2.29) by
eliminating x with an asl. Experimental points lie around the curve which
runs close to the theoretical curve. Thus, in the first approximatlion it may
be considered that the value of t; depends only on the final value of B
regardless of the character of the variation of this coefficient.
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CHAPTER 3. METHODS OF DECREASING THE DURATICN OF THE LEADING EDGE OF A
FIGH-VOLTAGF. PULSE

Par, 3.1, Capacitive Correctlon of the Leading Edge of a Pulse

In a generator witha shaping lins, insertion of a noninductive capac-
Itcr (Figure 3.la) parallel to the shaping line can be used to decrease the

Figure 3.1. Diagram of capacitive correction of the
leading edge of a pulse in a generator with a shaping
lins (a), substitution network (b) and substituticn
network of the discharge circult of a generator with
shaping Cq and correcting € capacitors (c).

duration of the leading edge. The substitution network of this device with
account taken of the inductance of the discharge circuit is shown in Figure

3.1b. We will replace the commutation characteristic with the following
exponential

il = U (3:0)

In the case of unit voltage, the voltage across the load may be written
in operator fcrm according to the dimensionless operator q-.-.% as follows:
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Reg+1
e+ DgB+H+2 ° (3.2)

] 9=
where

B‘-'-'aazcu b-‘-%' (3.2l)

2
Yhen '(‘QB%FP)“ D1 the original h(t) has the following form

ORL T P U TIYY N

—~B—=b+2 Bb—b—-B+2
xe~h thiex 9], (3.3)
shy )
where
6:%’—; @= + 8P — .
(3.3")
the = —288=(80—b+8)

BV -3B%—8 +B4+4B)

The factor % in the exmression (3.3) indicates that in a zstwork with
a shaping cable the pulse voltage dscreases by one half in comparison with
the charging voltage.

Yhen .B.B.;_bp. <1 the hyperbolic sines and tangents in the equality (3.3)

are substituted with trigonometric sines and tangents, and in the expresaion
for w the s under the root is changed to the opposite sign. The char-
acteristics h(%) for b=0 ard different values of B are shom in Figure 3.2a.

With an inc:rease of B the duration of the leading edge decreasans but
with lurge B a spike Aappears at the vertex, which distorts the sha
the pulse. The maximum of this spike may be found from the equation (fs,,o.

In Figure 3.2b are shown the curves of the relationship of the duration of
the leading edge Tz to B and b. We will determine the optimum value of
the parameter B at which A%5 percent. For this purpose we will substitute
T=T aad h(’t):%[l + A(ti] into the equation (3. 3§ and find the curve of
the correction boundary B=f(b) (see Figu'e 3.2b). The optimum value of the
capacitance C may be found from this curve. When O0&b<2 the valus of

- A L
063 2 —0,19 —. (3.h)

With L=0 and the optimum value of C the duration of the leading
edge decreases by more than one half. It follows from Figure 3.2b that the
effectiveness of correction decreases with an increase of L. When L>t)Z

correction hardly decreases the duration of the leading edge of the pulse.
A decrease of {he duration of the leading edge of a pulse using the
arrangement described is possible in a network with a shaping line. Howaver,
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Figure 3.3. Substitution network of a
discharge circuit with a compensating
capacitance (2) and voltags character-
istic across R in the case of an ideal
commutatar (b).

correction network with a large shaping capacitance when it can be replaced
with a soures of infinite power (see Figure 3.lc) follows directly from the
substitution network (see Figure 3.1lb) when L:O.

When Rj=Ro the analysis of this network will bo the same as in the
petwork in Figure 3.lb. In addition to this, owing to a decrease of the pulse
amplitude by one half the tp decreases by more than one half.

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

If it is necessary to obtain high-voltage pulses with a steep leading
edge, flat top and long duration, then paper oil-filled capacitors with a
large capacitance are used. The self-inductance of these capacitors (see
' Pare 5.4) is high. This prevents the ob*aining of a short leading edze. In
" addition to this, sometimes small dimsnsions of a discharge circuit cannot

be usad, for example due to the necsssity of obscrviug insvlation distances

in the case of very high voltages. Because of this, the inductance of the
cireuit will be high and, accordingly, the duration of the leading edge of
the pulse will be long.

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

L 19 =
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the high-voltage alectrode of the cammutator and tho yrounded lead ¢ the
load (Figure 3.3a).

In Figure 3.33 Iy 1is inductance the effect oi' which has to he elim-
inated, and L, is inductance remaining in the circuit.

If L3PL, and CyPC,, then in the first period after the cperation

of the commutator for the load the primary current will be provided by the
capacitor Cp and not by the shaping capacitor whose current will be lim-
ited by the high inductive reactance Ijp. If a sufficiently large valus
of C, was selected and it does not havs time to discharge considerably in
the period of shaping the leading edge, then the duration of the leading
edge of the pulse in the case of constant load will be determined oniy by
the inductance Lp. However, cscillations may appear on the Yop of the
pulse in this case (see Figure 3.3b). To evaluate these oscillations we
will examine the transient in the circuit shown in Figure 3.3a. The voltage
across the registance R for an ideal commutator with unit woltage on the
shaping capacitor has the following form in the operator form

_ Bgt 41 (3.3
k) =g e TBar0+ el i

whers
=L, g_GR. ,__4L 12 b
g= R f 8"‘ Ll v b !" . \3‘5 )
It follows from the condition (3.5) that when the values of B are large
1
Xoy= bg+1 ° (3.5M)
or
_‘_.Q_— 1t
ht)y=l—e L (3.5'"")

L
Consequently, the duration of the leading edge ¢f the pulse t¢32,2 -ég

with account taken of the commutation time tj can be determined from the
equation (2.3) since the transfer characterisiic h(t) tends to a monotonic

characteristic when B are large.

The value of B has to be determined from the condition for permis-
sivie dip A at the top of the pulse. In doing so, we will determine the
characteristic h(f) for the case of oscillatory process in the circuit. In
the case of aperiodic process the capacitor C, has time tc become already
discharged cn the leading edge of the pulse. ﬁe will determine & when b{l

&

hE)=1e—2 _ ¢ 2Bg, VAB] (3.6)

e st ————— 1,

YAB=T 28
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where
R
les
U=t Iy

The distortion of the top is brought about by the second addend oi this
equality, i.e. L ¥

h 4

‘A(t)':- 2 2 /4B -1

-_—e sin L —————¢

Yis=T 28 (3.7

It a derivative ST 43 taken in this equation and equated to
zero, then tne highest mpgi'.vtude of the spike A(ﬂ"Am corresponds to
the smallest valus of V=T, found from this equation. To decrease A,
it 18 necessary first of all to decrease the amplitude 2 sy legs %o
uB -1
increase B. The following formula may be used to determine the value of A
when Am<10 percent

A.z—l-—z VL .8
il (3.8)
In doing so, the value of %, 1is determined ricm the formula ’tm-;ié-vj
or
t.: T v L,C-;. (3.9)

The relationshipe (3.8) and (3.9) were obtained for b%¥1. However,
a detailed analysis of the original of the representation (3.5) indicates
that in all of the cases used in practice (A <10 percent; b§0.5) these
relationships give a good approximation. This snalysis is complicated and
is not given here.

With the aid of compensatior. method the duration of the leading edge
i of the pulse (when Rj0) can be dscreased for the network shown in Figure
2.2b by

TR

t
7 I+l 34y
tfa Ll b

and for network in Figure 2.2d by

times,

by Vénlta + 1) ~ 5%
tro T, b

times.

In concluding this paragraph we will examine the problems of the cor-
rection of puise shape by selecting the value of the shaping capacitor.

CEl e




X,

P —

ey

. (e i b L

It was pointed out in Par. 1.3 and 2.2 that the steepness of the
commutation characteristic of the discharger changes with time with the
steepness being very marked at the start of the commutation and sharply
decreaging at the end. If a line is used as a shaping device, then with
small spurious parameters of the discharge circuit the leading edge of the
pulse will iterate ths commutation characteristic. In this process the
duration of the leading edge betwsen the levels of 0.1 and 0.9 will be long
v.ith the greatest portion of the leading edge being betwesn the levels of
0.9 and 0,8 of the amplitude. Another important drewback of a network with
a shaping cable is the decrease of the pulse amplitude by one half in com-
parison with the charging voltags.

Vo will introduce the following coefficient for the characteristic
of the reglon of transition from the leading edge of a pulse to its top

0,8
% t0.9

vhere tg g 1s the time for the increase of the voltage on the leading edge
of the pulse from O.1 Uz to 0.8 Uy, and ty g = from 0.1 Uy to 0.9 Us.

In a network with a shaping cabtle with A=0 the coefficlent oa0,.33
(see Figure 2.3a) whereas for and ideal rectangular pulse Qsl. By select-
ing the value of the shaping capacitor the ¢ may be increased and tp de-
croased by means of a small decrease of the amplitude in comparison with the
charging veltage. This method of correction is based on the circwastance
that in the period of slow voltage drop on the commutation characteristic
the vcltage in the capacitor also drops owing to a partial discharge. Because
of this, the transition from the leading edge to the top of the pulse takes
place more sharply. In Table 3.l are glren expavimental data on the effect
of the value of the shaping capacitor on the pulse parameters when the air
pressure in the discharger p=1l atmosphere, charging voltage Uy=15 kv, the

load resistance is 75 ohms and inductance of thie discharge circuit is less
than 10~ henrics. ith the time tp the pulse voltage assumes the maximum

value equal to Up, and with the time t'0-9 it drops on the pulse tail to
0.9 U,.

— Soprupyommuh i Katear ' C-2000 ) C-1o0¢c | C-500 | €-250 Table 3.1

1 sacMerT | PR3 | ng 3 ng nd ng
U, as kv 15 13.4 13 11.3 8.6

fog Wrex NSEC 7,5 6.8 6.4 5.3 5,6

top neex 21 83 | 7.5 | 71 | 69

fog Hcex - lw 2.8 | 190 | 128

. 0,36 0,82 0,85 ..59 0,81

1y, NCEX ) 32 20,3 15,4 10,9

Key: (1) Shaping elemsnt (2) Cable RK=3 (3) pf=picofarads
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It follows from Table 3.1 that when C=2,000 picofarads the pulse amplitude

is only il percent ‘ower than the charging voltage. Tha coefficient & ap-
proaches unity and the leading edge of the pulse is nearly three times

shorter than jn a network witii a shaping cabla. The shape of a pulse ob-
tained in a network with a capacitor is not always acceptable owing tc the
slow voltage drop on the tail. By using circuits for shortening the pulse
duration it is possible to obtain pulses approaching in shape the rectangular
pulses. ¥We will assume that the voltage drop at the top of the pulse is ten
psrcent relative to the cmplitude voltage. For the case examined in Table 3.1
te=to,9=te=0.3 nanoseconds, ti®bg g + 1 ¢=55.3 nanoseconds. It is assumed

that the duration of the cutoff tg Aty (see Figure 2.1a). The duration
of the leading edge will amount only to 1/7 of the dwration of the entirve
pulse. In most cases this satisfies ths requirements demanded of the rec-

tangular pulses.
In Par. 2.3 it was shown that witn a small inductance of the d%scha.rge
circult all parameters of the pulse depend on the value of BsR.C -395 . o
2

the basis of the data in Table 3.1, to ob%tain a pulse approaching in shape a
rectangular pulse it is necessary to have a B2100 or

-200p §° (3010)
C> aU.'R- ’

Par. 3.2. "Peaking" Spark Discharger

To decrease the duration of the leading edge of a pulse a spark dis-
charger P 1s sometimes used, which is inserted in series with a long line,
usually a cable (Figure 3.ha), over which tae pulse propagates. The latter
creates considerable overvoltage in the discharger and upon its breakdown the
leading edge of the pulse is shortened. Overvoltage is created owing to a
delay of the breakdown of the gap of tne dischargar P and owing to a doubling
of the pulse voltage, as in an open lins.

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

cf 10-1C geconds and an amplitude of tens of kilovolts (see Par. 5.7).

An equivalent network of the discharge circuit of the "peaker" for
the period of the conwersion of the leading edge of the pulse is shown in
Figure 3.lb. The network has no self-inductance of the discharge circuit
since the peaker chamber is usually well matched with the cables I and Ip.

For the simplicity of the calculation we wiil asume that voltage on the lead-
ing edge of the primary pulse increases in accordance with the following lin-
ear law

U=—::— N (3.11)

e R




and tho voltage at the top of the pulse remains equal to ¥, (Figure 3.5) for
and infinitely long time.

|

Figure 3.L. The circuit diagram of the
peaking spark discharger (a) and the sub-
stitution network of the discharge cir-
cuit (b).
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Figure 3.5. On the calculation of peak-
ing of the leading edge of a pulse.

The duraticn of the leading edge of the pulse at the output ty (see

FMgure 3.5) depends on the overvoltage which is brought about by the delay
time of the breakdown of the peaker t;. The latier depends on the duration

of the leading edge tge With other conditions being equal the time g
é;dela depends on the length of the gap S and beers a statistical character.
e longer the t; the higher the voltage Up at which the gap breaks down

] and the shorter the length of the leading edge of the pulse tfz, and vice

versa. It follows from Figwre 3.5 that if with the shortest of the possible
t; ths breakdown occurs at the point n, then regardless of the value of 1,

the btreakdown voltage remains equal to Ug. The smallest value of tz is
equal to t, — the discharge-formation time. Therefore, the condition

[Fp=tr=discharge-formation time/ te. =1, (3.12)

=5l =
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e
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corresponds to the highest stability of the valus of tfz.

Vie will show that vhen condition (3,12) is satisfied the value of te,

twns out to be minimal. Indeed, if the breakiown of the gap takes place
&t the point n, then taking into account the doubling of the voltage due
to the reflection of the wave from the peaker and taking into consideration
that p=l atmosphere, we obtain (see Par, 2.2)

R (3.13)

“=moRuy

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

If the length of the gap S 1z increased and consequently that of
ty also, in such a mammer that the breakdown takes place at the point n",

then the brsakdown voltage will nut change but te, will increase owing to
a decrease of the overvoltaga. If & is decreased so that with tg=t, the
breakdown wouid occur at the point un', then tg, will also increase owing
to the increase of t"; znd of the voltage in the gap in the period of the
comautation of the discharger. Thus, the valus of S at which trz is min-

imal is also determined from the condition (3.12). Henceforth wa will indi-
cate this value of S by Sp.

i the breakdomn on the leading edge of the pulse the discharge-forma-

tion time is determinec by formula (1.26) which with the condition (3.12) will
assums the following form for owr case

_ LMy 4 2050100,

te, T (e
l—m’ =Ue—7 16903."' = (3 01’-‘)
+ ——— - ’
V20, @QU, — 24410480
where
‘bl + Btfl
Uexua -———-——htfl

The value of t- 1s determined from Raether condition (1.3). With the pulse
amplitudes Uasi»" to 50 kv the characteristics Sm=f(tf1) found from the con-~

dition (3.1Li) may be approximated with the curves of the following form
S,,:'r.U.t:, . (3015)

where m=l.9 - 10-2; 80,21 if U, is expressed in kilovolts and tfl in
nanoseconds.
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To determine the relationmship of t£, to tg, we substitute the
values of S, from the expression (3.15) imto the equation (3.13)

‘o.==a,tk,- {(3.16)

whare

(3.16')

It follows from the expression (3.18) that the value of tr, is dependent
on tfy and is not dependent on the pulse amplituds. To dscreasec tfa

it is necessary to decrease tfl with the pressure in the discharger bdeing
constant.
2
The peaking efliciency Ke""'l decreases with a decrease of tfz.
te
2
"ccording to the work /78], to obtain a pulse with Up=0 kv and 1,706
nanosecond the value of k,=‘3.

It follows from the equality (3.16) that wath atmospheric pressure in
an air peaking discharger, to cbtain a pulse with a duration of the leading
edge tf2<10'9 ssconds 1t is necessary to have a tfl of the same order as
Ufpe To create a genarator of primary pulses with such a short leading edge

is very difficult. Sometires the pressure In the discharger is increased to
increase the tfl’

By increasing tre pressire of nitrogen in the discharger to 100 atmos-
pheros with Uy=20 kv and tp _=0,3 namosecond Fletcher ngi.ncreased the

peaking efficiency ko apmoximately to 60.

To increase k, it is pussible to make use of the method of succes-

sive peaking of the leading edge of the pulse when eeveral peaking dischargers
connected with lengths of cable are installed. If a pulse with a leading
edge of ty, comes over the line I, then in the line I, we will obtain

t¢l ='ql" tgt.. (3'17)
whers n is the mumber of dischargers.

The methed of successive peaking may be used even when the value of
tfl is of the order of several microseconds. With such a great length of

the leading edge of the pulse the overvoltage during the breakdown of the gap
Py will not exceed unity.

It follows from Figure 3.5 that

= EE =




T Y-

.f.,::t"-{-t‘\—f., (3018)
where

=
[8,=0ymoverwoltags] “= 0, - (3.19)

The value of t'p 18 approximitely eqwal to t, — to the commuta-
tdon time of the discharger in ths case of a static treakdown. With p=l
atmosphere the value of ty=t);;R210-C second and dapengs 1ittle on the break-

domn voltags and with p>1 atmosphere the time tkz..k.(.’..
P
If in the formla (3.19) the voltage Up is substituted with its

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

¢ A
t.,z—;‘—- + to,(l —'-55.—3' . (3020)

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

term in perentheses approaches 1, then tfe-’_l?.. This is achieved by jncreas-
P

ing the S until the boginning of stable btreakdowns of the gap. Consequently,
even with ps=l atmosphere, by controlling the S the t¢ can be decreased to
10-8 second with the aid of the first peaker. The further decrease of tg
takes place after the subsequent pealdngs.

Iuvestigations showed that with the use of three peakers the duration
of the leadiny edge of a pulse with an amplitude of Uy=30 kilovolts decreases

from 0.8 « 1070 t¢ 1079 second. Thus the peaking efficiency kg=2800.

Practically any primary pulse has a duration limited sither by a volt-
age drop owing to the discharge of the shaping capacitur or by the length of
the shaping cable. Therefore, statistical variations in the breakdown of a
peaking discharger will vary the duration and amplitude of a pulse. To sta-
bilize the operation of a peaking discharger it 1is necessary to use ultra-
violet irradiation of the catiiode or other methods of eliminating the statis-
tical hgo

Par. 3.3. Artificial lLines With Nonlinear I and C Elements

One of the effective means of increasing the steepness of the leading
edge of the pulses is the use of lines with nonlii.ar inductance or capaci-
tanne. There are materials in which a decrease of magnetic inductivity takes
place with an increase of the current or a decrease of specific inductive ca-
pacitance with an increase of electric field etrength. If a line is made up
of such materials, then the propagation welocity of an electromagnetic wave
increases with an increase of the voltage. In a propagating wave the points
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with a large voltage will be "overtaking® the points with a smaller voltage
and the length of the leadirg eds2 of the pulse will decrease.

We will examine the propagation of a ne linearly polarized wave
in a houmngensous 1sotopic nonlinear medivm /797. Wewll) consider that in
a wave propagating along the exis 2z magnetic field is orienied alonz y
and electriz field =~ along x. If a change in the fields takes place suf-
ficnetly slowly, then the connection of magnetic field stremgth H with
magnetic induction B and of electric field strength E with elsctric in-
duction D is not time-dependent and is defired by the following functions

3,=B(H,); Dy=D(E). (3.21)

If we limit ourselves only to the nonlinearity cf the first relation-
ship in this expression and consider the second a linear I=¢E, then the
solution of Maxwell equations will assume the following form

H
f'f:f[z-i- el : E=i£ s ap, (3.22)

Y en(

dB
there ¢ 1s the velocity of light in vacuum; (H)rﬁ , and f£(€) is an
arbitrary function defined frc¢ beundary conditions.

Solution of the equation (3.22) describes traveling waves each point
of the profile of which moves at a velocity which depends on the magnitude

of magnetic field strength at this point ¢mCS ___, 1f ME) 1s a ds-

'\/JRH)
creasing functlon of H, then the points cof the wavefront where H is larger
in absolute value, will propagate ata higher velociy. Because of this, the
wavefront of the magnetic rield strength H will decrease and the droop will
streten out. Starting with a certain instant ¢ an infinite derivative will
appear in the function H(t, Z). This indicatec the appearance of an electro-
magnetic shock wave. Theoretically in this case tg=0; however, in practice
the value of t¢ i1s always larger than zero and is determined by the prop-
erties of the medium in which the wave propa.gates. The condition relative
the characteristic B(H) is satisfied, for example, in ferrite magnetized
to saturation by a longitudinal (in relation to the direction of the weve
propagation) uniform magnetic field Hy.

I. G. Katayov [50 suggested using the phenomencon described in an
artificial line with nonlinear L or C to increase the steepness of the
leading edge of the pulse. In doing so, pulses with an amplitude of several

kilovolts and duration of the leading edge of {0s3 to 0.%) 107 ssc were
obtained in a line with inductances wound on ferrite cores and with linear
capacitances with the field in the ferrite being 500-700 oersteds. When using
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a line enploying ferroelectrics it is possible to obtain pulses with a lead-
ing edge of only a few naroseconds owing to the amall breakdown strangth of
the ferroelectrics which prevents an increase of E and & decreass of &.
The work /807 shows the feasibility of using momlinear capacitances of n-p
Junctions for the purposes indicated. However, in the latter case it is
posslible to obtain pulses with an amplitude of sewsral tens of wolts.

We will dwell in a greater detail on the operation of a line with
ferrite coils L(X) and capacitances Cg=const (Figure 3.6). An analysis

of the operation of such &8 line was carried out by I. U. Katayev.

T
T 5T
=

TC' i’, T [ l{n’ ! [A

Figure 3.6, Diagram of an artificial line
with noniinear incuctances.

If there is no mutual induction betwesn the cells amd the following
conditions are observed

'll:-’l*'l'«’l' . 4
iux"ul+l|<um (3.23)

then by analogy with the formula (3.22) two simple waves will exist in the
line: i
I=f(t+ Z)m])ao)' :

U=+ j V —"E‘.le.

-]

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

(3.2k)

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

‘rz.s<¢"3 <’Bp.s

vwhere %, o 7p.s » Ty are the tine constents of the cell beyond discon-
tinuity, before discontinuity, on discontinuity respectively. The shortest
possible dwration of the shock-wave front depends on the relaxation time of

the ferrite T, and the time constant of the cell 4. With the condition

that “g4% for a ferrite core with a rectangular hysteresis loop the current-
time relationship on the shock-wave front has the follewing form

Apols

Py

e

—— (3.25)
l/"m:"

1=1,

S oy
e M. 4

whers A is relaxation frequancy; py — coefficient depgndent on the para-
moters of the coil (for example, for a toroid pyRX 0.k 5o where n is the

mmber of turns and Dgy = the average dismetier of tlhe toroid); M = mag-

netic moment of a unit of volume ui saturated ferrite; Jq «- amplitude of
the wave of surrent

2 =t2 _ CM 3.26
[32c=t45 7 L=k S8 (3.26)

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

It follows from the expressicn (3.25) that the duration of the lead-
ing edge between the levels of 0,1 and 0,9 of the amplitude value amounts to

ty =3 e (3.27)
The delay time ol one cell found from the formula {3.26) amounts to
ze= L‘,C.+k.i;’&. (3.28)
Wave impedance of a long line does not dapend on I but depends on Ig
Z=l/ %—g—k.—% . (3.29)
Therefore, conditions for matching remain the same as in an ordinary line.
Os~illations brought about by spin precession are superimposed on the

shock wave in some cases. The duration and frequency of these oscillations
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depend on the quality of the ferrite and on the degree of satwration. Oscil-
lations increase with an increzse of the cell's tims constant 4.

It follows from the equality (3.27) that the duretion of the leading
edge decreasas with an increase of the current amplitude. However, with °n
increase of I, the oscillations on the top of the wave increase. To elim-
imaie these oscillations it is nocessary to decrease 4.

