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CHAPTER I 

INTRODUCTION 

Systems capable of producing large magnitude voltage or current 

pulses are used in a variety of ways, including plasma research experi

ments, laser pumping, and in the production of intense electron beams 

and electromagnetic pulses. A fundamental requirement of such a system 

is the rapid delivery of energy to the load at very high (MW - GW or 

even greater) power levels. These power levels are not available from 

the power grids supplying the common "wall plug." Thus a system usually 

must accept and store energy at a low power level, then be discharged 

into a load at a high power level. The system design considerations 

depend on how fast the energy must be delivered, among other things. 

This report will present a few basic underlying principals of several 

types of such pulsed power systems. 

Chapter II serves as a very brief introduction to some of the 

electrical terminology used. An understanding of electrical circuit 

behavior is also necessary to the comprehension of pulser operation, 

thus a very basic introduction to this subject is provided in Chapter II 

(which could well be omitted by those already skilled in electrical cir

cuit theory). 

Chapter III discusses transformers, which are vital to many pulser 

schemes. 

Chapter IV is an overview of switching requirements, primarily 
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thyratrons, ignitrons, and spark gaps. The theory of operation of each 

is discussed briefly. Since this work is of necessity a limited discus

sion, advanced technologies, such as laser triggered spark gaps, are 

omitted. 

Chapter V deals with Marx type generators which are capacitive en

ergy storage devices. A group of capacitors are charged in parallel, 

after which a transient switching action is initiated which effectively 

puts the charged capacitors in series. Marx generators are the most 

common type of pulsers and are relatively easy to build and operate. 

However, they are frequently not of sufficient speed. 

Chapter VI deals with the fast risetime pulsers which are based on 

transmission lines. Necessarily, a brief discussion of T-line theory 

and calculations is included. Transmission lines can be combined in a 

variety of configurations, perhaps most notably the two-line Blumlein 

generator. Although fast risetimes are commonly achieved, this class of 

generators produces very short pulses due to the physical dimensions in

volved . 



CHAPTER II 

BASIC THEORY 

A. INTRODUCTION 

This chapter introduces basic concepts and definitions useful in 

pulsed power applications. The discussion is brief, but text-level ref

erences have been included where appropriate. It is also not practical 

to discuss all types of circuits and equations describing their behav

ior, due to the large variety of possible configurations. Rather, sev

eral of the more important circuits are described, and the equations de

scribing their behavior are derived in some detail. These circuits were 

selected, not only for their usefulness as examples, but also for their 

general applicability to pulsed power areas. It is felt that any dis

cussion, however fundamental, of how to obtain solutions to circuit prob

lems is better than just providing formulas for blind use and, addition

ally, provides some insight into why the circuit behaves as it does. 

B. GENERAL DEFINITIONS 

Voltage - When a charged particle is moved about in an electric 

field, the work done equals the change in potential energy of the parti

cle. Hence, the interchangeable terms "potential", which is commonly 

used in the foreign and older domestic literature, and "voltage." The 

British also refer to high voltages as "high tension" (H.T.). 

Current - The flow of charges constitutes a current. As a matter 

of convention, current flow is defined to be in the direction of posi-
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tive charge movement. Since negative charges (electrons) actually do 

the moving in most cases, current flow is in the direction oposite to 

the electron flow. This convention is used in this report. 

Power - Power is the rate at which energy is being supplied (or 

used). In electrical terms, power in "watts" is defined as 

P = VI (1) 

where V and I are the voltage and current, respectively. (Upper case 

letters are used throughout to denote both instantaneous and average 

quantities.) Equation (1) actually gives the instantaneous power. An 

average power can be defined for pulses of duration T as 

P 
av 

VI dt. (2) 

0 

Energy - a prime concern in pulsed power systems is not only the 

power rating but also the total energy contained in a pulse. The total 

pulse energy (W ) is expressed as 

W = 
P 

T 

VI dt. (3) 
0 

C. GENERAL PULSE CHARACTERIZATIONS 

Pulses (voltage, current, or energy) are described by a variety of 

parameters. A somewhat qualitative description is derived from the gen

eral shape of the pulse, e.g., square, triangular, etc. More specific 

parameters are: risetime, pulse duration, overshoot, sag or droop, back-

swing, and fall time. A set of reference pulses, as indicated in Fig. 1 



(2) 

(3) 

of 

illustrates most of these characterizations. 

Risetime, t , is commonly defined to be the time required for the 

pulse to increase from 10% to 90% of its final value, as illustrated in 

Fig. la. Other definitions exist, but this is the one most commonly em

ployed. If the rising portion is exponential with an e-folding time, T, 

4 
the risetime can be estimated to be t =2.2 T . In some applications 

r *̂  
2 

a front time, tr ^, is defined as 1.67 times the 30% to 90% risetime, 
front 

illustrated graphically in Fig. lb. This definition is based on the 

standard double exponential pulse shape frequently used in high voltage 

tests (primarily on power systems). A 10% to 90% pulse falltime can be 

defined similarly to the 10% to 90% risetime. 

Pulse duration, t,, is the time interval during which the pulse 
a 

magnitude is greater than 50% of its "final" value as illustrated in 

Fig. Ic. The reason for the "final" reference will become clear momen

tarily. As illustrated in Fig. Id, the overshoot. A, is measured rela

tive to a pulse magnitude A. As a practical matter, if the ringing os

cillations continue for the entire pulse duration it can be difficult to 

measure A since the pulse magnitude A is obscured. A similar problem 

can occur when the pulse is falling, a phenomenon known as backswing. 

Droop (or sag) refers to a decrease in the magnitude of a pulse 

over its duration, i.e., the top is not flat, as illustrated in Fig. le. 

If the pulse has a combination of droop and ringing present, it 

can be quite difficult to determine the value of the magnitude A to be 

used in analytical calculations. 
D. CIRCUIT MODELING 

Electrical circuits are usually modeled by equivalent circuits 
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composed of voltage sources, current sources, resistors, capacitors, and 

inductors. Integro-differential equations can then be developed to de

scribe the behavior of the circuit by applying fundamental concepts 

(Kirchhoff's Laws and Maxwell's Equations). The resulting equations 

contain either total derivatives or partial derivatives, depending on 

the relationship between certain circuit parameters. If the component 

physical dimensions have no effect on the equations, then the elements 

are referred to as "lumped parameters." In the other case, where phys

ical dimensions must be considered, a distributed parameter model is 

used which results in partial differential equations. Lumped parameter 

elements will be discussed in this chapter; the distributed parameter 

case will be discussed in Chapter VI. 

E. CIRCUIT COMPONENTS 

Voltage Source - An ideal voltage source (Fig. 2a) will produce a 

voltage V at its terminals no matter what the load current is. This 

requires a zero internal resistance, which is not practically obtain

able. Thus real sources include a source resistance R. as in Fig. 2b. 

The terminal voltage is now 

0̂ = ̂s - ^h ' C5) 

where I is the current to the load. 

Current Source - In a similar manner, the ideal current source"̂  of 

Fig. 2c will provide a current I regardless of the voltage across its 

terminals. Consideration of internal resistance changes the model to 

that in Fig. 2d. The terminal relationship is now 



(5) 
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0̂ = ̂s - \^h ' (6) 
« 

where V is the load voltage. Ideally, current sources have very high 

internal resistances. 

Source Transformations - Voltage and current sources can be inter-

3 

changed theoretically as shown in Fig. 3. The current vs voltage char

acteristics at the terminals A-B are identical for the two circuits. 

Thus the two circuits are electrically equivalent and can be inter

changed at will. An advantage of using these transformations is to make 

certain facets of the analysis easier. 

Resistor - The flow of electrons through a material is limited by 

collisions with the atoms that make up the material. These collisions 

generate heat known as Qhmic heating. A measure of this effect is the 

resistance, R, of the material, with a base unit of one ohm. The in

verse of resistance, referred to as the conductance, G, has a base unit 

of one mho (ohm backwards). 

For the geometry shown in Fig. 4, the resistance of the parallele

piped is 

R = ̂ , (7) 

where p is the resistivity of the material. The resistance of other 

geometries can be calculated by using the cube as a differential volume 

element, then integrating over the appropriate volume limits. 

Since energy is being dissipated in the resistor, there must be a 

potential difference between any two points in the device. By consider

ing the resistor to be a lumped parameter circuit element, a relationship 
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Fig. 2 Voltage and Current Source Representations 
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Fig. 3 Source Transformations 
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Fig. 4 Resistive Volume Element 
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between the potential difference between the ends (V) and the current 

through the device (I) can be determined and is known as Ohm's Law 

(Fig. 5a), 

V 
R = - 7 - . (8) 

The reference polarities of Fig. 6a come from this equation. 

However, all materials exhibit a change in characteristics at ex

tremes of voltage, current, temperature, etc. In particular, active 

devices such as transistors, vacuum tubes, diodes, etc., have decidedly 

non-linear characteristics. By limiting time varying voltages and cur

rents to small excursions about a suitably selected quiescent point (Q 

point), Eq. (8) can be approximated as 

R = - ^ ^ (9) 
^d AI ' ^̂ ^ 

where R, is called the dynamic resistance of the device. Figure 5c 
d 

illustrates this. 

For systems where the nonlinearities must be considered and/or R, 

L, or C is time varying, a computer solution is often demanded. A solu

tion can be obtained by an iterative solution using the Newton Raphson 

4 

and Runge-Kutta methods, for example. The instantaneous power dissi

pated in the resistor is given by the VI product 

P = VI . (O 

Thus the energy dissipated is the time integral of Eq. (1), 
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a) Linear Resistor 

b) Non-linear Resistor, but Linear in the Region V̂  to V2 

c) Non-linear Resistor, Approximated as Linear in the 
Region AV 

Fig. 5 Resistor Characteristics 
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a) Resistor 

•̂ c 

I 

b) Capacitor 

V -

c) Inductor 

Fig. 6 Reference Polarities for Circuit Elements 
Assume Increasing Current for b) and c) 
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W = VI dt, 

0 

(3') 

Resistors in series add together directly, increasing the effective re

sistance, 

R ^^ = R, + R. + . . . + R . (10) 
eff 1 2 n 

The effective resistance of n resistors in parallel is the reciprocal of 

the sum of the reciprocals of the individual resistances, 

R . = : -. -, (11) 
eff _1_ + L_ + + —L- • 

^1 ^2 ^ • ^ ^n 

Capacitor - Fundamentally, capacitance is the ratio of the charge 

on two conductors to the potential difference between them: 

C = - ^ . (12) 

The basic unit of capacitance is the Farad (F). Capacitance is a func

tion of the geometry of the conductors and the dielectric material sep

arating the conductors. For the simple case of two parallel plates 

(Fig. 7), each of equal area A and uniformly separated by a distance 

d, the capacitance is given by 

„ eA 

C = - d - » (13) 

where e is the permittivity of the dielectric filling the space between 

the plates. Equation (13) is strictly valid only when the linear dimen

sions of the plates are much larger than the separation d. For this 
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Fig. 7 Parallel Plate Capacitor 

(13) 



18 

case the "fringing" of the electric fields (a loss) at the edges can be 

ignored. 

Determining the capacitance of other geometries becomes somewhat 

more complicated. For the purposes of this paper two methods will be 

presented: 1) an exact mathematical solution and 2) a table of capaci

tance values for common configurations (Table I in Appendix A). A 

third, graphical, technique is quite useful but the development is rath-

er involved. See Alston or Hayt for a discussion and examples of the 

graphical method and the exact type solution. 

The exact mathematical solution involves determining the spatial 

voltage distribution on the conductor geometry, which requires the solu

tion of Poisson's equation. 

2 Pf V V . (1^) 

in which V is the potential at a point and p- and e are the free charge 

density and the permittivity, respectively, of the dielectric medium. 

However, the capacitance value is ambiguous when p. ?̂  0. For a charge-

free region (Pf= 0) Eq. (14) reduces to Laplace's equation, 

V^V = 0. (15) 

The solution of Eq. (15), subject to the appropriate boundary con

ditions, is rather straightforward for many geometries of interest. 

The procedure for determining the capacitance for a given conduc

tor configuration follows. Once an expression for V has been obtained 



(14) 

1 9 

from Eq. (15), evaluate the vector quantity D̂ , 

D = - eVV . (16) 

In general, D (called the electric flux density or displacement) will 

consist of several terms of the form 

D =D^;^ + V 2 "̂  V3» (17) 

^ >v 

where â ,̂ a^, and a^ are the unit vectors for the particular coordinate 

system being used. The next step is to evaluate the integral 

Q =?D . ds (18) 

over a conductor's surface (Gauss' Law), where ds is the unit surface 

area vector, directed toward the other conductor. This gives the net 

charge Q on the selected conductor. Finally, from Eq. (12), 

where V is the total voltage between the conductors. It does not matter 

which of the two conductors is selected for the step involving the de

termination of Q since both conductors must have the same magnitude of 

charge from Gauss' Law. 

The energy stored in a non time-varying, linear capacitor, charged 

to a voltage V is given by 
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2 (20) W = iiCV . 
c 

A variety of capacitors are available for energy storage and 

pulsed power applications. Major considerations in the selection of a 

capacitor are of course its capacitance and voltage ratings. However, 

in pulser applications several other factors must also be considered. 

The rapid discharging of a capacitor generates internal stresses due to 

current flow and associated heat generation. Manufacturers rate their 

capacitor lifetimes in terms of the number of "shots" before the capaci

tor fails. A rapidly reversing voltage also creates stresses as the 

dielectric molecules try to re-orient in the new field. A common rating 

limit is for the peak value of the reversal voltage not to exceed 30% of 

the charging voltage, although 70% and 80% reversal units are made. 

They are available at increased cost. Most pulsers are charged immedi

ately before use, so that the total time under charge is not a critical 

rating for most applications. Table II (Appendix A) gives examples of 

several capacitor ratings. 

High energy capacitors require careful handling because during 

charging the dielectric molecules "take a set." Even after discharging, 

a hysteresis effect results in a residual charge on the capacitor. This 

residual charge can have lethal effects; thus high energy storage capaci

tors should be stored and handled with the terminals solidly short cir

cuited to each other. 

The current through a capacitor is given by 

X = ̂ ^ - (21) 
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The voltage can be obtained by integrating Eq. (21) to obtain 

V = C(t) Idt , (22) 

where, in general, C can be a function of time. Examination of these 

two equations shows the voltage to be increasing when the current flow 

is into the capacitor; hence the reference directions of Fig. 6b. 

From Eq. (12), the product CV is the charge on the capacitor 

plates at any time t. From the law of conservation of charge, this pro

duct cannot change instantaneously. In the usual case, where C is a 

constant, this requires the voltage not to change instantly. This con

cept is important in many pulser considerations, especially some Marx 

generator triggering schemes. 

When V is a sinusoid of frequency f, the effect of the differen

tiation in Eq. (21) is that the current, also sinusoidal, leads the vol

tages by 90 . 

The ratio 

V 
jwC 

(j = / ^ ) , 

which is dimensionally a resistance, is the effective impedance of a ca

pacitor subjected to a sinusoidal voltage of radian frequency w. The 

90° phase shift is accounted for by the —:— coefficient. 

Capacitors in parallel add together like resistors in series. 

Series capacitors add like parallel resistors (replace R with C in 

Eq. (11)). 
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Inductor - Just as capacitance relates voltage and charge, induc

tance (L) relates current and magnetic flux density ($)• 

L = - f - . (23) 

The base unit of inductance is the henry (H). 

It has been shown experimentally by Faraday and Henry that a time 

varying magnetic flux induces an emf (voltage) of a polarity so as to 

oppose the flux change. The directions of the current flow and the mag

netic flux can be related with the right hand rule: by placing the 

right thumb in the direction of current flow, the fingers curl around in 

the direction of the flux lines. The polarity of the induced emf is 

thus positive at the current entry point for an increasing current, 

hence the reference directions of Fig. 6c. The magnitude of the induced 

emf is given by 

V = ^ ^ - (24) 

By integrating Eq. (24) the current through the inductor can be found to 

be 

I = 
L(t) Vdt , (25) 

where L may be a function of time. 

When the current waveform is a sinusoid, Eq. (24) yields a sinu

soidal voltage, leading the current by a phase angle of 90°. The 
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effective impedance of an inductor is then 

V _ . _ 
"T- - J (i) L. 

A phrase, useful for remembering that voltage (E) leads current (I) for 

an inductor and current leads voltage for a capacitor, is "ELI the ICE-

man." 