In the work /BL/ is shown the feasibility of creating two disconti-
nuities in a 1line the iuductance L(I) cfwhich has a falling and an ascending
section. Ths 125t circumstance may be utilized for shaping rectangular
pulses.
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CHAPTER 4. METHODS OF OBTAINING AND CONVERTING PULSES IN DEVICES WITH
LONG LINES

Introduction

Tong lines find wide application for shaping short high-voltage pulses.
Cable lines ar« used for shaping, delsying, shortening of the dwration and
increasing the amplitude of the pulses. They are also used as noninductive
loads.

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

oy N
T Ty T Ve
reyIC (L.1)

where ¢=300 meters/microsec is velocity of light; & and M are respoctively
speciilc laductive canacitance and magnetic inductivity of the wedium surround-
ing the line.

Par. J.l. Shaping of Pulses With the Aid of Sections of Long Lines

We will exanine the diagram of & transmission 1line. In Figure L.la is
shown the source of emf E with internal impedance Z;. The source of emf
is located a* the point x=0 and supplies a line of the length [ having
wave impedance Z. The line terminates at the arbitrary impedance Z2. The
voltage at a certain arbitrary point A which is at a distance x from the
start of the line may be written in operator form as follows [ 2_7:

14 pe~ 2TU=2) {L.2)

Uing=o 4
11— pope e~ 2PTU—2)
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where o

Z Zy—2 Zi— X
= —=_ . p="% o & -
A+Z Pe L+2 ° Po

= 2,42 (h.?-l)

are coefficients of reflsctions from the end and the start nf the lines.

Figwre L.1. The simplest metworks for shaping the
pulses with the aid of long lines: pulse shaping
network in a general form (a) with an open shaping
line EB? Pz) and with a short-circuited shaping
1ine (c).

Input impedance of a line terminating at an arbitrary load % 1is
equal to
—2 7

ﬂll’zvk‘h'zirJ Zy= "l'ﬂ'—e—_- . (hOB)

l-—p,e"2’"

The voltage across Z; will be written as follows:

('-—a’)—o.(h"";:;lzpn E. (Lob)
1-tdee

(.2) (Ege 1)!111 examine certain particular cases which follow from the foxrmulas
hoz I oh .

1. If Zy®Z, Z,u0, then

Uz, (p)=

. t
U, (p) =—;-En g PR = (k')

Using the inverse laplace transform it is possible to show that
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U= —;-[E — E(t—-2TL)), (4.5)
where Lx’ L -X.

When E=const a rectargular voltage pulse with an amplitude Uas-g-
and duration t3=T(, defined by a double length of short-circuited section
will appear at the point A. The value of the load resistance inserted at
the point A must satisfy the condition that R D2 [RpsRygeq / in crder
not to disturb the matching of the line.

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

[T, =time constant/ E)=E(l—e Tv), (4.6)

we will obtain, after shortening, a pulse which from the instant of voltage
rise to the instant of the fall-off (i.e. in the course of the time t1) will
' described by the equation (Le6). If the time constant T, _g’_‘ , then it

may be considered that input voltage became completely stable in the time t4.
Then, with t3>t4 the cutoff of the pulse will be expressed by the following
relatiorship

t—=Tly

Uc(t)=—;- Ee L (Le7)

If in the time t; the E(t) does not reach a value approaching a
steady-state value, then the cutoff is described by the folluwing equation

¢ Tiy

Uc(t)z%-Ee e ™o —1) (L.8)

In the cases examined the pulse amplitude turns out to be smaller by
one half than that of the input signal. This is explained by the insertion
at the input of the line of the impedance Zy%Z which is necessary to quench
a pulse reflected from the short-circuited end of the line. If a 270 is
taken, then no decrsase of tha pulse amplitude takes place and numerous pulses
reilected from the start and end of the line will appear following the pri-
mary pulse.

Additional pulses appear when Z)=Z 1f the voltage at the input of the

line E(t) is a pulse of finite duration. For example, if the leading edge
of a pulse i3 infinitely steep ard the voltage on the top drops in accordance
with the exponential

G =




E(t)=Ee ™ . (k49)

then the expression for the voltage of the additional pulse will assume the
following form
271,

[0y gagastions: pulse 7  Upiy=LEG ¢ 7). (L.10)

¥hen T,$2Tl; the amplitude of the additional pulse will be deter-
mined from the following formula
Uy~E -;-'L. (k.11)

By varying l’x and Ty the amplitude of the additional pulse can be made
as amall as desired.

If a pulse of rectangular shape, for example with a dwation 7Tj, is

sent to the imput of the line, then following the primary pulse a pulse sim-
ilar to the primary pulse but having opposite polarity will appear after
the time Ty - 2Tl.

2. Ve will examine now a case when 2)»Z, Zo=00, E=const. In this
case the expreesion (h.l) will assume the following form

Uz, (p)=—E-(1—e=%Th, - (k11"
or after transformation
Uz (p)= —f—.l' - 1¢-27hL (4.12)

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

= l
Z2,=ZcthpT (L.13)

The equation (4.12) describes a rectangular pulse with an amplitude E/2 and
a duration of 2T{. It is easy to see that with the values of 2; and 2,
indicated above the network in Figure l.la changes into a substitution net-
work with a shaping line as shown in Figure l.lb.

The condition of equality of the load impedance and of the wave im-
pedance of the line is not always observed in such a generator. The ratio
21/2 may prove to be somewhat larger or smaller than wnity. To analyze a

pulse when .z%q‘l we will expand the denominator in the e.oression (L.hL)
into a series. The representation of the voltage across thu load will assume
the following form

(ka3")

—2Ti —4pTI

Ur,(p)=a,EQ0—e 2T 4pe
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Inverse transformation leads to the following expression for the voltage:

Uz {h =a,E{(1 =1 (t =2Th + p,[1 (t.— 2Ty — 1 (t — 4T} +

421t —4TH—=1(t—6TH—.]} (L.1k)
where .
1380 =1 ans 8£>0, 1(Af)=0 ann At L0,
Z,
At=t—nTl,n=246...; a,=-z-':!z—_ RIS

It follows from the expression (L.1l) that in the case of mismatching
of the load impedance and of the wave impedance of the lins the woltage pulse
has a stepped shape. These steps have one and the same sign If 27y >3, or
periodically change the sign if 23<2. 1In the general case the expression

for ths value of the k=th step has the following form

U,=E—2 '2-’-)"". (4.18)

=t Z+z \ 212,

where k=1, 2, 3 ...

When k=1 the value of U, is equal to the pulse amplitude. The
permissible ratio 23/Z is usually determinad by the relative height of the
second projection. If, for example, it is specified that Up must amount
to not more than 5 percent of the amplitude, then zl/z assumes the values
of 0.9 or l.1, i.e. the load impedance must be within the following range

0.92 <% <1.12.

In addition to the network in which voltage 1s used for charging the
line there exists a network with a short-circuited line, which is charged
with current [527 (see Figure li.lc).

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

current 3=£—= const is set up in it. At the instant +¢=0 the commutator

Z

1
K is moved from the position 1 dinto the position 2, the line is sut off
from the supply source and is connected to the load impedance equal to the
wave impedance Z. The wave process taking place in this case is similar to
the process in a network with a shaping line charged with voltage but the role
of the voltage waves in an open line is performed here by the current waves
and vice versa. Consequently, a currert wave will have an amplitude i,=
= 5 and the duration ty=2lT.

The amplituds of the voltage pulse on the load impedance may be found

from the following formula:
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iz EZ
bi=tZ=3 . (L.16)

The advantege which & short-circulted line has over an open line fol-
lows from this expression. When 2 &€Z it is possible to obtain a voltage

pulse with an amplituds which considerably exceeds the woltage E of the
power-supply souroce. Howsver, owing to the difficulties connected with
switching the comautator and with a prolonged flowing of the charging cwrent
large in magnituds, a network with a short-circuited shaping lins is seldom

used [Eg .

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

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

which is equal to F—‘--% More complex networks are used to increase this
ratic. In Figure L.2a is shown a network with a two-step shaping line /B37.
Two identical lines with a wave impedance Z and a length [ are charge

to the voltage E. In the time T{ after moving the key X from the posi-
tion 1 dinto the position 2 a woltage with an amplitude U,*E and dura-

tion t3=2lT fomms on the resistance R,.

In a network with a two~step line the shape of the pulse is somewhat
less satisfactory than when using the usual shaping line since the process of
pulse shaping takes a longer time (3T, instead of 2T{ in a network with
one line). This leads to an attenuation and distortion of the pulse.

In Figure lt,2b is shown a pulse-shortening network formed by the con-
nection of three lines. It is possible to show that if ZjaZ, (qaly=l, Z's=

Z"=2Z, the line L, is short-circuited and ly iz open, then a pulse with
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an amplitude U,sE and dwration t{%2I/ forms at the end of the open line
(the point A). If E(t) is a pulse with a drooping vertex or a rectangular
pulse, thexn additional pulses appear at the point A after the mrimary pulse.
When using pulses with a drooping vertex it is necessary to use ths formula
(L.11) to eliminate the additional pulses.

In a network with three lines a pulse with an amplitude U,«E may
be¢ obtained if a Z3=0 is used. However, in this case a train of additicnal
pulses broiught about by the reflection of the wave from the start and end of
the line will follow the primary pulse. This effect may be made use of only
in the case when the reflected pulses are not interference.

An important drawback of the networks shown in Figure L.la and L4.2b
is that in order to eliminate the additionel pulses it is necessary to in-
sert an impedance 2322 directly at the output of the generator, which is
undesirable at high voltages since this leads to an increase of ths spurious
parameters I and C of the discharge circuit ard to an increase of the dura-
tion of the leading edge of the pulse.

In Figure 4.3a is shown a network in which the suppression of addi-
tional pulses is accomplished by matching the end of the line » If the
ne'work parameters are selscted in such a mamer taat 2)%0, Zp%Z, 232

and E=aconst, then upon the arrival of the wave intc the line there will be
no voltage between the points "a® and "b"™ until the wave reaches the poin}
"a", When the wavefront reaches the point "a" the potential of this point
will immediately increase to the wvalue of E and voltage will be applied
to the load 23 until the wavefront reaches the point "b%. After this, the

potenivicls of the points "a" and *b" will become equal and there will be no
voltage between them. Thus, a rectangular pulse with a duration t{=lT and
an amplitude Uy=E appears on the load.

"—3:-—-.-1'
§ b

Figuwre L.3. Networks with the suppression of
reflected pulses at the end of
the line.
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In Figure L.3b is shown a notwork /Sli/ the principle of operation of
which is similar to the principis of operat of a nstwork with a loop. Two
identical waves start propagating aimultansously over the lines 1 ard 2
after closing the key K but in the first lins the wave will reach the end
of the load 23 (the point "a®) faster than in ths second since b <b.

In the tims LT a voltage E (if Zy=0) will bs aprlied to the impedance Z3

but as soon as the wave in 1lina 2 reaches the point "b® both ends of the
load 23 will prove to be energized by one and the same potential and the
voltage across 23 will dissppear. If 23 Y%, Z'u2"w2 and E=const, then a sin-

gle rectangulsr pulss without the following reflections a s on Z3. If the
pulses propagating in the lines (see Figures L.3a and b) have a finita steep-
ness of the leading edge and a limited duration, then the evaluation of the
parameters on the impedance Z3 may be done using the formulas (L.7), (L.8),

(L.10) and (L.11) having first substituted 4E with the velus of E and 20
with the valus of V.

Networks with a loop and a double line have certain new properties in
compariscn with the simplest networks. For example, if in the network shown
in Figure L.3a a2 Z3=Z is used and 2,0, then two pulses of ths same polarity
with an amplitude E/2 may bs obtained on Z%3. If not one but several loops
with load resistances are mads in the line o1 if not one but several loads
at certain distences from each other are connected in a network with a double
lins, then pulses shifted by different time intervals relative to each other
can be obtained on these loads. The main drawback of these networks is the
axistence of a potential relative to the ground at both ends of the load in
the period of shaping the pulse.

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

c -
d
[ §

- 2x) Z,

- 1

Figure h.h4. Network with a parabolic line
and a capacitor for shaping rectangular pulses.

O. N. Litvinenko [52 suggests insertion of a capacitor with the ca-

pacitance C4q in series with a parabolic line (Figure L.k). Wave impedance
of a parabolic line varies in accordance with the following law:

- 69 -




i Sl i

zw=z01- =, (Lo17)
and input impedance in the case of an open ond

Z,,=Z(0)cthp Tt—-;—-. o (4.18)

where U 1s the time of the wave motion from the start of the line to a
point with the coordinate x; “a¥ is a paramater characterizing the degree
of heterogeneity of the line.

Tt follows from the equation (L.18) that if a

coty
Z(0
is used, then the aggregate impedance of the capacitor and Zj, will be
equtl to the input impedance of a homogeneous line open at the end /see
formula (L4.13)7. Therefore, if a 7;=2(0) is used, then a pulse will be
shaped on the impedance Z; 4s in the case of a homogeneous open line with

the rarameters t4=2t,, U,= % Since the capacitance of a parabolic line

B |
Zcm=01me_7 c,-_-i C"‘=z:7) A ;.-:'.;: , (.18")

ot
then the higheet voltage in the shaping 1ine Upyne=a(l - =) where t, is

the total delay time of the shaping line. Su~h a shaping device cannot be
used to obtain single pulses or pulses with & low repetition rate since the
distribution of wvoltages in this case will be determined not by the values
of the capacitances Cj and Cj34,e bub by the leakage resistance of the

capacitor and the line.

Par., L.2. The Use of Spark Dischargers to Docrease Fulse Duration

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

We will examins first a case when zl»z and Zz=00. If the break-

down voltage of the gap of the discharger P is larger than E but smaller
than 2E, ther in the case of a direct passage of the wava E the gap will

=0 =
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Figure 4.5. Networks of the generators with
ilong lines and dischargers for
obtaining short high-voltage
pulses.

not hreak domn but after the reflection of the wave from the end of the line
(the points %a® and *h") the voltage on P becomes equal to 2F and it treaks
down. The bireakdown of the gap of the P trings about a wave ~E which
after reflection at the points "a® and "b" removes voltage from the 1line and
the load as a result of which a voltage pulse with an amplitude 2E and dura-
2T/3 is shaped on Z;. However, this pulse will be accompanied by additional
pulses reflected from the discharger and from the end of the line L3. If a
l.0 and Z,=00 are used and the lsngth of the gap of the discharger P is

3 2

set tg be such that it would not break dewn umder the action of the voltage
2E e 21 : alone but would treak down upon the arrival of a synchronizing pulse
I in the time ¢, after the arrival of the wavafront, then a pulse with an

Z;!

amplitude U,=2E 7 o +% and a duration ty=t, will be shaped on the impedance
Zj. When Z)PZ we have a U,®E. A network is also usable when ly=0 and

2192, 2pPZ J8/. In this case the woltage pulss on 2, has the following
parameters: Ug=E and t4wt,.

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

be much shorter than the duration of the leading edge tp. A network shown
in Figure L.5% may be used for this purpose if 2;=2, L3=O the discharger P

has a short commutation time and the load impedance 2y»Z. If the discharger
P breaks down at the top .f the pulse, then a pulse with a duration t4=R/,T
and an amplitude Uy=F is formed on the imp~dance 2, with the duration of

the cutoff being determined only by the commutation time of the discharger P,

= 7. =




and t4 =~ by the length of the section of che line L‘, 7o eliminate re-
flections in such a network it is necessary to match the generator end.

Thus, pulse duration and its stability are determined by the value
of tz. A delay in the operation of the discharger P for a considerable
time t; may be accomplished by means of circuits for delaying tho syn-
chronizing pulse mhich ignites the discharger P. As a rule, the initiation
of this pulse coincides witk the initiation of the operation of the commu-
tator. Thus, it is possible to obtain pulses with a t4%10~7 sec and longer.

However, in obtaining the pulses with a duration of the leading edge tf<10'8

sec, a pulse duration of the order to tens of nanoseconds and an amplitude of
up to 100 kv it is possibls to do without the synchronizing pulse by using as
the t, the time for forming a pulss breakdown of the gap. To eliminate the
statistical lag it is necessary to irradiate the cathods with ultraviolet rays
by means of a synchronizing light pulse. In addition to this, the value of

t, may be stabilized by a considerable overvoltage in the gap by means of 2
steep leading edge of the pulse. Under these conditions the value of ¢, can
be controlled by varying the length of the gap S with the pulse amplitude and
the steepness of the leading edg2 being constant. For an ideally steep drop
vith a height U; the relationship between t;, U, and S with aimospheric
pressure in the air will be written as follows [ see Par. 1l.2):

¢ = 1690 8™ (L.19)
' T YU, —240008)

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

1€

2
; //

/tP <Jncex
tF nsect

0
15 2 35 3 Sam

Figure L.6. Relajonship of the delay
time of the discharger operaticn to the
length of the spark gap with the pulse
amplitude being 15 kv.

In Figwe L.6. 4s shown the relationship of the time 4y=t, measured
from the start of the application of the pulse until the breakdown of the gap
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to the length of the spark gap with atmospheric pressure in the air and dif-
farent lengths of the leading edge of the pulse. Since the breakdowmm of the
gap S acrording tc the pulse duration takea place with & different overvolt-
age, the duration of the cutoff determined by the ccmmutation time ty of
the discharger P will increase somewhat with an increase of ty.

Ultraviolst irradiation of the dischargsr cathode is uwsually dome
fron an auxiliary sparX gap the breakdown of which has {0 be synchronized
with the arrival of a pulse for starting the commutator by msans of a meries
connection of twoe dischargevrs with the line or by means of a network with
a series connection of the dischargers (ses Par. 5.6 and 5.7).

In conclusion we will examine a pulse-shaping network not critical
in regard to the value of the load impedance (see Figure L.5b). This net-
work involwing the use of thyratrons was proposed by Yu. V. Vvedunsidy /B57.
Normally the line is charged to a wltage E through the charging resistance

Rg. After thizowration of the discharger P, at the instant t=0 a volt-
age Ua'-E "z'z"‘;"z' appears on tli. impedance Z,; and a wavs E

moves
Z, + 2

to the left. If in the pericd Talr of the motion of this wave over the 1ime the
discharger Py has time to operate at the instant of time t=t;, then the

wave on the impedance Zy will bs damped and a wave :ZE- brought about by

the operation of P; <will move to the right. After reaching the impeda.ce

EZ
%o this wave will create on it a volbage U2°'=- > 2 2
2 +

Consequently, the resultant voltage drop on 2, will be equal to O.

Z
A rectangular pulse with an amplitude Ugsh ——2— and a dwration t4= T -ty
22 + 2
will be shaped on the impedance 2. If the time +t1 betweca the operation
of the dischargers Py and Py varies in a range of t10 to + T, then pulse
daration will be contrclled in a range of t330 to 2T. The network can shape
pulses on any load Z; from a no-load condition of the lire to a short cir-

cuit, Short circuit is used to obtain large-current pulses of conirollatle
duration /B6/.

Par. L3, Transforming the Short High-Voltage Pulses

Pulse transformers used in the micrcsecond range cannot be used for the
transformation of high-voltage pulses of nanosecond duration owing to the in-
ductance of the dissipation and spurious capacitances of the windings, which
increase the leading edge and distort the shape of the pulse. Measures taken
for increasing the passband of transformers mak~ it possible to transform
nanosecond pulses of only Low voltage (cf the order of 100 voits) /I, 27. To




trangform high-voltage puises of nanosecond duration, long linss with vari-
able wave impecance are used and also systems of homogensous long lines con-
nected in a special manner.

In essence the simplest transformer is & hcmcgensous long line with
wave impedance 2 and a length ! if a load impedence 2yPZ is comnected

o 1% at the end. In doing so, in the case of an input pulse with an ampii-
tude E and :vration t4 the pulse amplitude on the load proves to be
equal to

However, with a mismatche< generator end of the line the primary pulse will
be accompanied by a train of additional pulses brought about by a successive
reflection from the end and the start of the line. If - network wiih a line
and a discharger is used, then these additional pulses can be shunted by the
operation of the diacharger at the proper time. With a series connection of

the line section with a length Iy, lp;e.o L, and wave impedance Zy, Zp,...Z,

and the condition that 2,>Z,, Z3 PZoyeeey %4y D2, We will obtain the fol-
lowing for the pulse amplituvde at the cutput of the line

ey Zy Zn 2z
- e, e . . »
b= e e Fir s Tt T4Z (L.20)

whera 2' it the load impadance.
If, for example, 232Zj (J=1,2,...n), then

po-b r (h.20")
3!—] Z'+Z.

U=

U
With an open end of the last line and with n=5 the transformation ratio 2=

26,31 . If the delay per unit of lenith T of all sections of the lines 1is
the game and the duration of the input pulse ti(;ng wnere Ly 1s the

length of the shoriest section of the line, then a transformed pulse with a
nultipliclity of additional pulses brought about uy the refl?ction from the
start and end of sach one of the sections will appear on Z'. This transforma-
tion method is used if the additional pulses can be shunted or if it is nec~
essary to have pulses with a steep leading edge and a flat top at a certain
distance from the start of the leading edge and the subsequent shape of the
pulse is of no material importance. Such pulses are necessary, for example,
for the irvestigation of delay processes of a phnnomenon brought akvout by

the action of high woltege. When using this transformation msthod an impor-
tant limitation are the processes at the junction of the lines, which lead

to an increase of the duration of the leading edgeof thepulse. Lines with dif-
ferent geometrical dimensions are connected at the places ¢f junction. This
is ecuivalant to an insertion at this place of a certain capacitance which
shunts the line (see Par. 5.1).
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Lines with a variable wave impedance in which linear capacitancs and
inductance vary along the length of the lires are used to eliminate the
drawbacks indicated., Gensral theory of heterogenecus long lines is set
forth in the work /72 /. An exponentisl line ?, 27 in which inductance,
capacitance and wave impedance vary along the length of the line x in
accordance with the following law:

La=i,e: C=Ce 1", zz‘/_%=z.e1*. (4.20")

where Yy is a positive or negative constant quantity, finds the widest prac-
tical appiication. With a transformation ratio larger than two the usual
heterogeneous 1ines have large dimensions. Therefore, they are used for
matching the impedances /2 /.

Usually coaxial lines with a gpiral inner conductor and variable wave
jmpedance are used for transformation. The problems of investigation of spi-
ral lines are set forth in the works /32, 87-89/. Spiral transformers are
made with a rectangular and a round cross section. Kuchel and Williams /507
give the following formula for the determination of wave impedance of a
round spiral transformer (Figure L.7) when the ratio of the radius of the
spiral to its pitch is larger than unity:

=V e/ -R R (et

@_

Figure L4.7. Design of a spiral round
transformer.

where Ry 1s the radius of the spiral; R, —— the radius of the shield; T —
the pitch of the spiral; My, & — magnetic inductivity and specific in-

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

shield. %With the optimum ratio %%: 2.06 [9‘}7

z=om)/ . L R (b.22)

Having eet the values of Z and R, at the start of the line it is possible
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to determine the pitch of the spiral %) ~ at the input of the transformer.

Wave impedance at the start of the line 2y and at the ed Z; are con-
nected by means of the transformation ratioa by the following relationship:

2, =32, (h‘za)

If the transformation ratio x is specified, then the pitch of the spiral at
the output of the lins 7, canbe determiied by the formula

Bpux®¥outs Ty =Tin7 =2 (La2h)

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

|- e=2RN ,
1= ‘,,(_._:2‘_—-—,“_1 ; (4.25)

wuere N 1s the number of turns. The total delay time of the transformer
is determined on the basis of a specified distortion of the top of the pulse
(voltage drop on the top) A\

(Le26)

vwhere t4 1is duration of the pulse being transformed. It follows from the
equation (Le26) that with invariable t; and ¢, the distortion of the top
increases with an increase of the transformation ratio . Formulas (L.21)
through (L.26) make it possible to carry out an approximate calculation of
an exponential transformer with a spiral winding of the imner conductor. As
Yu. S. Belozerov [90/ showed, the difference between the parameters of a
transform- = calculated by these formulas and those measured experimentally
does not exceed 20 percent. On the basis of the works /I, 90, 91) it may be
concluded that permissible distortions of a pulse resuit when W& 3. The
highest voltage obtained in these works at the output of the transformer
amounts to U,=8,6 kv with the pulse duration %=1l nanoseconds).

t’=50 f. Ina
4

The main obstacle to the use of spiral transformers with a variable
wave impedance is the comparatively low frequency passband (of the order of
250-300 Mc) /917. This is explained by the variation of inductance with fre-
quency and by the effect of distributed capacitance between the turns. To
increase the passband it is necessary to use rectilinear heteroguneous lines
even though they have large dimensions.

Figure L.8. Netwcrk with two parabolic
1lines for obtaining and transforming the
pulses.
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0. No mtvimnln;ﬁe suggests the shaping of pulses by means of two
paratolic lines I, a (Figure 48). ¥ave smpedances of the jhapingz

line 17 and of the transforming 1line L, vary in accordance with the
following law:

z@=z00-3).

Z,(3) =Z:(0)(l - —:—)’ . (h027)

where a<0, bD0, T is the time for the motion of the wawve to any point on
the line. If the following conditions are observed

i . i~
Z,(0)=Z,{00=Z(0) Ra=2Z,(ts, )i Co=:-;f' . (L.28)

then the signal appearing at the iiput of the line L, will be transmitted
without distortion to 23. When a=b, a rectangular pulse is shaped at the
input of the Ls;. In doing sn, a voltage pulse also of a rectangular form
will be shaped at the output of the line Ip

21,

u=-§-(1+-’f-)(u-e ) (L.29)

It follows from this expression that the pulse duration

t.=2‘., \h03o)

depends only on the delay time +t,, and the transformation ratio

e U = f .
=7 _0.5(|+—:—). (k.31)
The largest value of ¢ can be obtained with the smallest possible value of
b—_—a:t.. ‘ (b032)

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

To calculate this device it is necessary to set the longest pulse dura=
tion ty, the maximum transformation ratio ¢, and the impedance Z3. As a

result of the calculation we can learn the law of variation of the wave im-
pedances Z3 and Z, and also of C.

It follows from the equations (L.30) and (L.32) that
t1

asbe—-

2

- T =




From the expression (L.31) we will determine the dolay time of the line 1,

ty= (@ — 1) -2, (k.33)
and from (L4.28) -- the value of the capacitance
C.=."!'z%‘_m (Le3k)

From the formulas (L.27) we will find the wave impedance at the sturt of the
lines I3 and L,

= 24 .4
Z(O)_(u:m)’ BT (4.35)

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

To reduce the dimensions of the device described the lines I’l and

T2 may be made spiral. The advantage of 2 network with two parabolic lines
ovor an exponential transformer is that the shape of the pulse does not de-
pend on the transformation ratic, and the feasibility of obtaining pulses
of a strictly rectangular shape.
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CHAPTER 5. HIGH-VOLTAGE NANOSECOND-~PULSE GENERA TORS
Par. 5.1. Disccntinuities in Long Lines

Discontinuities appear in the lines in two cases: 1) upon connecting
additional impedances to a line, upon connecting the lines with different
wave impedance, in branching the lines, stc.; 2) in the case of a sharp
change in the dimensions of conductors, in the case of connecting the bese
insulators, in the case of a treak in the lines, etc. To calculate the ef-
fect of discontinuity of the first type on the shaps of the wave a substitu-~
tion network is ordinarily used which consists of a szeries-connected wave
impedance of the line and a two-terminal network (Figure 5.1) simulating the
remaining portion of the line and the connected impedance or a new line, and
of a generatar with a woltage 2Up,q where Unaq is the voltage of «n in-

cident wave having a random shape. The form of the two-terminal network de-
perids on ths method of inserting a discontinudlty. For example, in inserting
an impedance Zy or an additiomal line with such a wave impedancs the two-
terminal network consists of parallel-connacted impedances Z and Z3. In

z
ﬂ—q_b—%--«
2Unaa 2Vpad n
#nul’l i

Figure 5.1. Substitution network for
calculating the discontinuities of the
first type.

a series comection the Z; and Z are connected in series. If an arbitrary
impedance Z; 1s inserted at the end of a line, then this impedance will
serve as a two-terminal network. 1In doing so, in the case of short circuit
21=0 and in the case of an open end of the line Z3=00. It is necessary to
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bear in mind that the substitution network is valid only for the times inter-
val from th- rival of the wave to the place of discontinuity until the re-
tun from the d and the start of the line of thos¢ waves which were re-
fracted and reflected at the place of disconuity. Superposition methcd may
be uszd to ctlculate the effect of reflected waves.

llesults obtained in super-high-frequency technique may be used in
analyzing the discontinuities in transmission and their effect on the pulse
shape., In doing so, it 1is neceasary to know the highest frequency in the
pulse spectrvn. which has to be transmitted without a substantial change in
the amplituce and phase. The upper cutoff frequency of the frequency char-
1

acteristic corresponding to the point at which the amplitude falls to 75'

of the amplitude at the center frequsncise may be taken as the value of fm.
The comection between the f;, and dwr:tion of the leading edge tg of the

pulse, determined between the levels of 0.,1<0,9 of the amplitude has the fol-
lowing form [2 7

Lot fo= 3 | (5.2)

The effect of discontinuity of the second ¢ on the shape of a volt-
age wave is taken account of in the general case /2, 93, 9 inserting in-
stead of discontinuity a Pi or T-network whose parameters depend on the type
of discontinulty and dimensions of the line. The simplest discontinuities may
' a2 substituted with a capacitance inserted parallel to the line.

We will examine some of the frequently encountered discontinuities.

The following are possible in the case of a sudden change in the radii
of the conductors of a coaxial cabla: a change in the diametar of the inner
cor-ductor 2lone (Figure 5.2a), a change in the diameter of the outer oonduc-
tor alone (see Figure 5.2b) and a simultaneous change both of the inner and
outer diameter (see Figure 5.2c). In all cases, discontinuity is taken ac~
count of by inserting the capacitance

CsFD

where D is the diametgr othha outer conductor (in the second case it may
1+

be considered that D= 5 2 ); F 1is a factor whose relationship to the

ratio of the diameterc is shomn in Figure 5.3 /Ol/. In the case of a treak

d
in the inner conducitor of the line .ﬁ]_'=0. The value of the capacitance C

for the third case 1s determined from the results of the two preceding cases.
In doing so, 1t is assuméd that a sudden change exists first in the inner con-
ductor alone, and then in the outer. The equivalent capacitance is found by
the addition of the capacitances in the first and second determinations. It
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is necessary to bear in mind that data given here miy bo uscd if the wave-
length A D5D where D is the largest one of the diameters of the line.
The curves given in Figure 5.3 for tho determination of F are desizned
Por the calculation of overhead lines. In filling the cable with a dislec-
trict it i= necessary tc multiply the value of the capacitance C by the
gpecific inductive capacitance £. If a dielectric with € fills only the

ot o

TR X8
" a2 | Ds

Y .
é§ o

o S o

Zy t# z,
2d

Figure 5.,2. Discontinuities of the second
type éa b, ¢) and their substitution net-

'ork d L) S
{ l
; S
/ -
(/] ¢ 4F 084/
a
F[
84 Af—
/i
03 S ,/
0,2 ’
&! ,‘f/
%%
8 52 0o

¢ OF 0,8 D/d,
&b

Figure 5.3. Q(raphs for calculating the
capacitance C corresponding to the dis-
continuities shown in Figure 5.2a (a) and
in Figure 5.2b (b).
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line having an inner conductor of a smaller diameter, then the value of the

capacitance C calculated with the aid of the graphs show: in Figure 5.3
should be multiplied by §&. In the case when dielectric fills a line with

a large diameter of the inner conductor, it may be considered in the fivst
aporoximation that the value of C found for an overhead line remains un~-
changed. For lines in which the diameter of the outer conductor changes it
may be considered that upon filling the line of a larger diameter with a di-
electric the value of C 1increases by & times, and upong filling the line
of a smaller diameter C does not change. If the dielectric f£ills only a
portion of a coaxial line in which dimensions do not wary, then this is egui-
valent to a sudden change in the wave impedann~,

In some cases a sudden change in the dimensiore of a line may occur
when its wave 'hnpedancg isénvariable. In this case it is necessary to ob-
serve the condition: 7‘%@' Discontinuity at the place of the junction
may be taien into account by inserting the capacitance C into the substitu-
tion network. The effect of the magnitude of Bhia capacitance is reduced by

2
shifting the imer conductor to a distance A”l'a from the place of discon-

tinuity (shown by broken line in Figwe 5.2c). This shift is equivalent to
‘1@ insertion of a series inductance which compensates the effect of the ca~-
picitance C. In the case of high voltages in the line, slectric strength
of such a transition 1s small owing to the existence of aauts angles. To
increase the electric strength it is better to use a stepless conical transi-~
1ion element fron one line to another (Figure S.ha). It is expadient to se-
lect the length of this transition element fram the following relationship

L>2D. (5.2)

A conical transition evlement is ofter used in making the discharge devices,
peakers, etc. Therefore, we will examine conditions which determine the para-
meters of such a transition elsoment in the case of a high voltage. The maxi-
mm voltage Upay between the conductors of a line with large diameters of
the chamber and all parameters (Rg, rg, €&, Z) of the cable are usually knomn.
The values of the diameters D and d are determined from two conditionss

1) the chamber must stably withstand the maximum operating voltage Upax;

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

[Omaedlnaxs By B/ U =:E,,-,“f— In -‘:—. (543)

where Ej: 1is permissible electric field strergth which is determined by the
strength of the overlap on the swrface of the racks, by the pressure in the
chamber and by the kind of the gas filler.

The second condition will be written as followsg

Z:lln—o— (5-&)
Ve d
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Figure S.li. For the calculations of a coaxial
conical transition element (a) and of the profile
of the shield of a matched load (b).

The dimensions of the transition cons are determined with the condi-
tion that the waws impedance Z i1is constant and the necessary slectric
strength is provided. The dielectric d' is laid inside the section to

increase the elsctric strength (see Figurs S.ha). The distance [ is deter-
mined from the following condition

Unax
Lzm

where Ep.d iz permissible strength determined by the overlap on the dielec-

tric d' and by the presswre in the chamber. Taking the equality (5.2) into
account we will £ind the following from Figure S.ha

Ry= 2D:l +—g—. (5.5)

We will determine ry from the formula (5.4)

0

rlz(lDT"’—’-.,t._é.gl_L)e—z/'__ (546)

If the g£ of the dielectric d' and of the cable insulation are the same,

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

R
to Z if —]-'855

T Ty
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Ve mill now find the profile of the dielectric d' with the condi-
tion of keeping the wave impedance to the right of the poimt O coastant.
We will nmake use of the formula for wave impedance of a line with a two=-
layer dielectric .

) R

[fame T Z=a=mor {5.7)

where ¢, 18 the equivelent specific inductive capacitance /B77.

31,10 Re

&, = - Ix (503)

!_.ln"R_’—-i»z.ln Ry ’

rs R'x

~here R'x 15 the radius of circumference af demarcation of tihe die]ect.rics;:l-ﬁs
permittivity of the gas filler (&y=1); &, — the permittivity of the dielec-
tric d'. Ve will find R'y from the equations (5.8) and (5.7)

inR/ = 1_( Zuy +ylar,—e in R,)-

il P &
rs

(5.9)

I the origin of coordinmates is taken at the point O, then

R =R

RX=R1 + lo X,

Ty + % Xe

Substituting R, and r, into the equation (5.9) we will find R'x in rela-
tion to x. In practice the substitution of the curve Ry'(x) with a straight

line introduces into the value of wave impedanca the largest errcr of less than
ten percent. 1In most cases such an error is permissible.

With an increase of the voltage Up the diameters D and d of the
chamber will increase. This may lead to the appearance of waves of higher

orders. The frequency at which the appearance and transidssion of the highest
type: of waves over a cable is possibleis callad critlcal. For the most danger-

ous wave of Hjy the critical frequency is determined by the following formula

fn"'

—
Yy (D4 d) ) (5-10)

where c=3 ¢ 1010 cm/sec 1s velocity of light in free space. If it is con-
siderad that a pulse can be transmitted wntil £3 2f;, then the relationship

between the duration of the leading edge and the diameters D and d will
assume the following form:
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ty» _Q-;‘ia (D+d) (5.11)
(for gases &=1).

The coarection between tr, Upay and Z may be deteruined frow the

formulas (5.4) and (5.11) /557.
- z

A=zfle 60+ 1) lU..g (5'12)
fh» eZ ) —E‘_ -
In the first approximation it may ve considered that with an increase of the
pressure p the permissible strength increasss in proportion to p (see
Par, 1.1)

Z-Ea”Ed —7 Es=Eop. (5.13)

where E' q 1s pernissible field strength in ths casze of atmospheric pressiwre.
Thus, we will ultimately obtain z

24:(e -‘-I} 'U-u (501'-‘)
w2 = zF. s

Consequently, to dacrease the duration of the leading sdge o« the pulse being
transmitted it is necessarv to increass the pressure p 1in the chamber.

Data for the determination of and .4 may be fuund in the
works [I2, 20, 29, 9§/. 5 %

We will examine the methods of eliminating discontiauitiss brought
about Ly the supporting elements made «{ a dielectric. A mwethod <f reducing
the effect of reflections from the supporis with a decresse of the diamater
of the imner cunducter at the plsze where the support is located has been
developed in the work by fornes é§'_f,7. The distortions of a pulse dezrease
with 3 decreazs of the ~idth of the support I; and of the wave impedance z"
1n the region of the support inatallaticg. In a guneral case, if a short
section with a wavo impodance 2' and a dslay time T d4s inserted into a
line witlh a wave impedance 7, then nith a quration of the leading edge of
the pulse t¢ 22T and impedances z' and Z close to each other in value,
?_th7a ualt a.mplitude of the input pulse the amplituda of the raflected pulse

2

r ' or(2’ —
ﬁo‘rr‘ureflected] Usp = 52 = 2 (5.15)

In the works /98, 357 it is recommended to use supporting beads with a con-
cave swrface, and to eliminate the effect of lumped capacitance of the sup-
port on the shape of the pulse by means of speclal "recesses' in the inner
conductor with the dimensiors of these recessas being determined experimen-
tally. In doing so, it 1s possible tc obtain a reflection coefficient equal
to 0.4 percent for frequencies of up %o 1,200 Me.
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Somotimes a load impedance axactly squal to the wave impedance of the
transmitting lins cannot bs talten, or a matched line with a wave impedance
different firom the trznsmitting impedance cammot be used as a load. In this
case, reflected pulses appear owing to a discontinuity at the place of the
connection of the line with the load.

The matching of the lines with the load may be accomplished by two
methods: comnection of resistances to the load so that the equivalent im-
pedance of the entire dévice would be equal to the wave impedance of the
line, and by comnecting the lines with a steplesaly varying wave impedance
batween the load and the transmitting line. It is not recommended to use
the former method of matching owing to the large pulse-power losses in the
additionzl resistances. 1In matching by the latter method the wave iapedance
of a2 heterogeneous line at the input must be equai to the wawve impedance of
the transmitting line, and at the output — %o the lo-d impedance.

Par. 5.2. Attenuation of Waves in Cable Lines

The most important task of the pulse technigus is transmission of a
generated pulse without distortion to the place of destination. Chiefly co-
axial cables are used for this purpose since unlike the copen lines they have
advantages (wide frequency spectrum with a comparatively low attsnuation, a
smll antenna effect, protection from external sources of interference, small
dimensions and convenient make-up dasign with high voltages). The work ;B7/
examines in a sufficient detail the problems of propagation of electromagnetic
waves over the radio-=frequency cables and gives the characteristics of the
latter.

Propagation of an electromagnetic wave over a long 1line is character-
ized by the propagation factor

7:&4—]'9, (5016)
where & is attenuation factor and § ~- phase factor.
In the absence of ionization processes the attenuation of a wave 13

comnected with the existence of the rezistance r of the forward and return
wires and the conductance g of the 1line insulation.

o2/ Tat)/T. )

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

_2do fe L 2 .!..) .18
£ :"‘T’ Vf(.‘ L] qd + ‘/ g D o%ls“/moter (5 )
vhere f{ is the frequency of the propagating signal; P Pop = relative
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perneability; € — specific electrical conductivity, m/ohm-m?; D, d —
the outside and inside diametsrs of the wire respectively.

The presence of the factor '\/f in the expression for r takes into
account the surface effect on the inner wire and proximity effect on the
outor wire of the cable.

If both wires are made of the same metal, them

_ 21 /7 (¢.y
2 l/ . (l )ohn‘ meter 5:1)
If the wires are twisted oul: of separate strands, then
= =ttt 2 10-2 l/._;“ ( ) + 0‘[‘- (5.20)
d ohls/lotar

where k) and k, indicate by how many t:l.mes the resistance ot a twisted
wire exceeds the resistance of a one-piece wire of the same gage. For the
irmer wire of 2 coaxial 1ine kj=ks, called the twist factor, increases with
the increase of the number of parallel~twisted strands, and for a seven-wire
conductor kg3l.3. For the outer wire k2=k° s called the braiding factor,
depends on the make-up of the cable braiding.

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

Ve ¥o Gorbachev, N. A, Uvarov amd L. D. Usenkv 0_0] invesiigated the
attenuation of nanosecond pulses in radio-frequency cables. Fulsss with an
amplitude of about 100 volts, t,%50 « 10~ sec and L nanosecond were

sent to the input of the cable. The data of the experiment were compared
with the data of the calculation which was based on taking into eccount only
the resistance of the forward and return wira. For a unit voltage drop at
the input of the cable the voltage /1 7 at a distance | from the input

h=1—F(x). (5.2)

where x= -:% $ F(x) = Cramp function which is equel to the following when

the values of x are small

x’ .
F(x)—;’ x—m+2ra m e ) (5.22)
T = ;,L’ v — propagation velocity of the waves. In this case, the attenua-
tion factor

s=-m Y/ £+ 2) (5.23)
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Table 5,1

;™ |, .
];“Té»:;;. Pl et Zbﬁ:‘ ¢ wé' ‘3‘" l:' 10-1 {il

1113

PK-6 1,275 4,9 52 96 2,42 1,1 3,01
PK-3 0,635 4.8 75 68 2,3 t 3,02
PK-2 9, 3,7 .92 55 2,83 | 1 4,58
PK.50 | 0.15 3.4 167 25 <. % 5%
PK-1 0.34 2.6 77 66 2,9C 1 6,10
PK-19 | 0,34 1,5 52 9% 3,60 1 12,1

Key: §1§ Type of cable; (2) Picofarads/meter; (3) k°p1=braiding factor
L) kg=twist factor.

The calculated values of & and experimentaliy determined values of
kopy for the cables investigated are given in Table 5.1.

The calculation and experimental data coincided well. This shows that
viith the voltage amplitude indicated, at the frequencies of 200-500 ¥ec (tg of
about 1 nanosecond) the power losses in the dielectric are sme2ll and their
effect on the degree of attenuation of a wave may be neglected.

During the propagation of a high-woltage pulse over a cable ionization
processas may occwr in the cable insulation near the inner conductor. By
analogy with the pulse corona on the overhead lines these processes produce
a high attenuation. Unfortunately, appropriate experimental investigations
are absent.

Par. 5.3, Resistances far High-Voltage Nanosecond Pulse Devices

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

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

Carbonaceous f£ilm resistances, metal-film and composition resistances
are used as the nanosecondsrange resistances. Wire resistances are not usable
oving to high inductance.

A characteristic of the swface effect may be provided by the depth 3
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of the peretration of current into the conductor, at which current density
becomes 2,718 lower than the miximum density at the swurface of the zonduc~
tor. The depth & is determined by the following formula

a:l/-?: : (5.2k)

where f is frequency; M — permeability of the conductor; [ — resis-
tivity of the material of the conductor. EKnowing the depth & in rela-
tion to frequency it is possible to determine thedegree of the change in
the resistance at this frequency and the maximum permissible thickness O
of the conducting layer. The depemience of the value of resistance on fre-
quency does not show in practice for the entire frequency spectrum of the

pulse if for the highest frequency £ A(O.l. The value of § for con-
ductors at the frequencies correspondTng nanosecond pulses may reach tens
of microns. Therefore, the conducting films must have a thickness of the
order of units of microns, which does not enccuater difficulties in making
the resittances. The efrect of the self-capacitance and self-inductance of
a line shows when a2 high-frequency voltage acts on the resistance. The sub-
stitution network of the resistance at high frequency is analagous to the
substitution network of a long line with losses. In addition to this, the
resistance is affected by the capacitance between the end lead-outs of the
rasistance and their capacitance in relation to the ground. The values of
the linear capacitance and inductance Cg and Iy are determined by ths

form factor of the resistance /101 (it is assumed that the resistance has
a cylindrical form)

L
7o

where L is the length of the resistance and D —. its diameter.
o8 -

— -

Zf 4’= - 7 C,= lb.x’ ngjcu; picofarads/em (5.25)
Ly=2(In 4nKy— 1) cujcu. om/cm (5.26)

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

L,=09 —% cajcx, (5.27)
*

where n 1s the nmber of turns of the spiral. Since for resistances with
a spiral threading the value of Ly greatly increases, such resistances are

not used in the nanosecond-range pulse networks.

In practice it is difficult to use the above-indicated substitution
network in the calculations. It is considered that if the value of the re-
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sistance R> oo then thc effect of I may be neglected and the sub-
0

stitution network may be repressnted in the form of a parallel RC-circuit
(C=Col). 1In the case of amaller R the effect of C, 1s neglected and

the substitution network is represented in the form of a series RL-circuit
(L=Igl). The effect of L and C may ba neglected if the respective time
constants of L/R and RC are four or five times smaller then the diwration
of the leading edgs.

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

rrains, which with the field strengths of 105105 volts/cm 0}7 bears a

ncnl inear character. The maximum permissible operating voltage’ is limited

by electric breakdown and by sparking on the surface of the resistance. The
vcltage at which a breakdown occurs on the surface does not dapend in practice
on *he type of the conducting coating and at a2 given pressure p is deter-
mined only by the distance between the iead-outs, their form and arrangement.
"he relationship of the voltage at which the brealdown occurs in resistances
without threads (of the type MLT, VS, etc.) to the length of the resistance b
and the mressure is expressed (for pl >l mm of mercury colum~ * okms) with
gov i approximation as follows /10173

U up’Upr=Ubreakdown_7 U,, = 300(plf*5 8. volts {5.28)

If the effective voltage is 20-30 percent lower than Upr: then in the absence
of heating and outside temperzture of 15-20°C a safe functioning of the re-
sistance is guaranteed. It is necessary to bear in mind that the formuls
(5.28) is valid for pulses with a duration of the order of 10-° sec, and for
pulses with a duration of the order of 10~9 sec the value of Upr is larger.

The value of Upr may be increased by placing the resistances in an insulat-
ing liquid,

The u3signs of the resistances operating in the nanosecond-range pulse
networks are characterized by diverse shapes which are determined by the pur-
pose of the resistances. Resistances are a part and even a component member
of a structure. Disk and plate-like rasistances are also used in addition to
the cylindrical shapes. In Table 5.2 are given the basic parameters of some
of the high-frequency cylindrical resistances of the type UNU with a carbona-
ceous coating /101/.