The produce LI cannot change instantaneously for finite V (conser

vation of magnetic flux). Thus for the case of a constant L, the cur

rent through that constant inductor cannot change instantaneously. 

The magnetic flux $ might not only be due to the current in the 

circuit under consideration. Currents in other parts of the circuit 

can link through their associated magnetic flux fields. The inductance 

linking two circuits, a and b, is termed a mutual inductance M , . The 

subscript "a" refers to the circuit being affected and the subscript "b" 

refers to the circuit causing the effect. Hence 

\ b = ^ . (26) 
D 

where $ , is the flux linking circuit "a" due to the current in circuit 
ab 

"b." 

Coupling through seemingly insignificant mutual inductances can be 

quite serious. All that is needed is a closed loop circuit, such as in 

a piece of laboratory electronic equipment, and a fast rising, large 

magnitude current pulse,such as are common in plasma containment experi

ments, and large voltages can be generated in the circuit. Magnetic 
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field shielding, such as provided by screen rooms, protects the equip

ment and reduces the spurious electrical noise picked up in the signal 

leads. 

By considering the current flow in any conductor to be composed of 

many smaller current filaments distributed throughout the conductor, it 

is evident all conductors will have some self-inductance due to the link

ing of the various filaments. Often this self inductance is negligible 

in low frequency applications, because a)L is small. But even a small 

value of inductance can seriously degrade the rise time of a fast cur

rent pulse due to the large impedance (as the product coL is large). 

Except for a few simple geometries, the calculation of inductance 

is not very straightforward. Several handbooks ' * present formulas 

for a variety of geometries. Inductance is a function .of geometry and 

the medium around which the inductor is wound, as characterized by a per

meability factor y. Increasing u increases the inductance, but a price 

is extracted in the form of increased eddy current losses, weight, cost, 

etc. A major problem in using inductive systems is switching. From Eq. 

(24), it is seen that the faster the current interruptions, the higher 

the induced voltage which the switch must withstand. 

The energy stored in a non time-varying, linear inductor is given 

by 

\ = ̂ L^' • (27) 

The main problem with using this energy storage is the switching problem 

described above. 

The effective inductance of series or parallel inductors can be 
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calculated just as though the inductors were resistors. This neglects 

the effect of the mutual inductances, which complicate the situation 

(see reference 11). 

F. GENERAL CONSIDERATIONS 

Ideal reactive elements (inductors, capacitors) do not actually 

dissipate the energy supplied to them. Rather, the energy is stored in 

an electromagnetic field. The power associated with this energy is re

ferred to as "reactive" power, while power associated with energy actu

ally dissipated in resistive elements is "real" power. 

In practice, each circuit element actually exhibits resistance, 

capacitance, and inductance. Under some circumstances, the unwanted or 

stray properties can be quite significant. For example, a wire-wound 

resistor has a large inductive reactance at high frequencies, but negli

gibly so at audio frequencies. An inductor consisting of a wire wound 

around a coil has some distributed capacitance between each turn, which 

is often too small to be of much concern, but which would be considered 

in high frequency transformers. Less often can the resistance associa

ted with an inductor be ignored. Capacitors also exhibit resistance due 

to non-ideal dielectrics. The internal inductance inherent in the con

struction of the capacitor can be modeled as an inductance in series 

with the capacitor (ESL - equivalent series inductance). The ESL can 

rarely be ignored in high speed pulse work. An indication of the inter

nal resistance of reactive components is the quality factor Q, defined 

later. 

Components used in pulsed systems are often rated in te^ r.\s of their 

power dissipation capability. This can often be exceeded by factors of 
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5 or more if the total energy dissipated by the device is still within 

acceptable limits. These limits are often determined by trial and er

ror, although specific pulsed ratings are now available on many compo

nents . 

Power Transfer - Due to the internal impedance of the generator, 

all of the power generated will not be transferred to the load. Clear

ly, it is advantageous to minimize the internal power dissipation. 

There are two viewpoints from which to examine power transfer: a 

fixed source (generator, impedance or a fixed load impedance. An opti

mum value for the non-fixed impedance can then be determined. 

If the source impedance (R -I-jX ) is fixed, maximum power trans-
s s 

fer to the load (R + jX̂ )̂ occurs when 

Rg = Rj and jX^ = -jX^. 

If the load impedance is fixed, maximum power transfer occurs when 

Rg is kept as small as possible and, again. 

2 \ = -jX^ . 

Using these relations, it is possible to specify impedance charac

teristics of the generator/load combination. 

Quality Factor - A quality factor Q can be defined as^ 

Q = 1 energy stored 
2Tr energy dissipated per cycle * (̂^̂  

The energy is stored in the electric field of a capacitor or the 
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magnetic field of an inductor, while the dissipation is due to the in

ternal resistance of either. The Q factor is usually specified at a 

sinusoidal frequency o). When the Q factor is high, the resistive ef

fects (losses) can usually be ignored. For an inductor 

Q = - ^ . (29) 

where R is the net resistance of the wire used to make the inductor. A 

high Q inductor is generally defined to have Q > 10. 

For a capacitor, the quality factor Q is expressed as 

Q = wCR , (30) 

where R is the net resistance in the capacitor due to the dielectric 

and the conductor plates. Since dielectrics have quite high resistivi

ties, the Q factor for capacitors is normally quite high. 

Linearity - An element is linear if at all times its characteris

tic graph is a straight line through the origin. The characteristics of 

interest are the V-I curve for resistors, the Q-V (Q is charge here) 

curve for capacitors, and the $-1 curve for inductors. The circuit 

analysis is greatly complicated by non-linearities; unfortunately all 

elements exhibit such characteristics to a degree. By making piecewise 

linear approximations or by restricting circuit operation to a linear 

portion of the characteristics, the analysis can proceed tractably using 

linear techniques. 

Time variation - This condition is quite self explanatory. 
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However, note that an element can be linear even if the slope of the 

characteristic curve is a function of time. In pulse work, time vary

ing loads are quite common (such as pulsed lasers). 

G. KIRCHHOFF'S LAWS^'^^ 

These are two fundamental laws which can be applied to any elec

trical circuit. They remain valid for linear or nonlinear elements at 

any time. 

Kirchhoff's Voltage Law (KVL). This law requires the algebraic 

sum of the potentials (voltages) around a closed loop to be equal to 

zero. With reference to Fig. 8a, KVL requires 

V^ - V^ - V3 = 0 . (31) 

It is important to note the requirement that KVL can be applied only to 

a closed loop. In more general terms this law can be derived from the 

familiar conservation of energy law. 

Kirchhoff's Current Law (KCL). This requires that at any electri

cal junction, the sum of the currents flowing into the junction be equal 

to the sum of all currents flowing out of the junction. That is, no 

charge can be stored in the junction. With reference to Fig. 8b, KCL 

requires 

'1 ̂  '2 = ^4 ̂  ^3 • (32) 

When KCL is applied to circuits operating at high frequencies it 

is necessary to account for radiation losses in the formulation. 
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V] - Ve - V3 = 0 

a) KVL 

b) KCL 

Fig. 8 Kirchhoff's Laws 
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H. CIRCUIT ANALYSIS 
3,12-14 

In this section, Kirchhoff's Laws are applied to example circuits. 

The circuits have been selected for their general applicability to pulsed 

power systems and, also, for their ease of analysis. Unless otherwise 

noted, all circuit elements are assumed to be linear and non time-

varying . 

As a first example, consider the capacitor-resistor circuit in 

Fig. 9a. Kirchhoff's Voltage Law (KVL) requires 

V^ - V^ - V^ = 0 (33) 

But Ohm's Law 

V^=IR (34) 

and the capacitor voltage and current relationship 

1 
^c= c Idt (35) 

can be substituted to yield 

V^ - IR - Idt = 0 (36) 

In order to solve Eq. (36) for I(t), it is necessary to know V^(t), and 

V^(0). For the purposes of our example, assume R, C, and V^(t) to be 

constants (i.e., a DC power supply). Hence 
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V, ~V^(0) -t/T 
Kt) = -^—^ e , (37) 

where T = RC. Then, from Eq. (35), 

V,(t) = V^ - V, - V^(0) 
-t/T 

e . (38) 

Equations (37) and (38) are plotted in Fig. 9b. 