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

, ; 6 [Mascn-
Type Hlo.,_ 2 Pasuepy, ax Busu- fipe- nlll.l‘k:l.ll
M et b e g e O
BOm- fll-lé- ACERS Mom-
S Sers Aanng AWauerp nue. ox l{p‘:x'c-e: ::C‘lny::
|ce. xem
vny?g& 10 2 % 157 | w0 | 22
YHY-25 % 122 2 | 5075 | 00| sw0
VHY-50 50 252 s | 507 | swo | 1000
YHY-100 100 352 o |7 12500 | 2000
Kays (1) Rated power (6) Maximum voltages with t;=1 microsec
2; 2.mns:l.om, s (7) Maximm testing power in a pulse,
ﬁ) m"g"'féor i lowatts
(5) Value of the resistance,
ohms

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

In the operation of resistances it is neceesary to pay attention to
the relationship of the value of resistance to the temperature which may rise
in tha process of operation of the resistance. To eliminate the overheating
of reaistances it is necessary to increase their surface or use forced air or
water cocling. For example, resistances of the type UNU increase the rated
power by 5«10 times with an intensive air cooling. The metal-film and carbo-
naceous resistances are sometimes made with water cooling. In doing so, their
capacity reaches a few and even tens of kilowatts /1027,

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

D<OIL. (5.29)

Making use of the relationships (5.24) and (5.29) and taking intc account that
for water }4-—-}&0=hm0‘7 henries/meter we will find the following expression

for a water resistance with which the surface effact will not appears
R>16-10-*flpox, (5.30)

where f is frequency, cps; l is the length of the resistance, meters.
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Thus, knowing the upper limit of the Irequency spectrum of a pulse {
and the length of the rosistance l, the necessiry value of R is selocted
by the concentration ol salt. A drawback of water resistances is ths high
dependsnce of P on the externzl factors, especially temperature, high self-
capacitance and considerable changs in R with time.

To maten the long lines it is necessary to insert a resistance equal
to the wave impedance of the lina. If the usual lumped resistance is con-
nected, then a pulse is distorted owing to the spurious parameters of the in-
ductance and capacitance of the rosistance and its feeds. Therefore, it is
battor to use a resistance of tha disk type. Az improvement in the frequency
properties of the matching resistance may be achieved by placing cylindrical
rosistances with a dlamster D and with a value 0of R equal to the wave im-
pedance of the line into a cylindrical shield whose length considerably ex-
veads its diamater. In doing £0, a line section with losses and with a cer-
t2in wave impodance Z' 1is formed. The ratio between R and 2' may be

sulacted from the equality R= V3Z' /2 7. However, a matching device with
A oylindrical shield has a nmarrow frequency passband and may be recommended
with a ratio of the length of the resistance [ to the smallest wavelengtn
A, of not more than O.l.

For a better matching of the resistance with the transmitting lins
tlwe profile of the shield swrrounding the resistance is selected in such a
mnmer that the wave impedaice of the entire device in amy cross section be
equal to the resistance of the remaining portion of the resistance [T 2/
1T the registance has a uniform film coating, its value does not depend on
the frequency and on the distance x from the end of the load Ry=Rox (see
Fifure 5.h) where Ry 1s the resistance per unit of length. Wave impedance
of the line without lossss in this cross section is

2,21 L, (5.31)

Cs

where Ly and Cy are inductance and capacitance per unit of length in the
cross section x. Reflections will be absent if

Y/ =R (5.32)

x

It may be assumed that on a small oclement Ax the diameter of the shield
is constant; then

L,=02in 29 MKZN]®, ,
microhenries/meter (5.33)

ng|s,
In D picofarads/meter

C, = 55,5t

where & is relative permittivity of the dielectric in the space between
the resistance and the shield; D is the diameter of the resistance. On the
basis of *he equalities (5.22) and (5.33) we obtain
(5.33")
60 2
7;: In —D-— = R,x
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paces Pt

or R.IF

.y'=§ e 6 . (5031‘)

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

A further improvement of the frequency charuacterica of coaxial loads

is achieved by making the shield with tke profile of a tratrix, a detailed
analysis of which is given in the work /102/.

Par. 5.h. Capacitors for High-Voltage Pulse Devices

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

Capacitors with a large capacitance are necessary to obtain pulses
with a large current. Capacitors with paper-oil insulation have the largest
capacitance from among the high-voltage capacitors. The calculation of the
inductance of these capacitors is given in the works by P. N. Dashuk /I037,
and by Kuchinskiy and K. M. Irkayeva /IOL/.

Capacitors with paper-oil insulation consist of separate sections wound

into rolls and comected for increasing the capacitance into parallel groups
which are series-connected to increase the operating voltage.

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

plates L, and the leads L, determined by their geametrical dimensions and
arrangement of the leads on a section.

In the work /IOL/ are given the data for the evaluation of Ly with

the condition of a uniform flow of current over the canductors. Inductance
23; §aluated by formulas derived for busses of a rectangular cross section
105/.

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

L,:—";:—Qa + 2d), (5.35)
where "a" 1is the distance between the plates determined by the thickness of

the insulation; b, d, { are reaspectively the width, thickness and length of
the metal plates.
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Figure 5.5. Methode of laying the leads
in a capacitor section: the leads are
placed one under the other on ons layer
?f im;ulation (a); the leads are displaced
b, ¢).

Since usually 3a¥2d, then

L.=.!-.Z\£. (5.36)
If the leads are displaced to a certain distance [' relative to each

other, then L, is made up of the iriductszr,xce of the section with an opposite
Poa(b - &)
B —-————— and of the inductance of the

section with a coinciding direction of the cwrrent L," (see Figure 5.5b)
The value of Lo" depends on the arrangement of the leads relative to each

othar; if they ars displaced along the length of the foil within the width
of the section, then

directicn of the current Lb'=

, r or 1y, i
L, :—p-"i;—-(ln—-;— +T) ' (5037)
If the leads are displaced along the length of the foil by half a twrn, then
Ly =L a4 9a), (5.38)

where a' and b' are shovm in Figwre 5.5b. In the roll-type capacitors

the leacls are made in the form of copper busses and are arranged at one end
to reduce the inductance, In this case e L, of one lead is determined

from theaqression (5.35) where the linear quantities characterize the leads
and their position relative to each othaer. Tius, Lg=Ly + 2Ly. Experimants
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on a rolled section with a capacitance C=1.,0 microrarads and a=80 microns
showed /I0L/ that when the leads are placed opposite each other (see Figure

5e52) the Ly depends little on the location of the leads ard varies from
0.6 to 2,2 - 10~ henries; with a dispiacement of the lsads by 12 ca {(half

a turn), Ly 3ncreages from 2.5 1077 to 16 + 10~ henries upon the with-
drawal of the leads from the start of the winding. This is explained by the
increase of the d:i.mension of the a' (see Figure £.5b). With an increase
of the distance the JI; rapidly increases owing to L,". Therefore, the

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

Their characteristics are given in Table 5.3.

Table 5.3
Mapaxerp KOb-1 KOb-2 KOB-3
Paramater X0B
1 lEwxocrm, np. . . . . 500 500 2500
2 |pacosee NENpANEHNE, K8 12 2 0
3 |Bucorama. . . . . . 17 n 40
4 |Hwawerpaun .” .. | 2 b 62
Key: 51; Capacitance, picofarads £3; Height, mm
2) Operating voltage, kv ) Diameter, mm

‘hen it is necessary to ootain a high-power pulse with a steep leading
edge and a flat portion, it is expedient to use a parallel ccnnection of a
ceranic capacitor and of a capacitor with paper-oil insulation. In doing so,
the value of the capacitance of the ceramic capacitor may be evaluated as
indicated in Par. 3.1, on the basis of the value of the inductance of the
capacitor with paper-oil insulatior.

In Table 5.4 are given the values of the inductances of capacitors of
different types /I067.

-95 -




T

Key:

(33
()

3)

(L)

(5)

Par. 5.5.

Table St h

1 Tun xonaencatops ﬁx::.’ﬁf.'. =
SBoazywnmi ofpasuosmi:
160nt. . . . . 10-20
100002, . . . . . . 30-50
3 Boaaywsuh nepemendoll emxocrn:
Manux padmepos . . . . 6-20
CPeANHX pasMepos . . 1060
Wi Kepasnueckih asicrosmB:
KAK3 . . . .. 1--1.8
5KKJIK-I.2 - y6 i 24
epasnvecxu warid:
KTK-1.2 '1'p c e 3—10
KTIK3, 45. . . . 20—
IORAHOR ONPEL OBSHHRA:
KCO-t 4-8
KCO-lIé l‘(go-li. K:ZO-ISG.' ek 15-2
0RO} pajuosuA x  GaoxmHpo-
mmuui: 50—100
aByuamml:
manux psauepos Kbr4 . . 6-—11
cpeannx pamcpos KBI-M. KB 3960
panvCTRNS Coabwhx pasitepos .
{oonsiOR ewxocTw) . . - . 50—100
Gonbwodl EeMKOCTH € HENDABMALHMM
PACRONOMERHEN BMBOZOD . J 200150000
Type of capacitor (6) tica molded capacitor:
Air reference capacitor: KSO-1

100 picofarads

1,000 picofarads (7) HUieca reference and blocking
Air variable-capacitance capacitor
capacitor of: (8) Paper capacitori

small dimensicns
medium dimensions
Ceramic disk capacitor:

KDK=3
KDK-102
Ceramic tubular capacitor
KTK-1,2 leads
KTK-3, L, 5 (9) Inductance, 107 henries

Spark Dischargers Trigpered With Nanosecond Accuracy

Ks0-11, KS0-12, KSO-13

of small dimensions KBG=l

of medium dimensions KBG-M, KB

of radio type of large dimensions
(of large capacitance)

of large capacitance with irreg-
ular arrangsment of the

When using spark dischargers in oscillographs for recording wvery short
pulses, in the high-spsed-photography devices, in circuits for the conversion
of high-voltage pulses of nanosecond duration, etc. it is necessary that the

time between the arrival of the triggering pulse and operation of tha dis-
sec, and stability -~ to 109

charger amount to a value of the order of 10

sec.
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Asa rule, three types of dischargers are used for this purpose:
atrons, light (spark) relays and three-electrode disch
T (Figure 5.6a) was suggested by I. S. Stekol'nikov [3-

ar

27ers « The trigatron



o ”

Figwe 5.6. Circuit diagrams for triggering a
trigatron {a) and a spark relay (b) with nano-
second precision.

After the arrival of the trigger pulss at the rod Y a discharge
takes place between the rod and alectrode 1. Ultrawiocleu irradiation of
this discharge initiates a breakdown between the main electrodes 1 and 2.

The operation time of the trigatron is usually equal to 16~6 sec with a

spread of the order of 107 sec {Io%z Theophanis /I077 iuvestigated the
feasibility of triggering the trigatron with nanosscond precision. The
trigatron was in a freon atmosphere with a pressure of 0.1l atmosphere.
The maximm operating voltage was equal to 50 kv. Investigations showed
that the operation time of the trigatiron was shorter when the polarities
of the trigger pulse and of the potential. on the ungrounded electrode are
opposite. A pulse with an amplitude of 15 kv and duration of the leading

edge of 2 10-8 sec appeared during the discharge of the capacitor through
a thyratron /sic/. With a woltage in the trigatron with w=5 percent
Jower than the breakdown voltage the spread in the operation time was equal

to 5 ¢ 10~8 sec. With a decrease of w the spread decreased but spontaneous
operations of the trigatron appeared owing to the random rises of the voltage.

When an open end of a 1ine (RPZ, see Figure 5.6a) was comected to
the electrcde Y the amplitude of the trigger pulse doubled. In this case,
for a MO percent the operation time of the trigatron was equal to 2

* 108 sec with a spread of not more than 107 sec. The operation time of
the trigatron and its spread decrease with a decrease of the duration of
the leading edge of the trigger pulse. This is commected with the creation
of a large overvoltage between the electrodes 1 and Y.

A spark relay has two spark gaps (see Figure 5.6b): tie main gap
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Py and the initiating gap P ?gap?. Ultraviolet radiacion of the spark
in P, initiates a breakdown o (see Par. 1.1). For a stable opera-
tion of a spark relay the distance between the gaps must not exceed & few
centimeters. Tnvestigation of the operatior: of a spark relay was carried
out by I, S. Stekol'nikov /357 who shomd that with mal tu 2 percent ani
an operating wltage of about 10 kv the tine between the breakdown of the
initiating and the main gap 15 equal to 1#i.5 100 sec. The initiating
discharge in these /357 and later 20/ investigations was created with a
discharge of the capacitor in the spark gap.

Godlove /36/ investigated the triggering of a spark relay with the
insertion of P, “in a bresk in the cable over which a trigger pulse (sss
Figure 5.5b) with an amplituds of about 7 kv and a duration of the leading

edge tf=10"8 sec comes in. Owing to the steep leading edge of the irigger
vltage pulse the gao of Ps was broken down in the case of overvoltage.
In this process the ‘“.eepnesas of the leading edge of the light pulse was
greater than in a ne’ sork with a capacitor discharga, and the stability of
the time t5 between the breakdowns of ine dischargers Py and P was
higher. In Figure 5.7 13 shown the relationship of the time tg to the
v- lue of the vcltage U in the gap of the main discnharger Py with spher-
i:al brass and stainless-steel electrodes and intsrelectrode distance S=
=3.18 mm and different distances [ between Py and Pp. It follows from
Figure 5.7 that the material of the eleuctrodes has little effect on the value
of tg. P —

s, 2., ncen |
nsec
i
290 212,54
Zlffl
A v
00 =k
P b T
AR
50} P .
(-] 3
0
2 :
"o 5 2,0 Usd

Figure 5.7. Relationship of the time
betveen the operatlon of the dischargers

Py and P, (see PMigure 5.6b) to the
voltage U on P; and to the distance !
between the dischargerss

® and X ~ stainless-steel electrodes;

® — brass eloctrodes.
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With the constant values of S ard with an incrsasze of U the time
tg approaches a certain limit which may be evaluated by the following for-
mula:

[4 =._s_= ' 5 -5__‘?_ (5.39)
&netsm; vagvavalanche-] cu % 1.37-10 7E

where Vj 18 the velocity of the motion of avalanche in the gaps E — field
strength at which the breakdown of the gap takes place. Depending on the S
and | the time tgy in Godlove's experiments /36/ amounted to 10-60 nano-

seconds with a variation of m in a rangs of 0-5 percent leading to a varia-
of tgn(1l to 2) tgp Wwith spreads of about 10 percent of tgp.

It is shown in the works /36/ and /35/ that cleaning of the electrodes
of the main discharger hardly afiects the ue-of tg; the angle between the
axes of Py and P, must not exceed 20°. It is not recommended to place
barriars between Py and P, even when the barriers are made of the most
transparent materials (LiF, etc.).

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

10~ sec); the stability of the operating woltage is equal to 6 percent.

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

A three-electrode relay in the pulse circuits operates in the follow-
ing manner (Figure 5.8a). The point A is connected to a source of direct
voltage U; and the point B is grounded through a load. The length of the
gap Py is selected to be such that no treakdown would occur with the volt-
age Uy, and P, =- such that it would not break down under the action of
the voltage U, of the trigger nulse. Upon the arrival at the point V of
the trigger pulse Up with a polarity opposite of that of the Uj; the gap
Py breaks dom and the voltage Uy is applied to P,. The P, breaks down
with an overvoltage the greatest magnitude of which may be created in the gaps
Py and P» respectively and amounts to

p=Lkls g O (5.10)

Investigations of the operation of a three-slectrode discharger 1_’5_57
showed the following. To decrease the initiation time of the discharger
and increase the stavility of this time the amplitude and the steepuess of
the leading edge of the trigger pulse should be increased. Spreads of the

order of 10'8 gec are obtained with a steepness of L0-50 kilovolts/micresec
and an amplitude of the trigger pulse equal to 50-70 percent of VUj. The
operation of the discharger is considsrably accelerated and stabilized if
the gaps P; and P, are irradiated with ultraviolet rays.
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Figure 5.8. Circuit diagrams of a three--
electrode spark discharger: the usual
circuit diagram (a); with an additional
discharger P3; relationship of the oper-
ation time of the discharger to the length
of the gap in Pq (c).

In Figure 5.8b is shown a circuit disgram of a three~slectroce dis-
charger with an additional spark gap of the P3 series~connected with the
cable Iq over which the trigger pulse arrives /T087. To irradiate two
gaps simultaneously the center electrode is divided into two and the gaps
Pp and P, are arranged as shown in Figure 5.8b. ‘The length of the spark

gap P3 can always be set so that the delay of the breakdown of this gap
would be small. If Ry + R2>>Z (2 is wave impedance of the cable 17), then

the stoepensss of the leading edge of the trigger pulse is doubled owing to
the doubling of the voltage at the end of the cable. For a normal operation
of the discharger it is necessary to have RyPR3DZ.

We will determine the relationship between the voltages Uy and Uo
assuning that statistical delay time in Py and P, is aqual to zero and

that the trigger pulse has a perpendicular leading edge. Under these con-
ditions the triggering time of the discharger will depend only on the time
for forming the disch rge of the gaps Py and Poe Then, the following may

be written on the basis of the formula (1.21):
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but it follows from the axpression (5.40) that
i {5.k2)

b=

If in the equality (S.11) P, is substitubed with the quantity f ,, then
from the condition that 4ts s0 Wwe will determine the optimum value of the

37,

overvoltage P02 with which the operation time of the discharger will be
minimals
Pl —1y'=1. (5.43)

It follows from the equations (5.43) and (5.42) that f20=1.82 and "10’

1.55. Consequently, the optimum relationship betmeen the operating woltage
of the discharger U; and the amplitude of the trigger pulse is

Uz=0,550|. (Sohh)

In Figure 5.8¢ is shown the relationship of the operation time of a
three-electrode discharger to the length S of the spark gap P3 with a

voltage of 1 and 12 kv with the distances between the electrodes in the

gaps P} and Pp remaining invariable. The duration of the leading edge

of the trigger pulse is equal to 15 nanosec. The relationship between Uy
and U, approaches optimm relationship. w!ta S=0 the discharger opsrates
without irrediation. Vertical lines correspond to the spread of the values
being observed. The bestresults were obtained with a U;=lh kv and S=0.1 mm.
In this case, the operation time ta=(h2_~t_-1) nanosec. A dscrease of the volt-
age to 12 kv (i.e. by 1 percent) leads to an increase of the time tg to

(62:7) nanosec.

Works have recently appeared devoted to the investigation of vacuum
dischargers and low-pressure dischargers, which make it possible to commutate
the currents of up to hundreds of kiloamperes, have a long service life and
a short triggering time.

Ae A. Brish, Ab, Dmitriyev et al“: 1027 have developed small-sized
vacuun dischargers of the type VIR. In*these dischargers the breakdown of
the main gap is initiated by an awxiliary breakdown on the surface of mica
which separates the electrodes of the firing gap. The use of this insulation
layer makes it possible to reduce the breakdown voltage of the firing gap,
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Figure 5.9. Coaxial make-up of a vacuum discharger (a):
A —~ anode, K =~ cathode, P — mica layer, Y == con- .
trollable electrode; make~up of a low-pressure discharger
Eb% and circuit diagram of a high-power vacuum discharger
c)e

and the—sby also o0 reduce the amplitude of the trigger pulse. The discharg-
ers of the type VIR have a large range of operating voltages. For example,
VIR-7 operates reliably with a variation of the operating voltage from 10 kv
to 100 volts. The triggering time of a discharger and its stability depend
on the make~up of the discharger and the steepness of the leading of the
trigger pulse. Coaxial make-up (Figure 5.9a) proved to be the best. With
an amplitude of the trigger pulse of 2.2 kv and a steepness of the lsading

edge of 225 kv/microsec the triggering time issbout 3 10"8 sec mith a
spread of less than 1 ¢ 107 sec. A drawback of this discharger is the rel-
atively small number of cut-ins and a large spread of the breakdown voltage
of the firing gap. This sometimes limits their application.

The low-pressure dischargers developsd by S. I. lobov, V. A, Tsukerman
and L. S. Eyg /75/ do not have these drawbacks. The dischargers operate in a
neon or argon atmosphere at a pressure p=0.l to 0.7 mm of mercury column.
The product of pS corresponds to the left branch of Paschen curve (see Par.
1.1). In this case the breakdown voltage decreases with an increase of the

interelectrede gap.
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A schematic arrangement of the electrodes in the discharger is shown
in Figure 5.9b. The prescure and interelectrode distances in the discharger
are set to ba such that tnhe main discharge gap A-K have a breakdown voltage
which is on the left tranch of Paschen curve and the wltage of the firing
gap A=P be about the minimum. Until the arrival of the trigger pulse a
fgurd"discharge with a current of 10 microamperes burns betwesn the trigger
electrode P and trhe cathode K. After the arrival of a negative trigger
pulse on the electrode > the gap P-K btreaks down; in doing sco, the elec-
trodes rush to the amode through the opening 0 in the cathode and bring
about the main discharge betwesn the anodz A and the cathode K. These
dischargers opsarate in a range of operating woltages of 2-10 kv with an
amplitude of the trigger pulse of 2 kv and a steepness of the leading edge
of 5 kv/microsec. The delay time of the triggering amounts to 20-li0 nanosec,
the operatin current is 3-5 kiloamperes.

In Figure 5.9¢ is shown a diagrem of the arrangement of the electrodes
and a device for wriggering the discharger with a current of wp to 200 kilo~
amperes, developed by Mather and Williams /T10/. The discharger consists
of 4{wo identical sections 1 and 2 fastensd insidea chamber out of which gas
is continuousiy pumped out by a rough-exhaust pump. The pressure in the
chamber is kept at a lewel of 0.05 mm of mercury column. After the operation
of the thyratrons, trigger pulses with an amplitude of 20 kv and a duration
of the leading edge of 10~8sec arvive on the firing electrodes of both sec-
tions, The cabls sver which the trigger pulses arrive is rnot commected di-
rectly to the firing electrode. Owing to this, 2 doubling of the voltage
of the trigger pulse takes place. The discharger opsrates in a range
voltages of 100 volts to 20 kv with a triggering delay time of (542
sec. Vacuum dischargers and low-pressure dischargers for currents of 000
to 2,000 kiloamperes /25/and a voltageofip®o 100 kilovolts /T11/ are also known.

Par. 5.6. Series Dischargers

Several series-comnected spark gaps are called a series disch:rger.
Usually the voltage is distributed among the spark gaps by means of resist-
ences. Sometimes each spark gap is shunted by a capacitance. A series dis-
charger has small dimensisns of the electrodes and can be made in smaller
sizes than a single discharger for a full voltage.

G. A, Voroblyov J proposed a circuit arrangement for obtaining
pulses with a steep le:ding edge, where a series discharger is used {Figwe
5.10a). The potentials of the upper electrodes of the dischargers ralative
to the ground amount respectively to Uy, Uy and U,. The first one ‘o break

down is usually the gap Py in which the "heating' capacitance Cy discharges
creating a conducting channel in the gap. Owing to the capacitance Cp the
potential at the point of its connection is kept praﬂti%ullyuconstant There~
fore, the gap P» breaks down with an overvoltage Fz,.__.__. where Uy, is
the breakdown voltage of Pp. The discharge of C, creates a conducting path
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Figure 5.10. Circuit diagrams of a series
multiple spark dischirger (a) and of a pulse
clipper (bsyj

in P, and maintains it in P,. In this manrer all of the' n gaps succes-
5ively treak down with an overvoltage.

The number of spark gaps in a #series discharger may be determined by
setting a certain quantity

b}
kj—l

U

where J=1, 2, 3, «.on; Uy is the potential of the upper elsctrode of the
j=th gap. Under normal conditions the gap PJ must have a safety factor
equal te

Ajjnrgujpp] _Ym (5.45)

a;= .
=gyl

where Ujplr is the breakdown voltage of the J=th gap. The connection be-
tween dy and the overvoltage Fj has the following form

=y = U= —:L . ?5 -46)
or '
. - Ry — Ry . (5.,46' )
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It foilows from this expression tiat

=Rkl =)= k(=)0 ). = k(1 = 1)1 —1,)...X (5.47)
X =1 =emby (= 1) (1 = 19) ... (1 ~ 7).

Three methods of voltage distribution over the dischargers are of in-
terest.

1. Supposs 'y:’cY:comt. this case, whan tha factors e are equal
all of the gaps break down with the same overvoltage F Since kp=1, then
it follows from the expression (5.47) that k= (1 — Pt

or A h*q. (s.w)
"= ma—n T' )

2. With a unifomm voltage distribution over the dischargers

Yj’% and tplq (5.49)

1 3. Suppose the voltage is now distributed over the dischargers in
such a manner that ky-kyalg-ky=eeeky=do, ) but ky-ky#k. In this case it
iy sasy to show that

(5.50)

_1—&
= +1.

Te explain the operation of a device with a series discharger it was
assumed that in the prcoess of the breakdown of the gaps the potentials of the
sleotrodes of the gaps which did not break down remain unchanged, and that
calculated overvoltages are attained in the gaps. Actually these conditions
are not always observed.

] In the time 'VJ between the breakdowns of the gaps PJ - PJ_’1 the

. capacitance C j may discharge owing to the shunting of a portion of the ac-
1 tive divider by the broken-down gaps. To eliminate the discharge of CJ it is
necessary that

v

RyCy DTy
During the operation of the dischargers the potential distribution is affected
bty the self=-capacitance of the dischargers C.,,;, onto which the C 5 discharges
after the treakdown of the Pj-l' Therefore, R is neceasary that

cj>>cP 50

The value of the owervoltage at which the breakdown of the gaps takes
place is also affected by the relaticnship between the commutation time tk( 3=1)
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of the discharger Pj-l and by the delay 1’3 of the ihreakdomn of the gap
Py rolative to the hreakdown of Py,. If tk{J-l) >-.rJ, then the potential
difference in the gap will nct have tims to attain the maximum value of Uy

s8ince a breakdown of the gap PJ will tske place. In doing so, the over-
voltage in the gap Pj will be smaller than the calculatad voltage. This

increases the commutaticn time of a series discharger. An analysis of the
time between the breakdown of adjacent gaps in the air in relation to the
valnes of Cys Ry and 24 inserted in the discharge circuit of the "neating"
capacitince was carried out in the work /I7/ with different arrangemerts of
the gaps. 1wo different distributions of the voltage over the gaps were usad.
In the first case with the number of the dischargers nwli, R;=28.6 megolms,
312:33:1:{‘-0.68 megohm; in the second case -- with n=3, R1=R2-R3810.2 megohms,
The dischargsers were arranged in sucha mannsr that a mutual irradiation of
the gas would occur.

In Figure 5.11 are shown ths curves of the relationship of the time T
batween the breakdown of the second and third and also of the first and second
gap tc the length of the gap in P, far the first and second distribution with
different values of the heating capacitances and of the loads Z. Vertical
lines indicate the spread of the values obsarved, The value of cjﬂconstac.

The increase in the spreads of the value of 7T with an increase in S
is connected with a decrease of the cvervoltage in the gap, and the increase
of thuse spreads with a decrease of C 3 is explained by an attenuation of
the intensity of irradiation. Using the curves 1 and 3 in Figure 5.1lc it
is possible to determine the total time t4 of the discharger operaticn from
three gaps:s t5=%; + ¥;. Thus, with a safety factor ®=l0 percent and Sp=

=83=1',h m, t4720 nanoseconds. The veluwe of i, decreases and becomes more
stable with a decrease of &, and it is also rot sensitive to the value of C
up to & certain minimum value of Cy,®30 picofarads. With CJ <ij the tg

greatly increases and also the spread of its wvalue. With c;j>cjm the 3; 1is

steplessly regulated by varying the distances of the gaps but up to a certain
limit determined by the necessity of creating a certain overvoltage in the gap.

With certain additions the diagram in Figure 5.10a may also find another
application. If a series discharger is installed as the first discharger of a
pulsed-voltage generator using Arkad'yev——Marks circuit, then the synchroniza-
tion of a GIN sed-voltage generato_z] and electronic¢ oscillograph may be
mads easier and stabilized.

If different circuits are comnected to the gaps of a series discharger,
then these circuits will cperate at the instants which differ little from each
other. This can also be achieved if tha circuits are left uncoupled to each
other and their dischargers are irradiated with sparks obtained in the gaps of
the series discharger.
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Figure 5.11. Relationship of the time T between
the breakdown of the dischargers to the length of
the gep S in the first (a, b) and secondng)
distribution of the voltage:

(a) T,(S4) with S,23 mn, C,<500 picofarads;l — 2.2
3%3 2 J J
20 2 = 74120 olms; 3 — Zy=10Kohns; b — Z4=09
(b) T3(83) with 85=3 mj 245120 olms; 1 — Cy=
22,500 picofarads; 2 — CJ=500 picofarads; 3 ~ Cja

233 picofarads; (c) 1 = T.(S3) with €431,000 pico-
farads, zjz'zs ohms; L — ?333 with Z4=00.

If load impedances are placed in the circuit of the heating capacitances,
then pulses repeating at a certain rate will be separated on these impedances.
In order that these pulses be shert, it is necessary to connect special cir-
cuits to the load impedance to clip a pulse to the necessary duration. The
time betweer. the pulses willbe contralled bythe length of the spark gaps. These
pulses may find application in high-speed photography for taking frame-by-frams

photographs with the aid of electronic-optical converters and electrooptical
shutters.

Light flashes with a small controllable interval of their recurrence
can be obtained with the aid of a series discharger. Flashes appear as a re-
sult of a breakdown of the spark gaps. A series discharger can serve as
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a circuit for delaying high-voltage pulses with a stesp leading edgs. The
pulse which has to be delayed for & time t, 1s sent to trigger the dis-

charger P,. After the breaiciown of the discharger P, a new pulse will
appear on Zy,,4 With a certain delay t, relative to the imput pulse. The
time 1s steplessly regulated by varying the length of the svark gaps PJ.

In the work /T13/ are given data on the use of a series discharger for
obtaining clipped waves with an amplituds of 500 kilovolts and higher. The
discharger (see Figure 5.10b) was comnected to a pulse generator using Arkad'-
yeveiaris circuit. The distribution of the voltage over the gaps of the
discharger was accomplished by means of an active divider with a total im-
pedance of 39 kilolms. Each spark gap representsd a trigatron. The discharge
took place in each gap between the lower hemisphers and & segment of the
1pper elsctrods. In doing so, a potential difference would appear between
the hemisphere and the firing electrode in the following gap with this poten-
tial differencs bringing about the initiating discharge. Natursal capacitances
-etween the electrodes anc between the electrodes and the ground are used as
the heating capacitances. The pulse duration is set by the delay line IZ.
Srporimposition of sewveral oscillograms with a clipping time of a few tenths
of 1 microsecond showed a practically complete coincidence. Tho spread of

th~ operaticn time of a series discharger 1is less than lO"'7 gec.

Dare. 5.7 Generators

In obtaining high-voltage pulses of nanosecond duration the inain prob-
lem is to decrsase the duration of the leading adge of the pulse. In the gen-
eratora using the dischargers this is achieved by decreasing the spuriocus
parameters of the discharge circuit and the commutation time. The commuta-
tien time t) 1is decreaged for many generators upon placing the discharger
into a chamber with a high pressure and upon creating an overvoltage during
the breakdown of the discharger.

A pealdng spark discharger the theory of which was given in Par, 3.2
is often usced in generators with a gap overvoltage.

In 1917 Herz i{]-_l)._g used for the first time a series comnection of a
long_line with an oil-filled spark discharger to obtain short waves. Buravoy
[ 3 / created a generator with a peaking discharger in oil to obtain high-

voltage pulses with a duration of the leading edge of about 1077 sec and an
amplitude of the order of 100 kv. This generator was used to investigate the
delay of a pulsed breakdown of gases.

In Figure 5.12a is shown & diagram of one of the generators developed
ny Fletcher /277, in which & spark discharger under a pressure of about 100
atmospheres in nitrogen is used for peaking a pulse. The primary pulse ie
shaped by coaxial cable I, which is charged through the resistance Ry from
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Figure 5.12. Diagram of a pulee generator with

a peaking discharger in nitrogen under high pres-
sure —— a: 1 — mercury lamp; 2 -~ three-elec-
trode discharger; 3 = peaker;

and diagram of a generator with a thyratron cam-
tor = b3 1 — primary-pulses genserator using

thyratrons; 2 — coaxial devics fur pulse conver=-

sion; 3 = peaker; i — differentiating secti~n.

a source having a voltage of 20 kv. A three-electrode discharger is used
in the primary-pulses generator. Aiter the arrival of a negative trigger
pulse of =5 kv at the center electrode the discharger operates and a pulse
with a tg, [f=leading edge/ of ahout 20 namoseconds is received in the

cable Ip. After the peaking the duration of the leading sdge decreases to
tfz Oe¢3 nanosesc. An important drawback of this generator is the larga valus

of tfl' Owing to this, Iinstability in tfz is observed and, in addition

to this, it proved to be necessary to maintain a high pressurs in the peaker
to decrease the tp,.

In the generator developed by Beard /78/ the value of tr, was de-

creassd owing to the use of two series-comnected hydrogen thyratrons with a
steep commutation characteristic (see Figura 5.12b) as a commutator in the
primary-pulses generator. The lower thyratron T, is triggered from the
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trigzer pulse and the thyratron T; proves to be energized by a double

ovarvoltage and quickly operates. Voltage pulses with an amplitude of

25 kv and a duration of the leading edgs of 1.7 naroseconds are obtained

at the output of the thyratron gensrator. Structurally the generator using
thyratrons is made in the form of a coaxial line., This ensures & good
matching with the shaping cabie and connecting cables and makes it possible
to reduce the spurious parameters of the generator. The peaking discharger
is in the air at atmospheric presswre, After the peaking of the leading
edgs ths pulse is shortened by a short-circuited ssction. The duration ol
the pulse at the oubtput is controlled by the length of this section. Aftar
the peaker the duration of the leading edge of the pulses decreases to 0.6
manosecond and the pulse duration is equal to 2.5 nanoseconds.

Figure 5,13, Diagram of a generator of
pulses of controllable duration using a
series spark discharger as the commutator.

Key: (1) Iy (2) L, (3) Triggering of
EO Zslectronic oscillograp§7 %) PK =167
[Eype of cablg7.

In Figure 5.13 is shown diagram of a generator ;57 in which a series
discharger with thres spark gaps described in Par. 5.6 i3 used as the commu-
tator. The cable 1; of three meters in length is charged frem a direct-

voltage (30 kv) source. After the operation of the discharge=s P a voltage
pulse with an amplitude of 15 kv and a duration of 4O nanoseconds appears in
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the cable L. The operation of the comautating device starts with the

breakdown of the first gap. After this, the second and third gaps break
down with an ovarvoltage.

The duration of the leading edge of a primary pulse try decreases
with an increase of the overvoltage in P3 but with a relative overvoltage
P22 tr; it hardly decreases and with Cy=C,=30 picofarads amounts to about

5 manoseconds. A correctimg capacitance €y =50 picofarads is used to de-
creagse the tg, %o 2.5 nanoseconds. A peaking discharger P, was used in

the air umder normal conditions for a further decrease of the duration of
the leading edge of the pulse. The optimum length of the peaking gap is
about 3 mm. After the peaker the duraticn of the leading edge of the pulse
did nct extceed 1 manosecond. A Mclipping" discharger Py built-in into the
chamber of the discharger P (see Par. 3.2) serves to decrease the duratiop
of the pulse. The discharger Py is irradiated with ultraviolet rays from
a spark in a special gap PFye The instant of the breakdown of the gap Py

is synchronized with the triggering of the commutator in the following manner.
The voltage is distributed among the Py, Pp and the pushbutton "Triggering"

in proportion to the values of the resistances ry, r, and r3. Upon depressing
the pushbutton "Triggering" an overvoltage is created in the gap Py and it
breaks down. The discharge of the capacitance Cp thrcugh the P, creates
& gpark necessary to eliminate statistical delay in the gap Pg. After the
breakdown of Py the gap F, proves to be energized with an overvoltage and
bresks dorn bringing about tge operation of the commutator. The pulse dura-

tion 48 comtrolled by the length of the clipping gap in a range of not more
than 00 nanoseconds.

A generator of pulses having an amplitude of 50 kv with the use of a
peaking discharger was developed by Tucker /IS7. The commutating discharger
of the primary-pulses gonerator is under a pressure of 60 atmospheres in ni-
trogen atmosphere. The commutator operates upon & sudden decrease of the
pressure in the discharger chamber. Pulse generators in which overvoltage
in the spark gap is used to decrease the duration of the leading edge are
described in the works /I, 11, 22, 23, 116/.

The Jduration of the leading edge of a pulse obtained in a generator
with a peaking discharger has a certain statistical spread uwing to the fact
that the delay in the breakdown of the peaker bears a statistical character.
Generators with commutating dischargers under high pressure are ugsed to cor-
rect this drawback. Such a generator was developed by Fletcher [5]] A
three=electrode discharger under nitrogen pressure of L42 atmospheres was used
as the commutator. The shaping element 1s a coaxial cable. When using a cor-
recting capacitance the duration of the lsading edge of the pulse at the out-
put of the generator is equal to O.u nanosecond with an amplitude of 20 kv.
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Figure 5.1i. Basic diagram of a relaxation
generator of short pulses: EQ - electronic
oscillograph; PYa -- the plates of the event;
capacitance C 1is inserted when obtaining

pulses with a ti;>10'8 sec (a). Photograph
of the discharging device of the generator (b).

Key: (1) The triggering of EO; (2) To the PYa;
(3) To the load

In another generator with a commutating discharger at a high pressure
a caracitor 1s used as the shaping element. Therefore, the ratio of the
pulse amplitude to the charging voltage is about 1. The value of the shaping
capacitance 2 C3 is 1,000 picofarads (two parallel-~connected capacitors of
the type KOB=2) (Figure 5.1La). Tc decrease the inductance L of the dis-
charge circuit the capacitors were placed inside a discharge chamber in which
a pressure of 9.5 atmospheres was maintained. During the breakdown of the
discharger the shaping capacitance discharged into the cable L. The load
in th. cable had an input capacitance of 10 picofarads. Therefore, it was
nocessary to calculate the cptimum value of the wive impedance Z of the




load cable L. Since the duration of the leading edge without taking account
of the commutation is determined from the expression:

an ol
tf1—2.2~z 3

the duration of the leading edge on the capacitive load ¢, may be found
from the following formula analagous to the formula (2.3)

ty= 1/ (224 + a1z, (5.51)

where 1.1 ZC, is the duration of the leading edge of the pulse on C, dur-
ing the action of a rectangular pulse. From the condition -azf-no ve will

£ind the ontimum value of the magnitude of the impedance 2 at which the
leading edge of the pulse will be the smallest,

Z,= l/;_g'_ (5.52)

On the basis of these calculations a wave impedance of the line L equal to
37.5 oms (two parallel-connected cables PK-3) was taken. The pulse duration
was controlled by the length of the short-circuited section Ij. The pulse

repetition rate was changed steplessly from 1 to 50 cp3 by changing the values
of the charging resistance W%, and of the voltage of the charging device with
a constant length of the discharger gap. With a constant pressure in the
chawber the pulse amplitude was steplessly regulated from L to 18 kv. The
pulse duration at the output was equal to 3 nanoseconds with a duration of the
leading edgs of less than 1 nanosecond. In Figure 5.1llib is shown a photograph
of the discharge device of the generator.

A generator with a shaping cable was developed to obtain pulses with
and amplitude of 150 kv and a current of 5 kiloamp. The power for the gen-
erator is supplied by pulses with an amplitude of 300 kv from drkad'yev-Marks
generator. The shaping and the load lines were made of coaxial copper pipes,
and transformer oil was used as the insulation. The discharger was in a her-
- metically sealed chamber under a gas pressure of 10 atmospheres. The adjust-
, ment of the length of the gap was accomplished by turning the inner conductor
4 of the shaping line on the side of the charging voltage. Pulses with a dura-

tion of the leading edge of not more than 1 nanosecond and a flat top of 2 »
. 108 seconds possibly appeared at the output of the generator.

TP W VTC R

Generators of high-voltage nanosecond pulses using high-pressure dis-
chargers are described in the works ﬁ, Ly 14, 22, 11_8_7 $
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Par. 5.8. Obtaining High-Yoltage Pulses in Voltage Multiplying Circuits

Figurs 5.15. Simplified circuit diagram {a)

and longitudinal sectici (b) of a GIN /volt-

age pulse generator/ with dischargers in com-
pressed gass

1 —- capacitor; 2 —— bushing; 3 -- bakelite
pipe.

Voltage pulse generators GIN using Arkad'yev-Marks multiplying circuit
are used in high-voltage laboratories to obtain pulses with an amplitude of
hundreds and thousands of kilovolts and a duration of the lsading edge on the

order of 10~7 to 1076 sec. Such pulses are necessary for high-voltage tests
of power equipment and for carrying out cervain experiments in physiecs fél
22, 267 The shortest possible duration of the leading edge of the pulses is
li.mted by the capacitance C of the load and of the wiring of GIN and by
the inductance of the discharge circuit L, which increase with an increase
of the dimensions of GIN, i.e. with an increase of the operating voltage.

In Figure 5.15a is shown a simplified circuit diagram of a pulse gen-
erator built by Schering and Raske b,] for 500 kv. The generator uses a
multiplying circuit; to reduce the commutation time the dischargers are
placed in it in a chamber with carbon dioxide under a pressure of 13 atmoe-
pheres. There are five stages in the generator; two capacitors for 50 kv
are series-commected in each stage. The capacitance of the GIN "in a stroke"

..]_lh_.




amounts to 0.0033 microfarad. The low-inductance plate capacitors consist
of a larger number of parallel-commected plates of aluminum foil with paper
insulation. The length of the capacitor is 108 c¢m, the width is 75 em. To
decrease the inductance of the discharge circuit the capacitors are "gziyzag"-
comected forming a bifilar conductor during the discharge. In Figure 5.15b
is shown a longitudinal section of the generator. The length of the leading

edge of the pulse with an amplitude of 375 kv is equal to 1.1 * 10-8 sec.

The dimensions of the generator ares height —- 180 cm, the base — 140 x 90 cm.

Coaxial cablies may be used as tho shaping devices in order to decreasse
the inductance of the discharge circuit of the GIN. Rectangular pulses with

an amplitude of 80 k¢, prlse duration of 0.8 microsec and duration of the lead-

ing edge of 108 sec were obtained in such a generator with six coaxial cables.
A voltage pulse generatcr with shaping cables is described in the work /22 7.

Figure 5,16. Simplified circuit diagram of a
GIN with a compensating capacitance %:), a com-
plete substitut.lon network of the discharge cir-
cuit of the GIN (b) and arrangement of the com-
pensating capacitor (c):

1 -~ capacitor plates; 2 -- shield; 3 — trans-
former oil; i —— the load Ry.

It follows from the foregoing that in order to decrease the leading
edge of the pulse the commutation time ti of all dischargers and the in-
ductance I of the entire discharge circuit are decreased. If compansation
of the inductance of the discharge circuit of the GIN by means of inserting
a noninductive capacitance as shown in Figure 5.16a is used, then there is no
need to decrease the t, and L in the entire discharge circuit of the gen-
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erator., It is sufficiert to do this only for the circuit C, Pp, By. A sim-
liar decrease of the value of ts; in a single-stage GIN is described in the
Par. 3.1.

The capacitor Co=Cy is selacted with a low self-inductance and the
circuit Cp, P which is energized by pulsed vo.;t.age alone has small di-
mensions and om uctance. In selecting the value of Cp determining the
quality of the flat portion of the pulse the characteristics of the opera-
tion of the circuit shown in Figure 5.16a are taken into account.

In doing so, the substitution network of the discharge circuit (see
Figure 5. 16b) of the GIN will consist of two circuits and two commutators
Ky and Kjt % is the penultimate discharger and Ky —- the last discharger
of the GIN. The comnutator K, operates following a certain time ty after
the operation of Kj. Upon ths closing of the commutator K oscillations
are excited in the first circuit, which after the operation of K» may be
transmitted to the load. If it is necessary to eliminate these oscillations,
then the resistance Ry, is inserted in the first circuit. We will analyze
the operatlon of the circuit when Cy >62 assuming the capacitor C; as a
soiirce of direct woltage nU,. If Rdy <2 11, then upon the closing of Kj

C2

fhe voltage across the C, and the current in the first ci.rcuit will vary

in aceordance with the following laws hot)=1— e H(coswt + 2 sines).
(5.53)
L= l_l-_ e .sinnt,
where '
1 e g R (5.53")

The shape of the pulse will be different, according to the values of R4y and
ty. To analysze the process at tha top of the pulse we will consider that
Lp=0; C=Q; Rq,&Rp; tiq=0.
Ly
Depending on the operateor g P the voltage across the R, will
assume the following form after the closing of K,

_ R ()B@PH (A (1) b+ Al-g+1
e e : (545L)

where
R‘" C‘.‘ . _R_a...&l& M = ’E"—'t"'R—,.' 9 !
B :_L.I_‘ b Ll d R- (S.Sh )
A=i(t)R,

If R4, is comparable in value with R,, then R, + Ry, instead of Ry, should be
written in the expressions for B, b, d, A. Since the parameter A may he ex-
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pressed in terms of B, b, d, then h(q) depends only on thess parameters.

The original of the representation {£.54) has the following form

h(:):%[l— "‘—";“;‘f-'-e“"sin(w.r—?)]- (5.55)
where emPay g 148, 0_‘/_1_ A+
L T =Y BT ¢ (5.55")

tgo= 2B A (t)d — 1] »
- =2 {h (1) b+ Aj+ (1 4 b [dhc () — 1] °

Three cases are of interest.

1. 1. Ry, =0, ¢:==, (5.56)
(]
In addition to this, it follows from the equation (5.5L) that the pulase ampli-
tude will amount to a valus of hy=2 (Figure 5.17a) when T=0, i.e. a doubling
of the voltage takes place at the output of the GIN when the conditions (5.55)
are observed. Moreover, it turns out that it is possible to obtain even a
fourfold increas: of the voltage. Indeed, suppose Rq,=03 CDCos Lp<KIa; Rp=

200, and t}0 (i.e., the damping action of the spark resistance does not show).

Then, considering the voltage at the input of the second circuit (across the
capacitor Co) as a consvant voltage and equal to 2, we will obtain

h(=2(1~ ¢ '
( cos )/L;a- )‘ (5'56 )
Consequently, at the instant of time t= :R:\/ch we have h=lj.
2. 0. R,,_zlf 2L, f=. (5.57)

When the first condition is observed the woltage across C, increases nearly
monotonically to h=l (the horn at the top is less than L percent). No effort
should be made to achieve a complete morotonicalness of h(t) since this leads
to an increase of Ry, and a decrease of the puise amplitude at the output. In

this case the woltage h(t) depends only on the parameter B since
5% 2 2 1
D= I2B "='+]/?‘, =22 b =1

L AL (5.57")
The characteristic h(t) is shown in Figure 5.17b.
The paramster B may be limited below by a permissible quantity %

which is a steady-state valus of the pulse voltage h(oco). In doing so,

p = 2lE)_ (5.58)

T~ k(=)
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Figure 5.17. The shape of the voltage on the
olements of GIN under different conditionssi

a == Ry, =0; t,= g‘: 1 — voltage acress R, in
aperiodic process; 2 — voltage across K, in

oscillatory process; 2 — voltage across C
without the closing of Ky; b — Rdf\ f2 _ﬁ;

C2
'B'z=oo.