The product ^= RC is the time constant or e-folding time charac

teristic of this circuit. Theoretically, the exponential terms will 

never be zero for finite time, but the exponential function decreases 

so rapidly that after 3 to 5 T , it is negligible. Inspection of Eqs. 

(37) and (38) shows the values of I(t) or V (t) to be within a few per

cent of their theoretical final (steady state) values after 3 to 5 time 

constants have elapsed. 

By letting V = 0, Eqs, (37) and (38) can be used to describe a 

capacitor discharging through a resistor. Again, x = RC is a character

istic of the circuit. Notice that, since the energy stored in the capa-

2 
citor is proportional to V , the capacitor voltage is reduced by only 

30% (1 •==- X 100%) when 50% of the energy initially stored has been 

delivered to the load. 

Similar results are obtained for a series inductor-resistor cir

cuit. This circuit has a time constant T = L/R. 

As a preliminary step before examining a circuit composed of all 

three types of elements, consider the LC circuit of Fig. 10 . Applying 

Kirchhoff's Current Law (KCL) yields 
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"O Kt) ^Jc 

a) 

Vf. ( 0 ) ji 0 

V. 1(0)=: M 

I ( t ) and Vj, ( t ) 

Vi ^ — 

b) 

t / T 

Fig. 9 RC Series Circui t 
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33 

I « 0 

+ 

C : ^ V. 

J 

Fig. 10 LC C i r c u i t with No External Sources 
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1 = 1 . (39) 
C L 

Substituting the relationships from Eqs. (21) and (25) results in 

dCCV^) 

dt 
V^dt 

which, when solved subject to the initial conditions V^(0) and 1^(0), 

yields 

V^(t) = V^(0) cos coQt - \(0)/ - ^ sin (̂ t̂, (40) 

where di^ = 
/Tc" 

The term w will show up quite often when LC combinations are used and 

is referred to as the natural frequency of the circuit. Tlie term / "Pr 

has the dimensions of impedance, accordingly it is called the surge im

pedance of the circuit. Note that V (t) is the difference between a 

cosine and a sine function. If 

V^(0) = - I^ (0) / i (41) 

the maximum value of V^(t) is /2V (0) . In case the circuit is switched 

open again, however, it is not uncommon for V (t) to be several times 

V^(0). This points out a problem associated with switching of circuits 

containing inductors, such as power supply transformers. The stray ca

pacitance between the windings of the transformer are sufficient to gen

erate a high frequency oscillation of considerable magnitude. 
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This voltage multiplication effect can be used beneficially, as 

in Fig. Ua, to charge a capacitor from a DC power supply. Assuming 

1^(0) = 0 and V^(0) = 0 , the resultant expression for V (t) is found to 

be 

V^(t) = V^ (1 - cos (̂  t), (42) 

from which it can be shown that 

V^^ = ̂ i /^r ^^^ ""o^- (^^> 

The maximum value for V_(t) occurs at t, = and is 
C 1 (.Q 

^C^^>max = 2Vi. (44) 

By selecting the output pulse duration to be much shorter than 

the time required to charge the capacitor to 2V,, this scheme can be 

used to generate a series of pulses. The inductor then isolates the 

power supply while the capacitor discharges rapidly into the load. 

This ability to achieve a capacitor voltage of 2V- from a DC 

source capable of supplying V, is not without problems. In Fig. lib, 

the energy stored in the capacitor and inductor, and the energy supplied 

2 
by the source are plotted versus time. The source must supply the 2CV~. 

energy stored in the capacitor (at V = 2V.) in one-half cycle (from 

t = 0 to t, = ). Thus the peak power rating of the supply must be 



2 Ac 
p = V / — 
peak 1V L 

in order to supply the maximum current 
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Cmax "̂  ̂ 1 / L 
(45) 

The average power rating of the supply must be 

avg 
2 2 
IT 1 

(46) 

However, the maximum capacitor voltage does occur at a current zero , 

thus facilitating opening a series switch in the circuit. In the usual 

case, where a capacitor bank is being charged, the net effective C of 

the circuit can be quite large. Thus, to achieve a reasonable power 

C 
supply rating it is desirable to make small. The selection of L 

must be balanced by consideration of the effect of L on the time re

quired to charge the capacitor. 

One Marx bank is often charged from another, as in Fig. lie. 

Analysis yields 

'ci<°) 
^2^^) = 

1 + 

1 - COS 0) , (t) (47) 

u / C, + C-
where co. = / 1 2 LCjCj 

The peak value of the voltage on the second capacitor is 
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'ci»> 

1̂ 
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(48) 

In Fig. lid, Eq. (48) and the energy transfer efficiency 

2 
C V 
2 C2max 

n = 2 (̂ 9) 

^1^CI^°> 

are plotted as functions of C^/C.. 

RLC Circuit. The addition of a resistor to the basic LC circuit 

previously described has a marked effect on the performance. The os

cillations will cease as the resistor dissipates energy; indeed for 

large resistor values no oscillations will occur. As an example, con

sider the series RLC circuit of Fig. 12a. 

Consider the initial condition for the current to be zero, with a 

non zero initial voltage on the capacitor. The general equation descri

bing the current in this circuit is 

IR -f-
r 
Idt + ^^i'P = 0 , (50) 

dt 

where C, L, and R can be functions of time. 

For the case where C, L, and R are not functions of time, Eq. (50) 

becomes 

d̂ I +_|^ 4L_ + _L_= 0 . (51) 
^ 2 L dt LC 
dt 

A general solution of Eq. (51) is 
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1 . 'DT: : . 
t =0 I 

DC Power Supply f j V. 

I (0) • (0) 

VcCO) 

(a) 

Fig. n . Charging Circuit (Continued) 
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Energy 

7r/4 Tr/2 3ir/4 
'^0^ 

b) Energy Curves for Each Element in a) 

W = CV̂  (1 - COS M t) - Energy supplied by power supply 

2 2 
W, - JgCV, (sin CO t) = Energy stored in inductor 

2 2 
WQ = CV^ (1 - COS oj t - i| sin ojQt) = Energy stored in 

capacitor 
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t = 0 

^ -

+ V c i ( t ) \z M 

c) Pulse Charging Circuit 

VQ2 '^^^ 

n 

1.0 -

^ '̂cî ^V 

0.5 ^ v^ (̂O) 

1-0 2.0 

d) V̂ 2 '"ax and Energy Transfer Efficiency n as 
Functions of C^/C,. 

c^/c. 
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I(t) = — ^ e"***- sinu)t, (52) 
\(°> -at . 

where a = 
2L 

and 0) 
/

I 9 A 
YT a = oscillation frequency. (53) 

Examination of Eq. (52) reveals that the current is limited by an 

exponential term which forms an "envelope." The nature of the oscilla-

1 2 
tory term depends on the relative magnitudes of - _ and a . Each of 

the three possibilities (>, =, <) will now be examined. 

CASE I, Underdamped 

For the situation where 

> a^ , (54) 
LC 

clearly co is a positive real number. The current is then of the damped 

oscillatory form as shown in Fig. 12b. The oscillation frequency from 

1 R R 
Eq. (53) approaches oi^. = as -r- ^ 0. Also as —c- ->- 0, the dam-

" /LC" 
ping becomes less. The peak current occuring at the first quarter peri-

od p o i n t i s 

peak 

where t . = 77/20). 

V,(0) 

ooL 
p ~ ^ ^ l e ••• (55) 

CASE II, Critically Damped 

In the situation where 



LC = a 
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2 

Eq. (53) yields (J = 0. Thus the current does not oscillate, although 

it is on the verge of doing so. The value of resistance necessary to 

satisfy Eq. (56) is referred to as the critical resistance. 

^CR = V-T- • (56) 

The current is given by 

Kt) =—^^ e-^^ (57) 

and is plotted in Fig. 12c. 

CASE III, Overdamped 

As the circuit resistance is increased further (assuming L and C 

remain constant), Eq. (53) yields an imaginary value for OJ . The ^^^^^ 
tjO 

term can be replaced by ^^^^^^ for cô  < 0. The value of co used is ac-
CO 

tually the magnitude of Eq. (53). 

Equation (52) then becomes 

V^(0) _^^ 

^̂ ^̂  " "ITL ^ ̂  sinhom (58) 

The peak current occurs at time t., where 
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1 

2u) 
In 

1 -1-

1 -

0) 

a 
CO 

a 
_^ 
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(59) 

The circuit is now overdamped. The general form of the current will be 

similar to that of the critically damped case, but the decay will be 

more pronounced. 

14 1^ 
A set of curves presented in Fig. 13 allows a quick evaluation 

of I(t). The curves are plotted with a parameter n, where 

T\ -
R / 

,/L 
(60) 

Similar results are obtained for the parallel RLC circuit in 

Fig. 12d. Without presenting a detailed analysis, the current through 

the inductor can be found to be 

ij_(t) = 
ooL 

e sin cot , (61) 

where a 
2RC 

and CO = LC - a 

Equation (61) is of the same form as Eq. (52) with the following 

changes: in Eq. (52) replace R by 1/R, L by C, and C by L. This is a 

consequence of the "dual" nature of these circuits. The generalized 

curves of Fig. 13 can still be used with 

= R (62) 

as the parameter. 
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R 

! h ct) 

a) Series RLC Circuit 

I (t) 
A 

ĉ (0) -at 
XT- ' 

Time 

b) Underdamped Current 

Fig. 12 RLC Circuits (Continued) 
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I (t) 

Time 

c) Critically Damped Current 

d) Parallel RLC 
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1.0-. 

Normalized 
Voltage 
or 
Current 0.5 --

Time 

Fig. 13 Generalized Curves to Evaluate I ( t ) 
(adapted from Greenwood̂ '+) 
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Peaking Circuits. A circuit often used in Marx bank output cir

cuits is the peaking circuit of Fig. 14. The Marx bank is represented 

as a capacitor C , the peaking capacitor is C , and L is the net induc

tance in the circuit (that of the Marx bank and the conductor between 

the Marx bank and the peaking capacitor). In practice, switch S, is 

closed first, then switch S„ is closed when the voltage across C 
L p 

reaches a selected value. 

For the initial conditions V^ (0) = V,, V (0) = 0, and 1,(0) = 
Cm 1 p 1 

0, the voltage across the peaking capacitor is given by 

V (t) = ^ (1 - coscot) (63) 

^ 1 + - 2 -
C 
m 

u 2 1 . p + m . 
where oo = -r^ (—'̂ -̂  ) . 

p m 

The energy stored in the peaking capacitor is 

W = ig C V^ (64) 
P P P' 

If it is desired to establish a current of a specified initial 

value I in a resistive load R^, this circuit can achieve an appreciable 

decrease in risetime over that of a straight RLC circuit. By selecting 

C = ^ - (65) 
P R2. 

the desired load current can be obtained by closing S2 at the time t^ 

when V is equal to Î  R̂  . (Of course there is an upper limit on I^ 
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which is given by the maximum value of V (t) divided by the load resis

tance). The frequency of oscillation of V is usually quite high, thus 

attention must be given to breakdown time and jitter of 82* It has been 

shown that the variation in the load voltage, AV^ for a switching jitter 

of At- is 

\ 2 t̂^ 

Usually only a portion of the energy stored in C is transferred 

to C , thus allowing 

C « C (67) 
p m • 

It should be noted that making a low valued peaking capacitor, that is 

capable of withstanding the necessary voltage,is not always simple. 

H. FOURIER APPROXIMATIONS 

A variety of methods exist to determine a series approximation for 

a given function. In electrical applications it is useful to express a 

function as a series of sinusoidal terms. A periodic function f (t) with 

period T can be cast into the form of a Fourier Series such as 

f(t) = Z "De^^"^^'^, (68) 
k = - 00 

where the complex coefficient is determined from 
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m 

<r^< 

cm 

L 

C. -r-• -^P 

Fig. 14 Peaking Capacitor C i r cu i t 

T E X A E i t ^ o H ! 
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(69) 

A plot of |D- I versus k yields the frequency spectrum of the function. 

The series can be divided into sine and cosine terms by the use of Eu-

ler*s identity 

i6 
e** * cos 8 + j sin 8 . (70) 

Such a decomposition of Eq. (68) yields a series of sine and cosine 

terms and a constant (DC) term corresponding to k = 0. The frequen

cies of the trigonometric terms are integral multiples (harmonics) of 

the fundamental frequency 

CO 
2ir 

(71) 

When the function f(t) is not periodic, the Fourier Series becomes 

an integral known as the Fourier Transform F(j co ) pair 

f <» 

f(t) = 
lie 

F(ja)) eJ'*'̂  d CO (72) 

where 

F(ja)) = I f(t) e-J'^^ dt. (73) 
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The frequency spectrum is now a continuous function. 

Examination of the Fourier representation of a square pulse shows 

that the high frequency components are responsible for the risetime. 

This points up the need for a circuit capable of high frequency perform

ance in order to achieve pulses with fast risetimes. The same is true 

for pulses with finite risetimes, such as triangular pulses. 

The energy content of a single pulse can be obtained from the 

Fourier representation by evaluating 

W, = ' 
1 7T 

F(jco)|^ diM , (74) 

where F(jco) is the general expression for the Fourier coefficient. 

Equation (74) is the energy referred to a one ohm resistor; thus if the 

pulse is a voltage pulse, the value W. from Eq. (69) must be divided by 

the actual load resistance. If a current pulse is used, W. must be 

multiplied by the resistance. Equation (74) is also the integral of 

I 12 

the power spectral density function |F(jco)| . Since the power is re

lated to the square of the Fourier coefficient, it is clear that most 

of the power might be contained in only a few frequencies. Thus the 

system frequency response can be tailored to include those harmonics 

which contain most of the power. 
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CHAPTER III 

TRANSFORMERS 

As mentioned previously, two or more inductors can be arranged so 

their magnetic fields link through a mutual inductance. A transformer 

uses this effect to change voltage and current levels and hence, imped

ance and power transfer efficiency levels. Transformers consist of 

coils, usually wound in close proximity to each other on a common ferro

magnetic core, although for many pulse applications an air core is used 

to reduce losses at high frequencies and increase speed. The input is 

referred to as the primary while the output is the secondary. Addition

al coils can be added, but a two-coil geometry is sufficient to illus

trate the principle. The illustration will progress from a very simple 

"ideal" model to a rather sophisticated equivalent circuit useful in 

pulse transformer analysis. A complete analysis of such a transformer 

is beyond the scope of this report; the reader is referred to several 

detailed works for such examinations. 

A. IDEAL TRANSFORMER. 

The ideal transformer has perfect magnetic coupling between the 

primary and secondary coils, also no energy is dissipated internally. 

Such a transformer is indicated schematically as in Fig. 1. 

The turns ratio, normalized to the number of turns in the primary, 

is defined as 

54 
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Fig. 1 Ideal Transformer 
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// turns in secondary ^ (i) 
# turns in primary 

The relationship between the voltages, as indicated in Fig. 1, is 

V 
- ^ - n . (2) 
V 
P 

For the currents, as indicated in Fig. 1, the relationship is 

I , ±^ ^ -L. (3) 
I n 
P 

The condition that no energy be dissipated in the device requires 

V I = V I . (4) 
P p s s 

When a voltage source with internal Impedance R, and voltage VQ is 

connected to the primary, the maximum power in a resistive load R. is 

P 0 
Lmax 4R. * (5) 

which is obtained when an optimum turns ratio 

2 h 
^opt = ^ . (6) 

This is equivalent to placing a resistor of magnitude n^R^ in the pri

mary. This process of "reflecting" impedances through the transformer 

is quite useful in the analysis procedures. 
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Modification of the ideal transformer to account for energy dissi

pated in the transformer, by incorporating an efficiency factor for the 

device, modifies Eqs. (5) and (6). That is, when 

^VP' Vs (7) 

Eqs. (5) and (6) become 

P ''o 2̂̂  
Lmax 4R. ^^ (8) 

and 

\ 
"opt = - R ~ ^ • (9) 

B. REAL TRANSFORMERS 

Fundamentally, all ferromagnetic mediums are nonlinear; i.e., the 

magnetic flux density B is neither a linear function of the magnetic 

field density H, nor is B even a single valued function of H. With ref

erence to Fig. 2, an ideal linear B-H curve is shown in Fig. 2a. The 

ratio 

P = ̂  (10) 

defines the magnetic permeability u. 