To obtain a pulse approaching in shape a rectangular pulse the value
of h(o0) must approach unity. For example, when h(00)»0.,9, the parameter
B 2162. 1In order to have a complete notion ef the characteristic h(t) it is

also necessary to know the value of A,. For this purpose we will determine
0 rp

the smallest value of 4/ from the equation dh((:g =0 and suvbstitute this

value inte the eguwation (5.55). With the iaurgse values of B which are obtained
from the equalities (5.57), by will be determirad from the following simple

relationship 3=
h.:h(m)(l == ! ). (5.59)

vB
where e 313 the base of a natural logsrithm. With the values of B indi-
cated the second {erm of this expression is much smaller than 1. Therefore,
it may be neglectsd and then hm’xh(oo), i.e. the wltage at the top of the

pulse decreases nearly monotonically from 1 to h{ca).
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3, 3 t,=m, RO. « Rln=2l/q‘:" (5060)

Processes taking place in the cireuit in this case ars similar to those in

a single-stage JIN with compensation, which was examined in Par. 1.3. If C,
is selected from the equation (3.8), then the shaps of the pulse will approach
rectangular shape and the amplitude will be equal te nUy. In practice this
case may be realized if the breakdown of the last discharger (the commutator
Kp) is delayed for a time equal to 1 when the oscillations in the cirsuit will
be damped. The aggregate resistance of the first circuit and the dischargers
contained in it may serve as the Rq;. 1In all of the three cases the duration

andstl)xe steepness of the leading odge are determined by formmlas (2.L6) and
(2. 6 .

Using the compenration method a GIN was built for obtaining pulses
with an.emplitude of 150 kv. The generator consisted of five stages with
two-way charging with = voltage of 15 kv. Each stage consisted of twec series-
comected capacitors KBGP with a voltage of 15 kv. The parameters of the GIN
wers as followss Rp=1,500 ohms; I3=2.7 - 10-6 henries; L;=0.39 o 100 henriss -
Co=250 picofarads; Cp=h picofarads; €1=1,500 picofarads; R4y=100 ohms. A co-
axial cylindrical capacitor filled with transformer oil (see Figure 5.16c) was
used as the capacitor C,. Copper pipes served as the capacitor plates: an
outer pipe = grounded, an imner pipe -~ insulated. A glass tubs with an
aqueous solution of NaCL which was the load resistance R, was built-in co-
axially with the imner pipe. A discharger P, was built-in between ths un-
grounded end of the R, and the inner piate of the capacitor. Such a dasign
of the capacitor C, substantially decreased the value of I,. The duration
of the leading edge of the pulse obtained in this generator was S5 nanosec.
Without the use of the compensating capacitor te was equal to 55 nanosec.
Thus, the use of capcscitive compensation of the industance of the discharge
circuit made it possible to decrease the duration of the leading .dge by one
order. In addition to this, it is important that tp depends only on the proc-
esses in the circuit R,y Cp, P3 and, therefore, in order to obtain a pulse

with a steep leading edge anmy laboratory GIN may be used regardless of the
value of inductance In the discharge circuit.

Arkadtyev-lerks multiplying circuit has many spark dischargers. This
has a bad affect on the stability of the parameters of the pulse and compli-
cates the fabrication of the circuit and its handling. The voltage multiply-~
ing circuit with cable lines suggested by lewis /121/ has advantages in this
respect. Several identical coaxial cables (in t%e general case n cables)
are parallel-comected at the input and series~connected at the output (Fig-
ure 5.18a). If a pulse with an amplitude E is sent to the input of the cables,
then an increase of the voltage by n times may be obtained across the re-
sistance Ry=nZ with the impedance of the points on the sheathing of the load
leads relative to the ground being Zg=co. Actually the impedance Zgov.

Therefure, it affects the value and shape of the voltage at the output of the
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device, as this follows from the substitution nstwork in Figure 5.18b.

The matching of the device way also ba achieved with the condition 4= 'xz;’

R,= oc. The length of tbs cabls should exceed the length of the pulse.
The impedance Zg depends on the arrangement of the cabls sheathing. To
increase the Zg the cable has to be twisted into a coil or wound on an
jnsulating rod and inserted in a shielded housing. In the latter case tie
Zg will be aqual to the input impedance of a spiral coaxial line with the
cable sheathing as the inner conductor.

With the aid of a network with n cables it is possible to obtain
a multiplication of the wvoltage by 2n %times if the corditien 230, R, 3nZ
is satisfied., However, in this case the primary pulse will be accompaniad
by additional pulses brought about by multiple reflection of the pulse from
the beginning and end of the cable. To eliminate these refisctionz the load
may be shunted by a discharger which closes at the necessary instant of time.

An analysis of a ladder network of n actirve L-shaped two-terminal
pair networks See Figure 5.18b) shows that the voltage at the output of

such a device e —
: 26— (1=
Yyur=

out  (1—1 [(1 +

z‘ ] d (5.61)
)(1 +iteen 4 25 (100 -n--')j

Ra
4

where

;.=l+‘2zz}'1']/’zz;'(l "’421;') ) (5.61')

Tt follows from the expression (5.61) that with an infinite number of
cables and a matched load Rp>nZ the voltage

I (5.62)

A—1

Consequently, the voltage at the output of the iransformer will be dets ned
by the ratio - and not by the number of cables, For example, when -i-rlo

the voltage U,y will amount only to 7.5 E. Consequently, with a specified

Zs

- itis always necessary to search for a certain optimum number of catles

n with which Ugy¢ approaches the maximum (5.62) and their number is within
reasonable limits. With an open ené of the multiplier the voltage at the

1) It should be noted that the formula obtained by Lewis /1217 fer
Uyt is incorrect. This may be ascertained upon substituting Ig= e
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osutput has the following form

U = 380%—=1) : (5.63)
T - Ay O

It is easy to show that with a very large mumber of cablss n formula (5.63)
will change into the equality (5.62).

The expression (5.61) was cbtained without any prelixinary cenditions
relative to the character ef Z, Zg and Ry, In the general case Zg and Ry
may be of the operator form. Therefore, formuia (5.61) may be used to take
account of the effect of reactances on the pulse shape. llmn rolling the
cables into a coil it 1s mecassary to consilder that 2Zg= Y s Where C is
the capacitance of the coil relstive to the grouand, to analyse the leading
edge of the pulse. In anmalyzing the top of the pulse it is necessary to con-
sider that 2g=Lp where L is the inductance of the coil. In addition to
this, the magnitude of the leading edge of the pulse will be affecied by the
inductance of the connections of the cables at the end, and also by the capac-
itanca and industance of the load. A. I. Pavlovakiy and 0. V. Skliskov /1227
develcped a device for cbtaining high-voltage pulses with five sections of
the cable BX-106 (see Figure 5.18c). The primary pulse is shaped by means
of cable sections with a length of 25 meters (FL) connected in parallel., A
length of the transforming line (TL) no smaller than the length of the pulse
1s selected. To increase the Zg the line sectiona are wound into %oils on
an insulating pipe. A discharger of roaxial design operating under &z pressure
of several atmospheres was used as the commutator.

The authors state that with a charging voltage of 70 kv a pulse with
an amplitude of 160 kv, a current of 600 amperes and a duration of 0.25 micro-
second was obtained in such a generator using a matched load. A pulse with
an amplitude of 300 kv and duration of the leading edge of 50 nanoseconds was
obtained with a load resistance R,=2 kilohms.

Par, 5.9. Obtaining Short Pulses in Networks With Nonlinear Inductance

In some of the ferrouagietic materials the curve describing the rela-
tionship of magnetic inductivity m to the current 1 flowing through the
coil has a cleariy marked maximum (Figure 5.19a) with a certain cuwrrent ij.
With the currents 1>i, and 1i<i; the valus of w is several orders
smaller than with 1s=ig. p

L AR "
Us [ I.I. LE”t)
©

i

[r 4 b

a A
Figure 5.19. Relationship of magnetic inductivity
to the current (a) and simplified circuit diagram
for obtaining pulses (b).
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Kult [ 8_7 suggested the use of this propsrty to obtain high-voltage
pike~-shaped short pulses. He usod a ceil with a ferrite core. If such a
coil 1is insertesd intv a circuit with a quick changing of current, then
conditions are created for obtaining a short voltage pulse on the coil With
an incres.o ef the current the inductance of the coil I reaches its maxi-
num value L, at a certain instant of time ¢y which corresponds to the
current 1p. In doing sc, L increases considerably faster than the current
passing thrcugh the coil. This btrings about a steep leading edge of the
pulse. If the current increases further at the same rate, then the inductance
decreases approximately in the same time to its minimm valus Ig.

The voltage on the inductance is equal to

Up(s) S

Consequently, to obtain a large pulse amplitude it is necessary to havs a

high degree of the steepness of the cwrrent -5%' in the circuit. To satisfy
this condition it is necessary to use a commutator with a short time ty.

For example, Kult used a high-voltage gen thyratron. S. I. Andreyev,

M. P. Vanyukev and V. A. Serebryakov /123/ showed that an effect similar to
that described may be obtained if a heavy-gage conductor with ferrite rings
put on it is used. In doing sc, the voltage pulse is taken off from the ends
of the conductor. A circuit arrangement for obtaining short pulses by means
of a coil of ferromagnetic material and a device with ferrite is shown in
Figure 5.19b.

If the resistance R, is lower than the critical resistance R¢p corre-
sponding to the values of the capacitance and inductance of the circuit, then
one positive and one negative voltage pulse on the inductance L will corre-
spond to each half~-period of the current. The decrease of the amplitude of
the pulse train forming in this process is determined by the paramsters R,,

L and C of the circuit and by the voltage at the input Up. When RoDRey it

is possible to obtain a single pulse if the steemnsss of the current on the
rise 18 much greater than on the droop. The last is achieved by selecting
the value of the resistance R,.

An experimental investigation of the effect of the type of ferrite and
of the parameters C, Iy and R, of the dischurge circuit en the amplitude and
duraticn of pulses was carried out in the work éI2g7 « A spark discharger was
used as the commutator. A brass conducter on which ferrite rings were placed
had a length of 4O mm and a diametsr of 20 mm. Nickel-zinc ferrites (F-£00,
F-1000, F=2000), magnesium-zinc ferrites (MI'-2000) and ferrites with a rec-
tangular loop (XK-27, K-65) were investigated. The pulses obtained in a net-
work with ferrites of the first and third type differ little irom each other.
When using the ferrites of the brand MI'-2000 a substantial difference of the
pulse parameters in comparison with the other parameters was observed. The
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amplitude of tha pulses increases with the increase of the charging woliage
Uy. In doing so, tho duration of the pulses decrvases. For the ferrites
F-2000 and MT-2000 (with Cu3,300 picofarads, L=O.1 microhenry) the ampli-
tude of a single pulse (R;320 olms) is considerably smaller than that of the
pulse with the largest amplitude in the train (Ro=0).

The value of the capacitance C has little effect on the duration and
amplitude of the pulses. Howevur, by varying the value of C it is possible
to conirol the frequency and the attenuation rate of the amplitude of the
pulses in a train. An increase of the inductance L in the oircuit leads to
a decrease of the amplitude and increase of the duration of the pulses. An
increese of the resistance Ry from 20 to 160 ohms has practically no effect
on the duration of a pulse and its amplivude.

It is necessary to bear in mind that the pulse paramsters cannot be
determined with the aid of static characteristics of the ferrites. For this
purpose it is necessary to take into account the relaxation processes con-
nected with the magnetic polarity revarsal of the ferrites in a time of ap-
proximately 10-9 sec.

Pike-shaped pulses with an amplitude of vp to 10 kv and a duration
t1®5 « 109 sec were obtained in the works /B, 1237/ by means of a coil with
a ferromagnetic core and a device with ferrite. doing so, it proved te
ts possible te iransform these pulses by means of a transformer with a ferro-
magnetic core /8 /. The primary and secondary winding of this transformer
was wound on the core in the form of a ring. The amplitude of the transformed
vulse amounted to 30 kv and duration incressed teo 10-7 sec.
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CHAPTER 6. MEASURFMENT OF PARAMETERS OF HIGH-VOLTAGE NANOSECOND PUISES
Introduction

Electronic oscillegraph EO is the most suitable instrument making it
possible te measure parametera of short pulses with acceptable accuracy. The
voltage delivered to the plates of the event PYa of the slectronic escillo-
graph is wsually equal to 1-3 kv. Therefore, to measure pulses with a large
amplitude a voltage divider DN 1s necessary which produces at the output a
pulse with a lowsr amplitude. In Figure 6.1 is shown elsctric circuit of an
apparatus for measwring the high-voltage pulses. The connecting wires be-

Figure 6.1. Simplified circuit diagram for
measuring the pulse voltages

I0 -- the object being tested; DN -~ voltage
divider; K -~ coupling cable; PYa -- the plates
of the event; R and Ry — damping resistances;
L -~ inductance of the connscting wires.

tween DN and IO create on IN a voltage different from the voltage on I0. Ths
voltage at the output of DN differs in shape from the voltage acting on the
DN owing to the influence of the spurious parameters of the DN. Attenuation
of the wave in the cable connecting the DN and PYa leads to a smoothing of the
leading edge and a decrease of the amplitude of the pulse propagating over
the cable. With the effect of the capacitance of the PYa and inducuvance of
tha connecting wires the voltage appearing on the PYa differs from the voltage
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at the output of the cable. All elemente of the high-vcltage measuring cir-
cult must bs selected in such a manner that the aggregate distortion of the
pulse beins investigated be within permizsible limits.

Par. 6.1. Analysis of Exrors Appearing During the Measurement of High-Voltage
e3

The cbject of tie analysis consista in Jetermining the errors intro-
duced by each elsment of the network (Figure 6.1) and by the entire network
as a whole. Each eulement of the network may be represented as a two-terminzl
pair network the anuly=is of the transient process in which is carried out
by the single-function method or by using the harmonic analysis.

1. Singls-Function Method

The function h(t) — an expression of the sigual at the output of the
circult upon the action of a single function on its input — is called the
transfer characteristic of the circuit. Upon the action of the wvoltags U(t)
oir the Input of the circult the output sisnal is equal to the following if
Duhamel integral is a2pplied

t
S = { () I (O dt, (6.1)

whare U'(t) is the time derivative.

Pulses used in nanosecond technique approach in shape the triangular
or trapezoidal pulses. Thus, the functions with which we are mos% concerned
are U(t)=Uy and U(1)=at.

1

U
For a trianguler pulse U(t)=at, a= ;% where U, is the maximum value

t

of the voltage; ty is the icngth of the leading edge S(t)=a § h(t)dt. The
£ 0

maximun value of the signal S =a ) h(t)dt. The relative error in the measure-
0

ment of the amplitude 1s equal to ’
- .
U(t = 1) = S(t = 1g) a l{ H—h(nat

Zq-’=f_7 U= = H (6’2)

Ut =1ty) U,
SU will be positive if h(t) is a monotonic or weakly oscillatory function.

For a trapezoidal pulse, with tpts
U(t)=at - a(t - te)

and
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t t—ty '
S(t):a{h(t)di—a 6[ h{t)dt = j’n(x)d:. (6.3)

t—1ly
If the pulse has an expomential form, thon U(t)=Uy(1 - e"at)
'
S(t)=U,s [ h(ne™*"d1. (6.Ls)
.0 '

After determining the S{t) it is possible to evaiuate the distortion (iengthen-
ing) of the lesading edge of the pulse.

Application of Harmonic Analysis

Every function may be expanded into a harmcnic series

Uity=Asin(et —9) + Aysin(2ef —op) + ... + (6a')
+Assin{net—g9,). .

The signal at the output of a two-terminal pair netmork
S(je)=A(w)F(je), (645)

where A(W) is a separate sinusoidal component; F(jw) is a samposite fumctien w
called the transfer function and determined when the output of the two~terminal
pair network is open. F(ju) consists of two factors: real and imaginary. The
former indicates the “transfar® of the amplitude, i.e., its change by the
two-terminal pair network, the latter indicates the Mtransfer" of ths phase,
The expression for S(t) may be obtained after determining S(j) with respect
t< all compoments. However, as a rule the pulse voltages encountered in
practice have a continucus harmonic spectrum, i.e. the number of harmonice
approaches infirnity, and the amplitudas of the harmonics become infinitely
small., In doing sn, the function U(%) and its spectrwn cP(JaD are connected
by two Pourier transforms:

sai= | Ue™/" gt (6.5")

and ) -
U(t)=-‘-2'; s vlje)e/" do. (6.5")

I» this case the operations are carried out not with a single harmoric but
with a wnit band of the spectrum. The expressions f£ir S(t) resulting when
using the harmonic analyeis - not lend themselves to analytical solution and,
therefore, the use of graphic metliods is necessary, i.e., chiefly the single~
function method is used. However, the effect of the circuit on the leading
edge of thv pulse detsrmining the harmonic component with the greatest fre-
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quency f;, is of interesi. The connecticn between £, and duration of the

leading edge %y 1s determined iy the relationship {5.1). A more complete
presentation of the analysis of distortions is given in the works /87, 12,

1257,

If the transfer characteristic of the circuit h(t) has a monmotonic
charac er, then the lengthening of the leading edge of the pulse at the out-
put of tue circult may be datormi'xed making use of the principle of qQuad-~
ratic summing of the leading edges

where tfl and tf,g are the duration of the leading edge of the pulse at the

input and output of the circuit respectively; toe is the ducation of the
leading edge at the output of the circult during the action of {he single
function upon its input. The value of t,r may be determined by rormula (2.5).

If n two-terminal pair networks are series-connected so that none

of them affects the transfer of the pulse by the preceding two~tarminal pair
natwork, then —_—

“to, = ft2,+ Y ..
! ) (6.7)

For the circuit shown in Figure 6.1 it may be considered that the impedance
inserted at the output of the DN does not afiect the tranemission of the
pulse of the DN and impedance insertad at the PYa does not affect the woltage
at the output of the DN. The last is trus if there are no reflectiomns in the
cables In this case the duration of the leading edge of the pulse at the PYa

to, =V P + P+ Thy + sy, (6.8)

where tfl 1s the duration of the leading edge of the pulse on the I0; ty¢ is

the dvration of the leading .edge of the pulse appearing at the high-voltage
lead~oxt of the DN and brought about by the impedance Z and by the lumped
characteristics of the DN; t,p is the duration of the leading edge of the
pulss at the output of the DN; tjp is the dvration of the leading edge of the
pulse on the Fia; tlf’ th and t3p are determined during the action of the
single functilon on the input of the respective circuit. If necessery, the
smoothing-out of the leading edge owing toc the attenuation in the cable should
be taken into account.

Suppose ty exceeds ty, by k#. Then we find the following from the
squation (6.8)

' ok BV i {6
"’t’,¢+t’z@+ﬂ|¢=l¢.], T“T'*‘("ia) "“t-o.‘/ 50 N °9)




In the case when the leadirg edge of the pulse at the output of the circuit
t

i8 expressed by the exponmemtial (Usl-e 1) the length of the leading edge of the

pulse defined by the points 0,1 and 0,9 is equal to 2,2T. In an oscillatory
process an optimum case is considered that when the horn above the flat por-
tion is equal to 4%. In this case the lengih of the leading edge defined

0035 1
by the points O,1 and 0,9 is equal to =5 where f.= is the fre-
%o C 2xVic

quency of the natural oscillations of the circult. The left term ia deter-
mined by the expressiom (6.9) and the maximm permissible values for tye,

to5p and th ard the respective valies of T or fy may be specified.

Prxe 642. Voltage Dividers for High-Voltage Pulses of Nanosecond Duration

Many original and surwvey works EQ, 67, 125-127/ have besn devoted
to the development of voltage dividers producing small distortions and to
the analysis of errors caused by them. We will endeavor to note the main
features of the woltage dividers which may be uzed for the nanosecond range.

Active DN (made up of resistances), capacitive DN, and also DN util-
1zing certain features of wave propagation in a cable are usaa to measure the
high-voltage nanosecond pulses. Each woltage divider consists of a high-
voltage arm which takes up the grsater portion of the voliage Uy of a high-
voltage pulse, and a low-voltage arm from which the divided wvltage Up is
taken off for the measuring instrument. The ratio k= .= is called the

Uz
scaling factor and usually for the high-voltage voltage dividiers k1.
Therefors, the impedance of the low=wltage arm does not produce appreciable
aeffect on the distribution of voltage on the DN, which had heen creoated by
the high-voltage arm. The elements of the high-voltage arm may have a longi-
tudinal capacitance, capacitance relative to the ground and self-inductance.
These spurious parameters explain in the main the errors introduced by a
voltage divider.

In zctive DN the measurement errors are connected with the existence
of self=inductance and capacitance relative to the ground C,. Upon the ac-
tion of a pulse with a perpendicular leading edge and a ﬂa% top on the volt-
age divider ths voltage in the low-wolitage arm is expressed by a composite
relationship which in an aperiodic mode may be aprroximated by an exponential
from the condition of the equality of the error, i.e.

-~

- (6.10)
U.’_‘ —-—(] —e )’

ﬁ w=Un; U, =uv._7
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where U, is the woltage in the low-voltage arm; U, is the voltage in the

voltage divider. According to the data given in the work /I24) the time
constant T may be expressed ac follows

L3 r=-i. 480 (6.11)

where R is the resistance of the wvoltage divider. The value of T may be
reduced by means of decreasing the L and Cge With the specified valuss of

L and Cz the optimum resistance of DN Ry=\ /6%"’ :
z

The capacitance C; is determined by the dimensions of the voltage
divider and by its distance from the ground. Thus, the capacitance of a
vertical cylinder with a length | and radius r, the lower snd of »hich
is removed to a distance "a' from the ground is defined in the following
manner according to /T26/s

A—4a (6,12)

(linear dimemsions are given in centimsters).

The length of the divider U is determined by tie voltage Uy and
by the permissible longitudinal gradient Eq which for the pulses of micro-

second duration is equal to 3=5 kv/cm in the air and 15 kv/cm in the trans-
former oil. For the pulses of nanosaecond duration Ej may be considerably

increased but as yet there are no respective data for E4.

Distortions caused by Cp may be decreased by using various methods

of shielding the DN. With this aim, a shield usually in the form of a ring
placed somewhat lower than the top of the DN is connected to the high-voltage
end of the voltage divider. To avoid the appearance of oscillations brought
about by the capacitance of the shield relative to the ground and by the in-
ductance of the device the shield is connected with the high-voltage end of
thie DN through a resistance of appropriate value. In some of the DN placed
in o0il the high-voltage shield electrode made in the form of a solid of rev-
clution covers a considerable portion of the DN.

In voltage dividers described in the works []_.'28, 12_27 there were sev-
eral (two or three) concentric columns with a resistance. In this case tre
outer columns were a shield and improved the distribution of voltage over the
inner column which was the divider proper.

High-resistance alloys (constantan, nichrome, ete.) are usually used
as the material of the voltage-divider resistance. Resistances made of aque-
ous electrolytes having low sslf -inductance and high thermal capacity are not
used owing to their instability with time and temperature dependence. High-
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resistance allcys are used in the form of wire, buses or thin strips. Non-
inductive winding is used to docrease the inductance of the reslstance. Car-
bon resistances are sometimss used. The existence of comnacting wires be-
tween the IO and DN may cause undssiratle osciilations brought about by the
inductance of the comecting wires and by the capacitance of DN relative the
ground, This also applies to the capacitive DN. To damp the oscillations

a resistance of appropriate valus should be inserted bYefore the voltage di-
vider. This leads to the amoothing-out of the leading edge of the pulse being
investigated. Therefore, the oonnecting wires shculd be as short as possible.

In the work /1307 is described an active voltage divider for a 1,400-kv
installation, having a resistance of the high-voltage arm o£1,000 oms and are-
sistance of the low-voltage arm of 1 olhm. The high-voltage arx is made up of
ten identical elements of 100 ohms each. The length of the high-voliage arm
is somewhat longer than 127 cm. Each element represented a polystyrems rod
with a dlameter of 127 cm and a length of 12.7 cm on which two insulated
strips measuring 0.81 x 0,025 mm were wound in opposite directions. The
strips were made of an alloy of nickel, chrome, aluminum and iron having a
high resistivity and & small temperature coefficient. The low-voltage arm
consists of four sigzag-shaped locps made up of 1.6 x 0,025-mn strips of the
same high-resistance alloy. During the investigation of the breakdown of a
spherical discharger the leading edge of the pulse with the shortest duration
befors the treakdown of 27 nanoseconds and a rapid fall-off during the treak-
down was transmitted without distortion.