The B-H curve for real materials is more like that of Fig. 2b, 

although ferrites generally have more square shaped curves. Due to 

a variety of physical causes, the flux density does not decrease in the 
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a) Linear 

b) Nonlinear 

H 

c) DC Bias Effect 

Fig. 2 B-H Curves a) Linear b) Nonlinear 
c) DC Bias Effect 
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same manner as it increased. This leads to a hysteresis or memory ef

fect, thus generating a curve as in Fig. 2b. Even when the magnetizing 

force is zero, a residual flux density B^ remains. At some maximum flux 

density B^ the material saturates. These non-linear effects are useful 

in many applications other than transformers."^ 

The existence of such a B-H curve leads to a non-unique value of 

U, depending on where u is evaluated. At least seven different per-

meabilities can be defined on each curve. 

The energy stored in the magnetic fields within the transformer is 

given by a volume integral 

W = BHdv . (11) 

This is graphically the area between the B axis and the appropriate 

curve. 

When the transformer is subjected to a train of unidirectional 

pulses the magnetizing force does not go negative. This creates a DC 

bias effect which orients the material magnetically about a residual 

flux density B . The net effect is to produce a minor hysteresis curve 

as in Fig. 2c. The available change in flux density is thus limited, 

which degrades the transformer performance. 

C. TRANSFORMER EQUIVALENT CIRCUITS. 

Each winding will have associated with it inductive, resistive, 

and capacitive effects which can be modeled in an electrically equiva

lent circuit. A common practice is to refer all elements in the equiva

lent circuit of the secondary to the primary side of the transformer, 
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then use an ideal transformer to account for the voltage step up (n > 1) 

or step down (n < 1) of the device. 

A simplified lumped parameter equivalent circuit is shown in 

Fig. 3a. The errors introduced by the approximations made to develop 

this simplified model are not significant in most cases. 

Two terms related to the equivalent circuit need to be defined. 

The first is the coefficient of coupling k, which relates the mutual in

ductance M to the primary and secondary winding inductances L^ and L^, 

respectively. By definition, 

k = ^ . (12) 
/L L 

p s 

A leakage inductance, L̂  , is included to account for the flux that does 

not link with another winding, as illustrated in Fig. 3b. 

The design procedure for transformers to be used to pass pulses 

can be based on either of two criteria: maximum energy transfer to the 

load or maximum fidelity to a desired (usually square) pulse shape. 

The first requires minimum energy storage in the transformer dur

ing the pulse. Analysis yields expressions for optimum pulse width and 

load resistance in terms of transformer parameters. The analysis cited 

yields an output pulse which is "a skillfull compromise among high rate 

of rise, low overshoot, small droop, high rate of fall, and low back-

4 
swing." The results can be summarized as: 

the optimum load resistance: R̂  = / —— (13) 

where C is the net capacitance on the secondary side, reflected back to 
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R = Pn'mary Winding Resistance 

R̂  = Core Loss Resistance 

L ' Primary Winding Inductance 

L, = Leakage Inductance 

R- = Secondary Winding Resistance 

0—vWV 

tk 

to-

Pn'mary 

yTTYX. 

s= C j - r - R, 

1 : n 

-J 

'Ideal 

a] Simplified Transformer Equivalen^t Circuit 

(adapted from Grossner ) 

Fig. 3 Transformer Equivalent Circuits (Continued) 
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b) Illustration of Leakage Flux 
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> c ± 

Idea 

^ n C, 

l:n 

Ideal 

Ĉ  = Secondary Load Capacitance 

Cd = " ^2 

c) Secondary Load Capacitance Reflected to Primary 



63 

the primary side (Fig. 3c)^ 

the optimum pulse width (square pulse): T = / 2LpC^ and (14) 

'' ""T minimum. ^5\ 
P 

The second approach treats pulse shape as paramount. Grossner^ 

determines the output pulse risetime (without an oscillating overshoot 

condition) to be 

t̂  - 2 . 1 5 / L ^ ^ , (16) 

where a ^ 
R, + 

\ 

The normalized pulse droop D is given by 

-T/T 
D = 1 - e '^D , (17) 

where T = pulse duration 

"" h • -±- • <^«) 

The characteristics of the pulse fall time depend on switching ac

tions, whether the load remains connected to the transformer, and the 

voltages and currents flowing in the circuit when the pulse starts to 

decay. Necessarily the equivalent circuit will be some type of an RLC 
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which, as demonstrated earlier, can generate quite high transient volt

ages if little damping is present. As a practical matter, most pulse 

transformers use less than a 1:70 turns ratio. 

Air core transformers have lower inductances due to the lack of a 

ferromagnetic medium. The primary and secondary coils must be in close 

proximity to achieve a high coefficient of coupling. 

For very rapid risetimes the distributed nature of the inductances 

and capacitances must be considered. Indeed, transformers capable of 

risetimes on the order of ns and sub-ns are made with transmission 

lines. 

Toroidal cores, as mentioned previously, exhibit somewhat square 

B-H characteristics. With an associated high coefficient of coupling, 

transformers made with such cores can be modeled as essentially ideal 

when used to trigger other equipment (ignitron switches for example). 
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CHAPTER IV 

SWITCHING 

A. INTRODUCTION 

The entire subject of high voltage insulation and switching is a 

very complex one, embracing a wide spectrum of physical and electronic 

disciplines. The relationship between insulation and switching is a 

close one as the latter is merely a controlled case of high voltage 

breakdown. This chapter presents fundamentals basic to the operation of 

commonly used switches. The most common high voltage, high current 

switches operate either in a glow discharge mode (thyratrons) or in an 

arc mode (spark gaps, ignitrons, etc.). Each of these types have char

acteristics unique to its construction and the dielectric used (solid, 

liquid, gas or vacuum). Critical parameters for each type of switch are 

the maximum voltage it can hold off before breaking down (geometry), the 

maximum current that can pass through the switch (materials), the inter

nal energy dissipation rating (cooling), the maximum Coulomb transfer 

rating (materials), switch impedance, and various time delay or pulse 

characteristics. All of these can be used to determine the maximum rate 

at which the switch can be fired (rep rate), cost, lifetime, and elec

trical performance, e.g., rise time. 

A basic purpose of this chapter is to acquaint the reader with the 

basics of switching action, especially spark gaps. The understanding of 

these highly sophisticated devices requires some expertise in the field. 

66 
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With an almost endless variety of physical configurations and di

electric combinations available, no one short chapter can cover the sub

ject in great detail. Instead, this chapter presents the characteris

tics of several typical switches. The literature is full of publica

tions describing specific switches in great detail. A complete biblio

graphy could fill several volumes. Articles of a more general nature 

have been cited, with a few specific examples. 

Switches are used to open or close a circuit at will. However, in 

high voltage or high current applications these functions frequently are 

not easily accomplished. High voltage might tend to cause breakdown a-

cross the switch contacts before the switch is closed; high current 

flows are difficult to break. For the type pulsers described in this 

report, switches are generally used to close high voltage circuits. De

vices for opening large currents, such as in inductive storage systems, 

require a different technology which is not yet fully developed. 

Closing switches are required to withstand high voltages (up to 

several MV) and then rapidly enter a conducting state that will pass 

high currents (up to the MA range), with minimum losses. It is fre

quently demanded that this transition occur as rapidly as possible, 

i.e., the current through the device should have a fast risetime. This 

requires the switch to exhibit a low impedance in the closed state be

cause the switch inductance limits the current risetime and even a small 

2 
resistance can dissipate quite a lot of power (I R) when the current is 

very large. 

When referring to triggered (command firing) switch devices, the 

term jitter is used to denote the variations in the time delay between 
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the trigger signal arrival and the switch closure. 

.1 v., 

B. THYRATRONS^'^'^ -

One type of closing switch is quite similar in operation to the 

common vacuum tube. Vacuum tubes consist of three basic electrode 

structures: a cathode, an anode, and a grid (although extra grids might 

be added), all enclosed in a vacuum envelope (Fig. la). The cathode 

might have an associated heater element or the two can be combined into 

one element. Devices with unheated (cold) cathodes are also available. 

It is customary to measure all electrode voltages with respect to the 

cathode. p 

The tube conduction is controlled by the grid voltage. An elemen

tary explanation is that a negative grid potential repels electrons 

emitted from the cathode, making it difficult for them to reach the 

anode. The number of electrons that pass through the grid increases as 

the grid voltage becomes less negative. The maximum current in the tube 

is a function of the cathode emissivity; e.g., the cathode can emit only 

so many electrons. If the tube is driven over this limit an arc can de

velop resulting in damage to the tube. 

The thyratron is a grid controlled gas filled switch. It is sim

ilar to the vacuum tube described above in construction except that it 

is filled with a gas. Both heated and cold cathode types are used, and 

a further distinction is drawn between tubes filled with hydrogen (H«) 

and other gases such as mercury vapor (Hg) or xenon (Xe) . 

Typical units are capable of withstanding several kilovolts with a 

grid voltage of only -10 volts. Once turned on, the voltage drop across 

the tube depends on the ionization potential of the filler gas. For the 
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gases commonly used this potential is about 15 volts. 

Once the thyratron has fired a glow discharge occurs. A positive 

space charge forms around the grid, depriving it of any control of the 

situation. The only way the thyratron can be turned off and control 

returned to the grid is for the anode voltage to fall to a value less 

than the ionization potential of the filler gas. This low anode volt

age must be maintained for a time period sufficient for the plasma 

conducting channel and space charges to disperse so as to restore the 

high impedance state. The commutation factor, an additional rating for 

the tube, is the product of the rate at which the anode voltage in

creases and the anode current decreases. The deionization time is 

greatest for tubes filled with heavy Hg gas. The lighter Xe and H^ 

gases diffuse faster, consequently these tubes have a higher coimnuta-

tion factor. 
<-

As mentioned previously, the heated cathode can emit a limited 

number of electrons before damage occurs. It is important that the ca

thode be at the proper temperature to insure maximum emission. This 

requires that the heater be operated at the rated voltage/current lev-

j els and that the suggested warm up time be adhered to strictly. Since 

\ the heater is usually supplied from a low voltage transformer, care must 

1 be exercised to insure that a high voltage pulse does not break down the 

.<̂  \ transformer insulation. Special transformers with high voltage insula-

/tion on the secondary are used. The cold cathode tube eliminates these 

, H)roblems at the expense of an increased statistical time lag due to the 

lack of initial electrons (the hot cathode is constantly emitting elec

trons in great quantities). This increased time lag and the resulting 
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variation in switch - on times (jitter) renders this type of thyratron 

rather unsuitable for many applications. The most common use is where 

the glow discharge itself supplys the desired quantity of electrons, as 

in some strobe-light units. 

Gas consumption affects the useful life of the tube. Gas parti

cles are driven into the tube components or diffuse through the tube 

envelope. A pool of mercury in the bottom of Hg filled tubes assures a 

plentiful supply of Hg molecules, but Xe and H. filled tubes do not have 

this reservoir. A lifetime of - 1000 hours is common for the widely 

used H„ thyratron. 

The heated cathode, H_ filled thyratron is the most commonly used 

device for several reasons. The ionization time for H„ molecules is 

inherently very low (in the nsec range). Due to the unique construc

tion of H„ thyratrons, the grid must be driven positive to turn on the 

thyratron. The tube can be maintained in the off state with a zero grid 

voltage. This eliminates the need for an extra grid power supply- When 

the grid is driven positive, grid current flows which can be limited by 

placing a resistor in series with the grid and the grid voltage source. 

Jhe manufacturer usually recommends the value, generally in the range of 

several kilo-ohms. A variety of H- thyratrons are available. The ra

tings of two of the more commonly used devices are listed in Table I 

below. Additionally, the manufacturers'data sheets specify special lim

itations based on the operating conditions. 

The switches used in really high current applications operate in 

an arc mode. The number of Coulombs transferred is still a critical 

specification, but also electrode wear becomes a factor. Clearly solid 
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Thyratron and Ignitron Ratings 

Thyratrons 
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Ratings 3C45 4C35 Units 

max anode voltage (positive) 

max anode voltage (negative) 

max anode current (pulse) 

max anode current (average) 

min grid trigger voltage 

3 

3 

35 

45 

150 

8 

8 

90 

100 

150 

kV 

kV 

amp 

ma 

V 

Ratings 

max anode voltage (positive) 

max anode voltage (negative) 

max anode current (pulse) 

max anode current (average) 

max Coulombs/shot 

Ignitrons 

7740^ 

20 

20 

35 

0.6 

18.6 

BK394^ 

25 

25 

100 

10 

50 

BK496^ 

25 

25 

100 

80 

400 

Units 

kV 

kV 

M 

A 

M p ^ec 

Westinghouse 

"English Electric Valve Company 



73 

electrodes will suffer more from erosion than a self healing, liquid 

electrode (e.g., Hg). 

C. IGNITRONS^*^*^ 

Ignitrons consist of a tube with a pool of mercury as the cathode. 

A tapered ignitor is partially submerged in the mercury as shown in 

Fig. lb. The conduction sequence starts with the ignition of an arc be

tween the ignitor electrode and the Hg pool. This ionizes the mercury 

vapor in the tube causing a cathode-anode arc to form. Typically it 

takes 2 0.5 ysec to form a conducting channel, although this is a func

tion of the characteristics of the trigger pulse applied to the ignitor. 

A 2000 volt trigger pulse with a risetime of the order of 0.5 ysec will 

turn on the ignitron about 0.5 ysec after reaching a peak value. Due 

to reduced ionization associated with lower magnitude trigger pulses, 

the turn-on time increases rather dramatically for lower trigger volt

ages (200 volt trigger gives a 100 ysec turn-on time). Generally only 

a few joules of trigger energy are necessary. It is usually recommended 

that the trigger pulse be applied during the entire pulse. Optimum op

eration is obtained when the Hg pool is maintained at less than 40 C. 

A coaxial mounting not only minimizes inductance but sets up a J x 

B force on the arc that prevents it from breaking away from the cathode 

and attaching itself to the tube wall. Typical inductance values are in 

the range of 40 nH, including the mounting. Maximum current ratings 

range into the kiloamps, with 30 amp-sec being a common maximum Coulomb 

transfer rating. However, due to the large supply of Hg available from 

the cathode pool, the maximum peak current can exceed several times the 

rated value at the expense of a decreased lifetime. The average current 
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rating should not be exceeded, however. Table I includes ratings for 

several example devices. 

Necessarily, these units must be mounted with the mercury pool at 

the bottom. During shipment the Hg will be sloshed around and forms 

drops on the walls. This condition also occurs after the device has had 

a very high peak current pass through it. The Hg can be distilled back 

to its proper location by heating the device with a lamp (100 watt) and 

gradually increasing the anode voltage from a low initial value until 

the design peak is reached. Steps should be taken to prevent damage to 

the anode supply should the voltage be raised too high too fast, causing 

the ignitron to break down. 

D. SPARK GAPS^"^^ 

For the high voltage-high peak current requirements of very large 

pulse generators the spark gap is the most widely used switch element. 

They can easily be made in the laboratory to hold off several hundred 

kV, pass many kA, and break down predictably. Whereas the ignitron has 

only one arc, spark gaps can be made to break down with several arcs in 

parallel (multichannel) with a resulting decrease in switch inductance. 

The breakdown mechanism is a complex function of electrode mater

ial, electrode area, shape, separation distance, and the dielectric me

dium filling the space between the electrodes. The dielectric material 

can be either a gas, a liquid, a vacuum, or a solid. 

Fundamentally, a breakdown^'^ occurs when the electric stress 

(electric field intensity) in the gap exceeds a critical value. A self-

sustaining conducting channel (arc) is then generated between the elec

trodes. The critical voltages necessary to produce the overstressed 
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condition is called the sparking voltage, V , or the self-breakdown 
s 

voltage. The various time lags inherent in the breakdown process can be 

reduced if a voltage greater than V is applied to the gap. The dif-
S 

ference in the applied voltage and the sparking voltage is referred to 

as the overvoltage AV, where 

-̂ V = V 1 . , - V , for V < V , . ̂  
applied s s applied. 

V 
The ratio — ^ ^ — - — is called the impulse ratio. 

s 

There are basically two types of spark gaps: the directly over

volted gap and the triggered unit. The latter can be considered as in

cluding trigatrons and field distortion type gaps. Figure 2 illustrates 

representative cross sections of each type. 

The direct overvolted gap breaks down when the electric stress in 

the gap exceeds a critical value. The spark gap is usually mounted in 

an enclosure filled with a dielectric. The electrode shape can have a 

critical effect on the stress in the gap, as does the choice of the in

sulating dielectric. 