In the work é'fzy is described an active voltage divider for 2 + 10°
volts; it has a center pipe with a height ha2 meters on which a high-resistance
wire with a total resistance of 22,5 kilohms is wound. To improve the distri-
bution of the voltage over the length of the DN, shielding was used consisting
of two disks with a diameter D=0,k and a heigh% h=80 cm and four tori placed
every 0¢2 h ovur the length of the divider and not connected with the resist-
ances of the voltage divider. The clatribution of the field betwsen the
shielding electrodes, determined by meauns of an electrolytic bath approaches

a uniform distribution. This contributes to the equalization of the field
over the colum with the high-resistance wire.

Upon sending a rectangular pulse to the input of the voltage divider an
oscillatory voltage appeared at its output owing to the capacitance between the
shielding electrodes and the inductance coupled with it. By adding a resist--
anuce in seriss with the upper shield the oscillations were damped and the pulse
at ths output of the voltage divider had a leading edge of 70 nanoseconds in
length. It was possible to reduce the length of the lsading edge to 30 nanc-
seconds by adding into the low-voltage arm a small inductance consisting of
seve;al turns of copper wire. Taking into accownt the high rasistance of the
voltage divider its characteristics skould be considered good. Probably the
phase error could have been reduced to a few nanoseconds by decreasing the
resistance of such a divider /I2L7.

If the pulse moves over a cable, then it is expedient to use a voltage
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igure 6.,2. Active voltage divider built-in into
a cable (a); load resistance NS-1 (b) and diagram
of the comnection of resistances in M-l (¢):

1 — resistance of the low=voltage armj; 2 — resist..
ance of the high-voltage arm; 3 -~ cable insulation;
i = conductor; 5 = sheathing; 6 — pulse; 7 — o

the PYa; 8 — to the cabley 9 = input; 10 —- output.

‘livider with a closed wiring, built-in into the cable. Dividers of this type
are shom in Figure 6.2. In Figure 6.22 is shown an active woltage divider
designed by Fletcher [517 for recording pulses with an ampiitude of 20 kv.
The high-voltage arm consists of three series~connscted resistances of 330
olms each; the low-voltage arm consists of two parallel-connecte 1 resistances
0" 20 ohms each. The limiting factor is the capacitance of the igh-voltege
arm relative to the ground. In this case, a pulse with a lengtl. of the lead-
ing edge of 5 nanoseconds was recorded with a 10-percent error. A certain
limitation is also imposed by the heating of the resistance of the voltage
divider owing to the dissipation of a portion of the pulse energy. A3 a re-
sult of this the value of the resistance decreases and the scaling factor
changes.

In Figure 6.2b *8 shown the arrangement and diagram of connections of
vite load resistance oi the type NS-l which is at the same time also a DN for
pulses with an amplitude on the order of kilovolts. Resistances of the type
UNU which represent a thin layer of carbon applied on a coramic rod (see Par.
5.3) are used as the resistances ry, r; and ry (r1=r2<38 omms, r3=l7 omms).
The dividsr is adapted for connection to a cablo with a wave impedance of 75
ohms znd is enclosed in a shield the calculation of which is described in
Par. 5.3.

In capacitive voltage dividers the main factor cauvsing the distortion
ia self~inductance. Therefore, the length of the high-~voltage arm of the di-
vider should be short. Gapacitive dividers which are used or can be used for
measuring the high-vcltage nanosecond pulses are shown in Figure 6.3.

For a voltage divider shown in Figure 6.3a ihe high-wvoltage arm is
formed by the high-voltage electrode and receiving electrods connected to
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Figure 6.3. Capacitive voltage dividers:

(a) — high-voltage elsctrode; 2 — re-
ceiving eloctrode; 3 = shields Ly — VA-

=high voltage; 5 —- Fla=plate of the ewvent;

C — capacitance for adjusting the scaling
factor; (b) 1 — partition insulator; 2 —
capacitive ring; K — cable; (¢) 1 — high-
voltage source; 2 - receiving electrode;

3 = shield; (d) 1 -~ wire and PYa; 2 —
cable insulation; 3 -~ conductor; Li — sheath-

ing.

one plate of the event, and the low=voliage arm is formed by the capacitance
of the plate of the event. The scaling factor can be controlled by connact-
ing to the plate of the event additional capacitances. Capacitors with air
or mica insulation in which ths dielectric constant at the pulsed and con-
stant voltagc is the same ov nearly the same may be used as the additional
capacitances. It is necessary that the high-wvoltage electrode and the re-
ceiving electrode have no corona discharge.

A capacitive voltage divider may be placed on the insulation lead-out
of the object being tested, as shomn in Figure 6.3b. The high-voltage arm is
formed by the capacitance of the rcd inside the insulator and by an additional
ring placed on the outer surface of the insulater; Co is the capacitance con-
nected additionally. It is impossible to place the PYa close to such a divider.
Therefore, a coupling cable is necessary.
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The voltage in the low-voltage arm
¢
U|= U ¢ C| -? (603)
*C+6 P ’

where T=4(C; + Cp). If a permissible drop of k¥ on the flat portion of
the pvlse is assumed, then the necessary value of C, with the comdition that

'1%3@ is defines 28 followst

C= 1%t ¢, 18, (6.1L)

If the source of high woltage and IO are in the same tank (for example,
the high-voltage source and the accelerating tube), then a voltage divider
shown in Figure 6.3c way be used. In order that the receiving elestrode do
not distwrb the uniformity of the field, it should no be moved out far from
the metal wall of the tank. The scaling factor can be regulated both by the
value of C, and by the size of the receiving electrode.

In Figure 6.3d is shown a capacitive voltage divider fitved on a cable
/277, for recording pulses of 20 kv. The conductor touching the cable insula-
Lion and running to the PYa of the microoscillograph formed with the cable
conductor a capacitance of 0,01 picofarads The capacitance of the PYa is 1
oicofarad so that k=100, The wvoltage divider had a frequency of natural
o:cillations of 3,800 Mc and recorded a pulse with a length of the leading

edge tp= ’;'g = 0.8 nanosecond. The voltage divider described in the work
0
ﬁ_’jl] is based on this principle.

In Figure 6.4 are shown voltage dividers for recording 20-kv pulses.
These voltage dividers make use of the characteristics of wave propagation
in a line 2'_?7.
to the P¥a

Figure 6.4. Diagrams of an active cable (a)
and a cable (b) voltage divider:

1 —= sheathing; 2 «—~ insulation cylinder with
a layer of metal; 3 =- ungrounded cable sheath-
ing; 4 == conductor; 5 =- cable insulation;

6 == tube made of Ti0.

In Figure 6.,La is shown a diagram of a voltage divider of an active
cable type [EEZ On the cable section occupied by the DN and further bsyond
it following the course of the pulse motion the outer sheathing of the cable
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was not growuded but was comnested to the g ound through a resistance of

0.5 ohn. With 2 wave impedance of the cable of 50 ohms the scaling factor
of the divider is equal to 100. The resistance of 0.5 ohm consisted of a
thin layer of gold-platimm alloy applied on the outer surface of » glass
cylinder with 2 length of 1 om and a diametor of 1 cn. An oscillogram
obtained with the aid of this divider had a horn on the top with a follow-
ing nearly limear droop. The resistance of the low-voltage arm proved to

be unstable owing to an owerheating with the flowing current. As & result
of this, the resistance first decreased owing to a redistribution of the
atoms and then increased owing {o the evaporation of the metal. This was
observed by an increase in the transparency of the layer. When the thick-
ness of the layer and its length were increased twofold to increase the
thermal stability of this resistance, then the oscillogram showed an increase
in the width of the horn. This confirmed thke supposition that the hcrn on
the top of the pulse was caused by the inductance of the resistance of the
low-voltage arm. This inductance limited the shortest length of the leading
edge of the pulse being recorded to 25 nanosesond with an error of 10 percent.
As the author of /27/ points out, the measurement error can be considerably
reduced if a ssmicourductor of very small length is used as the resistance

of the low-voltage arm.

In Figwre 6,4b is shomn a diagram of a voltage divider consisting of
two coaxial lines _77. The imner line represented a usual cable with poly-
ethylene insulation and wave impedance of 50 ohms; the outer line represented
a tube made of rutile with silver elesctrodes on the outer and imner surface,
with a wave impedance of 0.5 ohm. Transients distorting the pulse take place
in such a system when the insulation of the lines has considerably differing dielec-
tric ooxstants, Howeer', when a cable running to the PYa and to the outer lins
near its beginning was used the error should not exceed 10 percent when re-
cording a pulse being investigated having a length of the leading edge of

L « 10710 ggo.

When using a DN it is necessary tc know the range of the frequencies
or of the steepness of the leading edges within which it can function with
a small error. This is achieved by testing the DN with a pulse having a
very steep lsading edge or a high-frequency voltage.

In the work /I2L/ it is pointed out that to test the divider a pulse
generator was used which generated pulses with an amplitude of 150 volts, a
duration of 0.5 micrsecond and a length of the leading edge of 1 manosecond.
An amplifier from the output of which the voltage was sent to an eiectronic
oscillograth was connected to the output of the divider. An amplifier with
a wide frequency passband is necessary for such tests. A cumparison of the
shapes of the pulses sent to the divider and taken off from the output of
the amplifier made it possible to determine the error introduced by the di-
vider.

In testing with a high-frequency voltage a wide-band amplifier with
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a measuring device at the output [izy %was also connected to the outpui of
tha divider. The scaling factor was measured at different frequsncies of
the acting voltage; usually in a certain frequency range the value of k
remains constant and then increases with the increase of £. The connection
between the upper permissible frequency f; and the shortest duration of the

leading edge tg was determined by the expression (5.1).

Par, 6.3, Basic Characteristics of Electronic Oscillograph

The development and perfecting of eleotronic oscillography contributed
to the successful develomment of many branches of soience and engitieering and,
in particular, the nanosecond teshnique.

Some of the features of oscillographic recording chiefly of the single
pulses of nanosecond duration will be briefly examined in this chapter. This
protler is set forth in detail in the books and survey articlses ﬁ‘: 2, 22,
35, 127, 132/.

Oscillographe with a cold cathode gained wide use in the 1930's and in
the 1940's and later — oscillographs with a hot or heated cathods, These
oscillographs wers rapidly perfacted and gained the widest use. Owing to
'hoir dimensions and complexity of handling oscillographs with a cold cathode
are used comparatively seldom.

Oscillograph conscists of two basic elements: electron-beam tube and
alectric cirecuit., Heated cathode emitting the electrons is swrrounded by a
cylinder called modulator and has a narrow opening for the passage of the
electron beum, Next, the elactrons reach a strong electric fisld created by
the voltage applied between the cathode and grounded anode and equal to 10 kv
and more, After acceleration, with account taken of the relativistic effect
the wvelocity of electron

m ’d.‘ My o

The calculated data are given in Table 6.1.

Table 6.1
RV )
U, xs 10|15 )20 2 [3]4]50
—— unl/lnuu l
vy, 101 cwjeex \).587| ¢.75 | 0,822 0,916) 1,002| 1,156 1,278l
g B 0,196 0,25 [ 0,274] 0,305{ 0,334! 0,385 0.426|
3 . .
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In an electron-beam tube with electrostatic focusing the accelerating
system is combined with the focusing system, i.e. after acceleration tha
alectron beam is focused while with magnetic focusing (microoscillegraphs,
ete) the electron beam is focused by a magnetic lens after accelerauion.
Next, the elsctrons of the beam pays successively between the plz=tes of the
event PYa and the time plates PV and undergoc appropriate deflection in the
transverse vertical and horizontal directions.

For the plane and parallel deflecting plates, electron wvelocity in
the transverse direction acquired at the outlet from the transverse fisld
of the plates is defined as follows:

4+, 3
[BF ps U,,-Up] e I :. ::. 0 (6.16)
[4

where Up is voltage applied to the defiecting plates; d is distance tetween

the plates; ¥ 1s electron transit time in the field of deflecting plates,
cslled transit factor.

b
Trew

where L:Lp + (0.1 to 0.5)d; Lp is the lergti of the deflecting plates.

An increase of [ in comparison with i’p takes into account that electric
fileld of the deflsciing plates extends beyond their boundaries.

For a deflecting voltage changing insignificantly in the time 'B'p
we find

v, =L Us

YT md uy (6.17)
If the distance from the deflecting plates to the scresn L[, the

deflection of the beam on the screen of the tube is equal to

=1 1t Us 6.18
h= o e (6.18)
The quantity
A1 L
he = U, .2 Ud (6.19)

i3 called sensitivity of the deflecting plates and is determined by the geom-
etry of the electron-beam tube and by the accelerating voltage U.

Often sensitivity is defined not in =mits of length but by the number
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of diameters of the spot oz the oscillograph screen by which the beam de-
flected upon the application of a voltage equal to one volt to %he deflect-

ing platss.

The second definition of the sensitivity is more essential than the
first. To obtain a sharp oscillogram it is necessary that its linear dimen~
sions exceed the diameter of the spot at least by ons order. The absoluie
dimensions of oscillogram are not important inasmuch as an oscillogram can
be magnified by optical means te the dimensions required.

After passing the deflecting plates the elacirons impinge on the
luminascent screen and bring about its luminascence. Ths brilliance of
the luminescence J of the luminophore is determined by the density of
the current in the electron bsam and by the energy of the electrons, i.e.
hy the accelerating voltags,

A Ny J=ALUNU~Upr, (6.20)

rhere n=l to 33 £(J) i3 a function aporoaching a linear function; A —- seme cnstarsk;
U, — initial potential amounting to several tens of volts. The image on

the screen must be a contrast image. The contrast of an image may be reduced

by the external light reaching thu screen, owing to the phenomenon of com~

plete internal reflection in the glass of the screen and owing to a bombard-

nent of the screen by the secondary-emission slectrons from the elactrodes

of the deflecting systems.

An important characteristic of oscillograph is the maximum recording
spead v, at which the image on the photolayer still comes out sharp. In
this process the photographic density of the Llackening defined as the log-
arithm of the raiio luminous flux passing through the layer of photographic
emulsion before the development to the luminous flux passing through the
blacksned layer after develonment must be at least O.l.

The value of v, Should be determined under the following conditions:
magnification of the image M=1, the aperture ratio of the objective 1l:F=l,
photograrhic £ilm -~ highly sensitive; the = developer -- sharp-contrast
devaloper. Usually M<1 and 1:F<€l. The value of the maximum recording
speed v' ~ is determined in this process. .Scaling. is. accomplished

by using the following formula

v=v LB (6.21)

where v, 1is meusured in cm/sec or diameter of the spot/sec. The last is
more essential and characterizes the oscillegraph as a whole. An increase
of v, may be easily obtaired by means of increasing the accelerating volt-
age. However, in doing so, the deflection ssansitivity decreases as may be
seen from the expression (6.18). This is of no material significance for
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measuring the high-voltage pulses. A decreass in sensitivity is undesiratls
then recording weak signals. Therefore, eleciron-beam iubes with post-accel-
eration are used in which the electrons of the beam undergo additional accel-
eration after passing the daflecting plates.

With the use of pulsed power supply in the 13L0-25 tube designed
chiefly for the microsscond range it was possible to achieve e recording

speed of 3.1 + 1010 cm/sec=13c where c is the velocity of light, with
1tF=1¢2 déﬁé? . Oscillations with a frequency £=9,500 Mc were recorded with
a tube designed for the investigation of short-curation processes. In doing

80, maximum recording speed was 6.6 + 1010 cm/sec=2,2c with 1sF=1:1.

Microoscillographs make it possibla to record short-duration processes
at a comparstively low linear recording speed which is achieved owing tc a
small transverse dimension of the electron beam. Therefore, considerable
linear movements of the beam on the screen are not necessary to obtain a
sharp oscillogram., Microoscillographs have a hot tungsten cathode. The accel-
erating voltags reaches 30-60 kv. The small transverse dimension of the elec-
tron beam ia. obtainad .ty meane of patterning it with diaphragms having small
gertures and by means of focusing with magnetic lenses made and installed
with high precision. In the Ardenne [1_.3 microoscillograph the tranaverse
dimension of the elsctron beam is equal o 2 microns. The focusing of the
beam is done under a microscops. To record an event the photographic plate
is placed inside the oscillograph where a vacwm of 10™% to 10-5 ma of mercury
column must be created. The tube of the microc§eillograph requires continous
exhaustion. Not more than 10-15 minutes are required to replace a photographic
plate and creats vacum in modern microoscillographs. As many as 100 oscillo-
grams are accomodeted on one photographic plate placed in microscilllograph.
In processing the oscillograms by opticel means their dimensions are magnified
by 50-100 times. Oscillations with a frequancy £=9,500 Mc and good sharpness
of the image have been recorded by means of microoscillograph. Microosillo-
graphs are also used for the investigation of processes of longer duration.
By magnifying the separate sections of oscilliograms it is possible to 4race
the details of a process which ware imperceptible on a conventional electron-
beam tube.

"Memory® electron-bean tubes based on the property of dielectrics to
retain electric charge feor a long period have been of late in the process of
develomment.. The main olement of such tubes ™with memory" is a luminescent
screen; a "memory" target placed inside the tube in front of the screen and
consisting of a grid on which bits of a hard dielectric are fastened in the
form of a mosaic; and two systems for forming the electron beamss: a record-
ing system and a scanning system. The recording system consists of the ele-
ments of a conventional electron-beam tube (accelerating focusing and hawm
deflecting elements). The beam of the recording system describes on “he
"memory" target a curve corresponding to the event being investigated. AS
a result of considerable secondary electiron emission the zections of the
mosaic where the recording beam had passed ars positively charged. The elec-
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tron veam of the scanning system travels over the entire Mmemory" target but
passes through it chiefly where the elements of the mosaic have a positive
charge. Thus, a stationary image of a single process is obtained on the
screen, This image can be reproduced after several hours or days. Tho min-
imwm Auwration of the process which a tukbe with "memory™ can rapruvduce depends
on ths current density of the beam of the recording system and on the sec-
ondary emission ratio of the elements of the mosaic. At the present time
there are electron-beam tubes with "memory" having a speed of up %0 10 em
per microsecond ﬂ3§7 5

Par, 6.4, Effect of Transit Factor on the Reproduction of Quickly Passing
Processes

The elsciron transit time 't'p in the field of deflecting plates is

equal to 10-9—10"10 gec for the usual high-vultage osciliograph and may in-
troduce an error when recording quickly passing processes. The effect of 'b'p

on the measurement error may be determined by using the integral (6.16).

For parallel plane deflecting plates when recording & sinusoidal volt-
e having an angular frequency <« +the sensitivity of deflecting plates
dacreases in accordance with the following laws

<,
sl.—-

ko=h, 2 = ko, (6.22)
3
where hg 1s sensitivity without the effect of fvp; the function 6=f(a)

is a damped sinusoidal function. The fall-off of the amplitude of the sinus-
oid by 2 percent (6=0.98) takes place when the froquency f= 12 .

The distortion of a short pulse will be the greater the higher the
upper limit of the frequencies (y, usually determined by the leading adge

of the rulsa. The diatortions. ef a rectangular.and triangular pulse. may be
determined from the expression (6.16). The former is recorded as a pulse
with obiique-angled leading edge having a duration Tp®

In a triangular pulse the initial and the end portion =- each with a
duration ¢, -- are distorted, the duration of the leading edge increases,
the a.n;plituge decreases and a tail appearg, The center porticn of the leading
edge of the pulses with a duration (tp -fcp) is transmitted without distortion.

The deflecting plates are bant away at the ends to increase the deflec-
tion sensitivity. Therefore, it is of interest to determine the effect of 'th

in the case of nonparallel diverging plates. This question was examined
theoretically in the work [I327
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The author of Zi317 considers that electric field between the plates
remains uniform but decrsases along the length of the plate

FE/ L RE——— (6.23)

x
d, + (dy—d)) g

where d; and d, are the minimum and maximum distances between the plates
respectively.

For the sake of simplicity we will operate with the quantity w

y
inasmuch as deviatirn on the screen hs.*vy.

Substituting the equality (6.23) into the expression (6.16) we will

find
U ot

= !
[Un=Up_7 O S ¢|+(d.-l.)‘—-‘£°-v, (6.24)

¢

where 1ig 1s the time bofore the entrance of electron it.ito the field of
deflecting plates.
Inssmuch as L ~Tps then
v = p - =
4ty

v, 7 %= o j Gt ____ (6.25)

d +(‘i—l|)‘—--:j-

4

We will examine the effect of the transit factor for pulses with a perpen-
dicular leading edge and with a linearly rising leading edge and with a
flat top. For & rectangular pulse U,=0 for +€0 and U =Uy for t)o.

1f '%)t())O, then o P

dy
'U,:._L.. e “";’“ - 6 6
i (dz-ds)[l—(%:-—l)—:’?-] (6.26)
if tO)O, then vy reachss a steady-state value
ﬁyczvys-] ('ycz -”Lh_uo_d'_l-.:.-d:- ]n —::— a (6.27)

For a pulse with a lineariy rising leading edge having a duration t¢
we havei

with t=0 U;=0;

Uo
with 0<t<tp U= -t?t;
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Ty = m te  di—d ['-‘i“o ". X
4y + (dy—d) 2312,
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. o=t U v [ _ &y
’ mg ty dy—d, [ " dy — &,
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4+@-a)—= |
vith t,Dts B
—_ { . Ua r s
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Xin . Ta

0 , . L]
[ d, + (d, — d)) %H d, + (ds—dy) _"_#.‘:]
. . 1]

(6.28)

(6.29)

{6.30)

In Figure 6.5 are shown the beam deflections on the screen calculated

in the work /I37/ for some of the values of %y and do/d;.

may be found from Figure 6.5

1) error increases with an increase of do/dys

The following

2) the effect of the value of dp/d; decreases with an increase of tes
3) increase of the length of the lending edge T, does not depend

P

For plates with the edges bent outward and having a parallel and a
divergent secticn the effect 't:p will be an intermediate effeci between

tne effect produced by 'Up on the paraliel and divergent plates, and it

will alsc depend on Z’l/ L?_. where 51 and [2

and divergent section respectively.

are the lengths of the parallel

The value of ’t’p may be decreased by reducing the length of the de-
flecting plates, and a deflecting system in the form of two small parallel
wires results at the limit. Rudenberg [I3§7 calculated the sensitivity of

such a deflecting system.

(6.31)
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The angle of deflsction of the electron beam

XX R =z U,
a= 2 = g [} (6032)
20U -t (7"-\ 2w

where r 1is the radius of the small wire and d is the distance betwaan
the wires.

Thus, with r=3 mm, d=6m, L=250 mm and U=20 kv the value of hg=0.015
mm/volt, and wave impedance 2z=160 ohms. This type of deflecting system is
completely acceptable when recording high-voltage events. But such a de-
flecting ayctem is useless for recording weak signals becauvse of the low

value of hg.
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Figure 6.5. Time dependence of deflection on
the screen y; ty — duration of the leading

edge of the acting pulses a — tg=0; %g/%p=0.5;
c = te/lpsl; d — tf/'rp=2.

A deflecting system with ‘raveling wave was created to obtain high

sensitivity of the deflecting system mikh a small vahe ot“(:p.'rhe value of ‘t'p
for a deflecting system made up c¢f coaxial cylinders is small. Such a sys-

tem is easily matched with the cable over which the event is transmitted.
Inasmuch as eleciric field in such a system is a diverging field, the sen-
sitivity decreases with the withdrawal of the opening in outer cylinder —
threugh which the electron bheam passes -- from the inner cylinder.

The duration of the time scanning is several timss longer than the
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duration of the event being investigated and considerably exceeds the 't'p.

Therefore, the uswml plane defiecting plates with the edges bent outward
are used as the time plates.

For the poricdically repeating pulses the effect of nay be

eliminated by stroboscopic methods of recording. The use of microwave
sendconductor iriodes and tunnel diodes made it possible to create a strobo-
scopas for recording periodic nanosecond pulses 1327. The pulses being in-
vestigated were sent to a3 gallium-arsenous :rys which became a conduct-
ing crystal upon the action cn it by another pulae whose_dursiion was much less
than the duration of the pulse being invectigated. The frequency of the
trigger pulses is somewhat lower than the frequency of the plates being
investigated. There’ora, the events transmit by twn different porticns of
the pulse being investigated. The scanning rate is determined by the dif-
ference in the repetiticn race of the pulses being investigated and the
trigzer pulses and is low. The strobescope being deacribed made it possible
to record pulses with the shortest rise time of 0.2 nanosecond determined
by the duration of the trigger pulse.

Gaddy /ILO/ deseribed a metlod of measuring the parameters of nano-
second pulses of trapezoidal shape with a high repetition rate without the
usc of gating pulses. A superposition of the in~ident and reflected pulse
takes place with the ald cf a short-circuited cable section. The resultant
veltage is definad by the time shift of both pulses, set by the length of
the cable section. An RC circuit is comected to the place of superposition
of the pulses. The woltage across the capacitor may be measured with a
direct-current instrumert®. The following pulse parameters are determined
from the curve of voltage variation on the capacitor according to the time
shift of the pulsess the length of the leading edge, the duration of the
flat portion, the duration of the voltage fall-off. Time resolution is

aqual to 10-10 sec.

Par. 6.5. Errors Introduced by [ and C Parameters of the Tube Plates

Deflecting plates have capacitance € and self-inductance L which

bring about oscillations with a natural frequency fg= . o Usually it
is considered [ 2_7 that a resistance the value of whiflfcﬁefined as R=
= \/2 % has .uo be inserted in thE eircuii .of one of the deflecting plates
tc damp the oscillations.

However, A. I. Sokolik /Ii1/ showed that such a simplified approach

does not bring to light the optimal conditions for connecting the cable, and
proved experimentally that the form of an image on the screen of the tube
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Figure 6.6 Diagram of connection of the
cable to the event plates of oscillographic
tube (a) and diagram of the substitution
network of the recording system (b).

1l == Rp=load resistancs.

depends on where the damping resistance is inserteds: in the circuit of the
plate to which wvoltage is supplied and which the author calls "active®, or
in the circuit of grounded plate (Figure 6.6a). A. I. Sokolik suggested &
substitution network for the deflecting system, shown in Figure 6.6b. In
this network Ry, Ij and Cj are parameters pertaining to the "active® plate,
and R, Lo and Cp —~ to the grounded platej Cp is capacitance between the
plates; Cy is capacitance between the inputs; C; and Cp — capacitance of
the plates relative to the grounded anode; L, and Ry -~— inductance and re-
sistance of the circuit comecting the anode with the "ground” contact.

"A. I. Sokolik made up a model according to the diagram in Figure 6.5b with

an increase of parameters by 1,000 times as against the actual parameters.
By selecting the By and R, parameters of the model it was possible to ob-
tain the same shapes of the pulses as in the tube (13L0-5A) being tested.
This indicates the soundness of the network (see Figure 6.6b). Investiga-
tions on the model showed that Iy and R, bring about the distortions to a

greater degree than Ly and R,. Therefore, first of all it is necessary to

decrease I, perhaps even by means of a certain increase of L;. In doing
so, it may twm out that cable resistance is sufficient for an active plate.
As a rule, a damping resistance is necessary for a grounded plate. The
small value of Cy {of the order of picofarads) contributes to the smoothing
of oscillations which follow the leading edge of the pulse but a further
increase of Cy brings about the appearance of undesirable spike on the

flat portion.

Investigations carried out made it possible to select optimum condi-
tions for cormecting PYa /plate of the event/ of the tube 13L0-5A. In doing
so, a pulse with a steep leading edge of l.l-nanosec duration was recorded.
In recording on a tube with a deflectimg system in the form of a traveling
wave with f0=5,000 Mc this same pulse had a duraticn of the leading edge of
0.8 nanosecond.
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The frequency of natural oscillations of a deflecting system in the
form of two plates brought out to the lateral surface of the tube is equal
to 250-600 Mc. For dsflecting systems in the form of a two-wire coaxial
line or of the traweling-wave type it reaches up to 10,000 Mc.

G. A. Mesyats /1427 carried out the calculation of the distortion
of the leading edge of a pulse, described by the equation Uslp(l - e~ %*t)
and sent to the PYa /plate of the event/ through s capacitivo voltage
divider (see Figure 6.3d). If the fregquency of natural oscillztions of the
DN [voltage divider/ exceeds the f, for PYa, then the frequency of the
DN-PYa system will exceed the fy3. According to data cited in the werk /In27
the shortest duration cf the leading edge tgy which will be recorded with
an error of not more thar 19 percent is defined as

.5¢m=tm_7 = 922¢ ' (6.33)

k(1 =V 1-=16(0,05/a—0,01))

del xzzzczr 2 :

L
C is capacitance of PYaj; Z — #ave impedrnce of the cable over which the
pilse is fed to the divider; ki =- the ratio of the inductance of the

* 'ltage divider-plate of the event (DN-PYa) system to the inductance of
PYa. )

where k 1s the scaling factor of the voltage divider;

It is necessary to watch the correctness of matching the cable at
the place of its connection to the event plates. A resistance equal to
the wave impedance of the cable and inserted between the conductor and sheath-
ihg of the cahle is ordinarily used for this purpose. Wave impedance of
the cable is a function of frequency with a change in which the resistance
and inductance of the cable change owing to the appearance of the surface
effect and conductance of the cable insulation changes owing te s change
in dielsctric losses. According to the data in the work /IL3/, for cables
with polyethylene insulation and wave impedance of 50 obms the actual value

of the latter at a frequency f €100 kc is equal to 55 omms, with £4205-107

it varies from 55 to 50 ohms and with f>3.07 it remains equal to 50 chms.
Therefcre, if a resistance of a certain value is comnectea to the cable,
then complete matching is possible only with a certain frequency. The
largest error ir measuring the amplitude is equal to five percent. Re-
guirements demanded in regard to the matching resistance are indicated in
Par. 5.3. Difficulties in matching increase with a decrease in the dura-
tion of the pulse being investigated. Therefore, in recording short pulses,
instead of a matching resistance at the event plates it is more expedient
to connect « length of cable of the sams type as the coupling cable. If
the double time of the pulse motion over the cable section exceeds the dura-
tion of the pulse, then no especially exact matching of the cable sectior
at the end is necessary.
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Par. 5.6, Circultxy of High-Voltage Oscillographs

High-voltage cscillograph consists ef the follc~ing units: power-sup-
PAY unit, time-base unit, beam-irlensifier unit and external-pulse-conversion
unit. Before the arrivai of the trigger pulse the slectron beam is absent
owing to a higher negative potential on the modulator than on the cathode.
The trieger puise acts on the external-pulse-conversion unit which generates
a positive-polarity pulse 2nd ignites the beam-intensifier and time-base
units. The beam~intensifier wmit generates a rectangular pulse of positive
polarity and a certain duration, which by acting on the modulator reduces
its negative potential. Owing to this, an electron beam appears. The time-
base unit generatos voltage varying in time and necessary for the time base.

Some of the features of the circuitry of high-voltage oscillographs
brought recently tc light will bs examined in this paragraph. A detailed
description of the circuitry of high-voltage oscillographs may be found in
the works /I, 2, 22, 35, 127/. Continwus and pulsed voltage is used to
supply the electron-beam tubes. Continuous woltage of 1G6-25 kv for the
gsealed tubes and that of JU-60 kv for a microosciliograph is received from
the rectifier system. Voltags doubling, tripling and quadrupling circuits
are used to reduce the dimensions of the l-st one. ‘he distribution of
potentials over the electrodes of electron-beam tube is done with the aid
of an active wltage divider whose value R3=(0.5 - 1)U megohms, where U
is accelerating voltage expressed in kilovolts. Usually pi-shaped filters
are employed to decreaso pulsation of the supply voltage. Separate parts
of the divider may be shunted by capacitances to improve the voltage stabil-
ity on this section.

The pulsad method of supplying power for elsctron-beam tubes was
suggested and proven by I, S. Stekol!nikov 527 . With a continuwous pawer
3upply the highest voltage determining the maximum recording rate is lim-
ited by discharges within the deflecting system. When supplying the elec-
tron-beam tubes with voltage pulses of the order of microseconds they can
withstand a voltage which conslderably exceeds the permissible continuous
voltage. In his experiments I, S. Stekol'nikov applied pulses with an ampli-
tude of 8-=27 kv to electron-beam tubes with a rated voltage of 2=3 kv and

obtained record-breaking recording speeds: 150 to 200 x 103 kilometers/sec.
Modern sealed-off high~voltage electron-beam tubes withstand pulsed over-
voltages exceeding by 1.5-2 times the permissible continuous voltage.

Capacitance discharge onto an active voltage divider is sometimes
used for pulsed supply of the tubes. The value of this capacitance is de-
tormined from the following condition

[E,7t13 Ry=Ry 7 c=10t (6.3h)

T kR, *

where t4 1is ths length of the pulse; k is permissible woltage drop at the
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end of the pulse expressed in percent. However, in this case the dimen-
sions of the capacitor and step-up device twrn out o be large. I. S.
Stekol'nikov, A Ya Inkov and A. M. Chernushenko /I33/ used as a pulsed-
supply source a pulse transformer with a modulator using a stepped-down
voltage. 1The secondary winding of the pulse transformer consisted of two
branches. This made it possible to heat the cathode with a transformer
having a low-voltage insulation. However a pulse of accelerating voltage
with an amplitude of 35-40 kv had a {i~t portion small in dwation. This
made synchronization with the time base difficult.

Ge A. Vorob'yov /Ihl/ used as a pulsed-supply source a GIN /[Noltage-
puise generator/ employing Arkad'yev-Marks circuit arrangement. A pulse
of accelerating voltage with an amplitude of 30-40 kv had a flat portion
considerable in durativn, and the power-supply uvnit has small dimensions.

A partial discharge of capacitance through a high-power electron
tube may also be used for the same purpose. A. M. Chernushenko used this
iu creating a high-speed oscillograph.

One ef the main requirements in regard to the external-pulse-conver-
sion unit is the short operating time of this wunit. Thyratron circults
operate in 100 nanosaconds or more. For this, the pulse being investigated
is delayed by meanes of inserting a cable with a length of 15-20 meters which
may bringaout a smoothing of the leading edge and attenuation of the pulse
being investigated. Tubes with a secondary electron emission have a much
shorter operating tims.

Ne Ao Uvarov [1749_7 used a vacuum tetrode with a secondary electron
emission; its operating time is about 20 nanoseconds and does not depend
on the duration of the trigger pulse in a range of 10-300 nanoseconds with
an amplitude of 10 wvolts.

According to Martin's data /IL7/ the operating time of a tube with
secondary emission cecreases with an increase of the trigger-pulse amplitude
and with a value of the latter of 12 volts the operating time is equal to
about 5 nanoseconds.

Two commutators are 1sed in the usual beam-intensifier circuit. Upon
the operation of the first commut:tor the capacitance discharges onto a
registance on which a long-duraticn pulse is separated. Upon the operation
of the second commutator the duratiorn is limited. The minimal duration of
the intensifier pulse in this process is determined by the operating time
of the second commutator. If however the duration of the intensifier pulse
nevertheless exceeds the duration of the time base, then the triggering of
the latter is delayed so that the time hasa.would.coincida in time with.the end
of the intensifier pulse. In doing so, it is possible to avoid the gating
of the screen from the flyback of the beam.

A short iutensifier pulse may be obtained if the resistance onto which
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the capaci’ance discharges through the first commutator is shunted by a
short-circuited section of cable. In doing so, the pulse duration wili
be equal to the double electrical length of the cable section. The trig-
gering time of the beam intensification generator may be.saert if a tube
with secondary emission is used as the commutator. Idnsar scanning, i.e.
the ovent being investigated 18 scanned in rectangular coordinates, is
usuaily employed in high-speed oscillographs. In this process the wltage
on the time plates PV should change monotonically, without fluctuations,
Most desirable of all is a uniform time bams when the voltage on the 2V
changes linearly in time. The degree of ncnlinearity of the scanning

- (_':_:i\ux_(ﬂ in

- mane dt Tune

T e * (5]
max min

100%, (6.35)

P |
where (38 and (9Y) are the maximum snd minimum value of the deriv-
Gy T min
ative on the time base gection.

It is simplest of all to obtain a time-base pulse with a discharge
of capacitance onto the resistance through a discharger or thyratron. It

t
is described by the expression UsUne KT,

In the time from O to t=0.2 RC the value of § amounts to 20 percent
but only about 20 percent of the discharge voltage are used in this precess.
The neceasary voltage for the time base may be obtained by amplification.
The linearity of the time base may be considerably improved by inssrting
appropriate inductance parallel to the resistance. Other networks are also
used to obtain more linear time bases. One of such networks is showmn in
Figure 6.7a. The trigger pulse is amplified by the transformer and brings
about the operation of the thyratron. In doing so, the line and capacitance
connected to the anode discharge through the thyratron. A rectangular volt-
age pulse 1s separated on the resistance, a portion of which is supplied for
the intensification of the beam of the tube. Capacitance connected to Zp
discharges through the line. The paraphase voltage appearing on the con-
nected capacitances is utilized for the time base. The smalilest nonlinearity

is when —3—=0.7 to 0.8, The L, R and C parameters were determined in the
r%

calculation; the smallest nonlinearity was achieved in the process of tuning

by a slight varying of R and L, The network under consideration made it possihle
#»_obtain tom scapning retes: 130 om/microsecond and 40O cm/microsecond, In the
former case R=R =250 ohms, C1=C;'=500 picofarads and Ij=I;'=12,5 millihenries;

in the latter case 02=C2'=200 picofarads, L2=L2' 23,2 millihenries. The oper-
ating instability of this network -loes not exceed 2 - 1011 gec,

Networks with the discharging a.u charging of capacitances through the
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Figure 6,7. Linear-scanning networks (a, b) and
diagram of synchronigation of event and time base
with the aid of a cable and capaciiive dividers (c).

Keys (1) Microfarads (4) DN=voltage divider
(2, Picofarads (5) EB=electron-beam oscillograph
(3) To the PV fBime plate/

vacuum tubes (tetrodes and pentodes) are often used. The voltage on 3{}8

capacitance changes linearly if the charging or discharge current Iy=Cgt =

sconst. The constancy of the current passing through a tetrode or pentode
can be achieved if the voltags between the control grid and the cathode
remains constant. Therefore, the scanning network using vacuum tubes in-
cludes a rectangular-pulse generator and the time~base generator proper.

The scanning rate 1s determined and controlled by the v%lge of the

0
discharging capacitance. The scanning time is defined as t,= -:-[— where
a
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Uy 1s the voltage on the capacitance before the discharge, and I, is the
anode current of thes tubs. The shortest scanning time results when a
wiring capacitance equal to 20 piccfarads is inserted as the discharging
capacitance, Thus, the shortest duration of scanning is determined by the
maximvm discharge current I, of the tube. The tetrode P3 provides a cur-

rent of 1.66 amp, and the pentode GU-50 — a current of 10 amp.

In Figure 6.7b is shown a simplified circuit diagram of the time
base of oscillograph described by Martin /I47/. The trigger pulse of the
necessary duration is shaped by means of a tube with secondary electron
emission and is sent through the pulse transfarmer and capacitance Cy to

the control grid of the tetrode. The latter is triggered and the variable
capacitance Cg (7-45 picofarads) discharges onto R, and cspacitence of the

cathode in relation to the grcund. The voltage varying on Cg is used for
the time base.

It was found from experiments that the fastest scanning of 1 nsec/ca
results with a zero potential difference between the control grid and the
cathode when sending the trigger pulse.

The linearity of scanning was checked in the following manner. The
pulse sent to the event plates was delayed by cable sections of different
length., Experimental points of the characteristic between the distance
from the edge of the screen of the elactron-beam oscillograph to the btegin-
ning of the pulse and electrical length of the delaying cable fitted well
on a straight line., Judging from these data the monlinearity of the scan-
ning did not exceed a few percent.

Fast scarmings muay be obtained with the use of cammutation character-
istic of a spark discharger or thyratron. In doing so, the time plates are
connected through the separation capacitancss parallel to the commutating
device or resistances onto which the capacitances discharge through the
cemmutating devices. In the latter case, the leading edge of the pulses
appearing on the resistances is. used for scanning. As shown in_the pre-
ceding chapters, pulses with a length of the leading edge of 10~10 to 10-9
sec are obtained with the aid of spark dischargers. The use of these pulses

will make it possible to obtain scamnings with a time on the screen of 10~9
sec and less.

L. S, Bartenev, G. V. Glebovich and K. N. Ptitsyn /ILB/ described a
high-spsed oscillograph. The time-base circuit includes a shaping capacitance
of 0,013 microfarads, a tetrode as a commutator, and two lines. Upon send-
ing a trigger pulse through the transformer to the grid of the tetrode the
latter is triggered and the shaping capacitance discharges onto one of the
connected lines. A pulse with an amplitude of 3 kv, duration of 50 nanosec-
onds and 2 length of the leading edge t£=15 nanoseconds is shaped in this
process. A delay cable RKZ-L40O providing the necessary delay of the initia-
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tion of the time bame. To obtain the fastest scanning the pulse is sent
to an artificial line with nonlinear inductances. The principle of opera-
tion of the artificial line is described in Par. 3.3. A pulse with an
amplitude of 2.8 kv and tg=l.7 nanosaconds is obtained at the output of the
line. Balanced voltage ie cbtained owing to the grounding ¢f the center
tap of a matching resistance inserted at the end of the line. An important
component of oscillograrhic tube is the installation of a diaphragm with

a slit behind the deflecting systems. Oving to this, the necessary portion
of the leading edge of the pulse arriving at the time plates is selacted for
the time base. The remaining portion of the leading edge of the pulse is
cut off by the diaphregm and in doing so the screen is not 1lit up. Owing
to the transit factor in PY the above-mentioned pulse witn a steep leading
edge acquires nonlinear seciions at the beginning and at the top. Thare-~
fore, only a linear section with a drop of 1 kv is utilized out of %he en-
tire pulse. Owing to the stabilization of all. supply wolitages and design
measw'es it was possibie to reduce the scamning instability to 1.5 - 10-1
sec, Using the vscillograph described it was possible tc record a pulse
wvith a duration of the leading edge of 1 nanosscond, which occupied the
greater portion of the screen.

In recording single processes the synchronization of the oscillograph
and of the ovent must ensure the event's reaching a specified region of the
screen. It is difficult to provide proper synchrunization when recording
periodically repeating pulses. In this process, the spread in the appear-
ance of separate pulses on the time axis must not exceed the width of the
spot on the screen.

The method of synchroniwuing the oscillograph and the process being
investigated depends on the controliability or uncontrollability of event.
In the latter case the instant of action of the pulse being investigaied
on the PYa has to ba fdelayed for the perlod of operaiion of the oscillograph
circuit. In doing so, it is important that the operating time of the oscillo-
graph circuit be stable and shoert as far as possible since distortions of an
event in the cable increase with the length of the latter. Tn this sense,
tubes with secondary electron emission are preferable in comparison with
thyratrons.

Different methods of synchronization are employed when recording
controllable processes. A high-voltage tesiing apparatus in which several
types of synchronization of the events and electronic oscillograph weretested is
described in the mrk /1307 (Figure 6.8). The apparatus contains a GIN using
Arkad'yev-Marks circu:_t and generating a voltage of up to 1,LC0 kv, an active
voltage divider, & shielded room with electronic oscillog‘aph, and a gerer-
ator for triggering the GIN and oscillograph. Three types of synchroniza-
tion were investigated. '

1, Light Synchronization. A trigger generator was used in this
case. A treakdown of the discharger P, takes place upon energizing ths
solenoid. In this process, Cp discharges onto R3 and the pulse which
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Figure 6.8. Circuit diagram of a high-wvoltage
apparatus for investigating discharger breakdownt

D — motor; G — generatorj; IV —— insulated shaft;

L = lens; 1 -- FEU Zihotoeloctronic multiplieg7;

2 == amplifier; 3 — 0-15 microsec triggering de-

lay; L — tims-base unit; 5 — IO=the object being
investigated; 6 — DN=voltage divider; 7 — network;

8 — P=discharger; 9 — to the EO /electronic oscillo-
graph/; T -~ step-up transformer; V — rectifiers;

K = delay cable.

appears brings about the breakdowr of Pp. The luminescence of the spark

in Py reaches through the lens L a photoelectronic multiplier placed in a
shielded room. Tha pulse from the output of FEU /photoslectronic multi-

plier/ is amplified and triggers the electronic oscillograph. After the

treakdown of P, the potential of the center electrode in the three-elec-

trode discharger P3 c¢f the GIN drops to zero in O.h microsecond. This

trings about the operation of Py and GIN. This synchronization provided
a maximum spread of not more than 0.l micrcsecond.

2. Delay-Cable Imnstallation. A pulse arriving from the divider
triggered the oscillograph and was sent through a O.L-microsecond deluy
cable to the event plate. Very stable synchronization resulted. Hcwever,
delay cable brings about an attenuation of the pulse amplitude by 18 per-
cent,
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3. Tripgering of Oscillograph from GIN. ifter the btreakdown of P
a voltage pulae appears at the point A, which was sent through a resistance
and triple-shield cable to the oscillograph and triggered it. The time
spread in the appearance of the pulse on the oscillograph screen is smaller
than in the first case. However, undesirable oscillations were induced on
the leading edge of the pulse on the oscillograph screen in this type of
synchronization. Therefore, the authors of /I30/ selected the first type
of synchronization.

An attempt was made in the work 397 to get rid of various induc-
tions which appear with the woltages of hundreds and thousands of kilovolts.
Oscillograph is in a separate room with double shielding. The cable running
from the divider to the oscillograph has three shields connected together
and grounded at the place of connection to the divider. Two external shields
are connected respectively to the shields in the room and the inner shield
— to the housing of the oscillograph. Power for the oscillograph was sto~
plied from a motor-generator with the generator being in the shielded room
and the motor —= - utside the room. The generator and motor are connected
by a shaft made of electroinsulation material. Displecement of zero line
and distortion of the droop during the breakdown of the discharger being
tested were discovered when supplying the oscillograph from a sepaoration
t ransformer.

The grounding of the entire apparatus was done at the location of
the object being tested. In the absence of a separate ground connection
the shielded room acquired a potential of up t~ 3% kv during the operation
of GIN. Therefore, the shielded room was counected by a separate conductor
to the common ground. This did not affect the quality of oscillographic
recording.

To reduce the effect of currents flowing in the grounding conductors
on the quality of oscillographic recording the floor of the high-voltage
Troom was sometimes [D.;27 covered with metal sheets or metal netting which
are reliably grounded, and the obj3cts to be grounded are connected ty
means of short conductors to the grounded floor.

G. A. Vorobtyov, As I. Golynskiy and G. S. Korshunov suggested a
method of oscillographic recording (see Figure 6.7c) of the leading edge
of a high-voltage pulse moving over a cable /I50/. The pulse being in-
vestigated is sent by means of DN II to the event plates FYa, and the volt-
age taken off from DN IT is sent through a certain impedance Z to the time
plates. Thus, voltage appears on the PV sconer than on PYa by a time de-
termined by the length cf the cable (. Stability of this type of synchro-
nization depends on the properties of the cable and is very high. This is
especially important when recording pulses that are repeated at a high rcie.
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