In the trigatron spark gap,^°' ' a third (trigger) electrode is 

placed inside but separate from one of the main electrodes. An arc can 

be generated between the nearby main electrode and the trigger electrode 

by applying a low energy, high voltage pulse to the trigger. The ioni

zation effects of this arc will cause a breakdown between the main elec

trodes. The breakdown time is a function of the voltage across the gap; 

the closer this voltage is to the self-breakdown value the faster the 

gap will break down. This breakdown procedure is similar to that used 
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in an ignitron. 

The relative polarity of the trigger electrode and the high 

voltage electrode (the electrode without the trigger electrode) has a 

marked effect on the switching performance. Generally speaking, switch 

delay time is minimized when the high voltage electrode and the trigger 

pulse are of the same polarity. 

The other type of spark gap (field distortion) ' illustrated 

in Fig. 2 appears somewhat similar at first glance, but the trigger 

operation is quite different. The trigger electrode is placed on an 

equipotential surface so as not to disturb the electric field in the 

gap. This requires that the trigger electrode be connected to a volt

age divider network across the main gap in order to maintain the pro

per potential on the trigger. When the trigger electrode potential is 

changed by the arrival of a trigger pulse the field in the gap is dis

torted. The ensuing breakdown will either be directly between the main 

electrodes or, in a manner similar to that of the trigatron, the break

down will proceed from the trigger to one electrode and then transfer 

to the other main electrode. Precautions should be taken to prevent a 

high voltage pulse from coupling back into the trigger generator as the 

trigger electrode potential can become quite high during gap operation. 

The desired trigger pulse must be of sufficient voltage to cause the 

gap to fire. A fast rising pulse is also quite desirable in order to 

minimize jitter. 

There exists an optimum placement of the trigger electrode. How

ever, tailoring each gap to its specific circumstances is somewhat cum

bersome. Consequently a 1:1 (midplane) or 2:1 displacement is common. 
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Field distortion gaps stressed at 60% of V^ can still be triggered re-

12 
liably and break down in a few nanoseconds. For a laboratory built 

version with hemi-spherical electrodes, a thin trigger plate with a 

hole, the diameter of which is on the order of the gap separation, is 

used.^^ A needle electrode can also be used as illustrated in Fig. 2. 

Placing the end of the needle on a line between the centers of the hem

ispherical electrodes optimizes breakdown time and minimizes electrode 

erosion. 

E. DIELECTRICS 

3 7 
Gases. There are two general theories ' applicable to the 

breakdown process in a gas. Both are based on an electron being accel

erated by the electric field and creating other electrons by colliding 

with and ionizing atoms of the gas. The end result of this process is 

a conducting plasma column which bridges the gap. 

The Townsend theory proposes that the breakdown is due to a se

ries of successive avalanches. For low overvoltages, all of the elec

trons generated by ionizing collisions will not head for the anode. 

Those that return to the cathode might generate new electrons by impact 

ionization. This process repeats itself several times and the conduc

ting plasma eventually forms. Clearly this process requires a time pe

riod on the order of several electron transit times to occur. Basical

ly useful at low values of pd (pressure x electrode distance), and at 

low overvoltages, this theory fails to explain breakdown times on the 

order of one electron transit time observed at higher values of pd and 

overvoltages. 

The streamer (kanal) theory was proposed to explain this observed 
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phenomenon, again using an electron avalanche as an intuitive process. 

The high electric stress present in a highly overvolted gap, coupled 

with the increased field at the spreading tip of the avalanche can gen

erate sufficient ultraviolet photons to photo-ionize nearby atoms. 

Nearly all of the avalanche-generated electrons are accelerated to the 

anode. A conducting channel can be formed very rapidly. Both anode 

and cathode directed streamers can be generated with the details of the 

conducting plasma formation differing, but the fundamental process re

maining unchanged. 

Thus electron avalanche processes proceed with speeds associated 

with electron mobility velocities, while streamer processes involve 

speed of light velocities. 

As a conducting plasma channel is formed it passes through sev

eral phases. Two phases of particular interest to us are the resistive 

and inductive ones, which affect the risetime of the switch. The re

sistive phase is due to the switch transition from the high resistance 

of the "off" state to the low resistance of the "on" state, i.e., the 

formation of the conducting channel. The inductive phase occurs during 

the growth (radial expansion) of this channel. In general, the "total" 

14 
time constant characteristic of the switch ( T ̂^^) can be defined as 

T = T + T 
tot L R 

where T is the time constant associated with the inductive phase, and 

T is the time constant associated with the resistive phase. For 
R 

12 
gases, Martin has empirically determined that 
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88 H 
\ • ,1/3 „4/3 ^"^"O^ " " = ' 

where E is the prebreakdown electric stress in units of 10 kV/cm, p/p_ 

is the ratio of the dielectric gas density to that of air at STP, and 

Z is the impedance of the system driving the switch. 

There are two time lag regions associated with these breakdown 

processes. There can be a statistical time lag associated with the 

natural appearance of the first free electron required by each theory 

to initiate the avalanche development. This time period is appropri

ately called the statistical time lag since the appearance of such an 

electron can only be predicted using probalistic methods. The 

time it takes the bridging conducting channel to form after the first 

electron is present is called the formative time lag. The statistical 

time lag can be reduced by using artificial means such as UV radiation 

to aid the natural processes and to insure that an initial electron is 

present. The formative lag can be reduced by strongly overvolting the 

gap and, to an extent, by selecting an appropriate electrode shape as 

well as the use of high power lasers. Figure 3 indicates the relative 

breakdown time as a function of the overvoltage for a variety of elec-

trode configurations. There are physical limitations as to how large 

the overvoltage can be. By using electrodes with field enhancing geo

metries the overvoltage can be translated into very strong electrical 

stresses (which are, after all, the necessary ingredient). Such geome

tries bring up the problem of non-uniform fields. A measure of the un

iformity of the electric field is the ratio of the maximum stress to 

the minimum stress, referred to as the field enhancement factor FEF, 
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FEF = inaximum electric stress , . 
mean electric stress ' 

Figure 3 also gives the FEF for several configurations. The division 

between uniform and non-uniform is somewhat arbitrary. One could be 

quite strict and call any configuration with an FEF greater than one 

non-uniform, but that isn't too practical and is quite unnecessary. 

Those publications that do attempt to divide the two suggest that the 

term "non-uniform" be used when the FEF exceeds five. 

Uniform Field - When the electrode configuration can be consid

ered to produce a uniform field, the required breakdown voltage is giv

en by Paschen's Law, which states that the breakdown voltage is a func

tion of the product of the gas pressure and the gap spacing. A typical 

shape of the Paschen curve is shown in Fig. 4. As a rough approxima-

3,14 . , . tion, for dry air. 

V = 24.6 pd + 6.7 (pd)^ kV, (3) 
s 

where p is the pressure in atmospheres, and d is the electrode separa

tion in cm. (The inductance of an arc channel in any gas is approxima-

12 
tely 15 or 20 nH per cm length. ) 

The minimum in the Paschen curve can be explained by considering 

a gap with a fixed spacing, d, filled to a pressure, p, such that the 

product pd is to the right of the minimum. As the pressure is de

creased, the gas density also decreases. As the gas particles become 

more widely separated, the electrons have a longer time interval be

tween collisions. In this interval the electrons can attain higher 
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energies. Consequently a lower electric stress is required to accel

erate the electrons sufficiently to perform ionizing collisions. As 

the pressure is reduced further, the probability of a collision is re

duced. To insure that a collision does ionize a gas atom, more energy 

must be imparted to the electrons, requiring greater electric stresses 

(which means a higher voltage for the fixed gap separation being con

sidered) . This accounts for the sharp rise in the curve. 

As the pressure becomes very large the electrode material becomes 

important. At the high electric stresses predicted by Fig. 4, elec

trons may be generated by field emission at the electrode surface. 

This creates a space charge which distorts the applied field. Since 

Paschen's Law is strictly valid only for uniform fields, its useful

ness is limited when a space charge is present. The results of a 

series of gap experiments at the Atomic Weapons Research Establishment, 

Aldermasten, England, as reported by J. C. Martin are reproduced in 

Fig. 5a and 5b. These can be considered as uniform field gaps due to 

the low FEF (1.2 - 1.3). The PLATO gap consisted of spherical (5 cm 

diameter) phosphor bronze electrodes separated by a 3 cm gap. Cylin

drical brass electrodes with a 1.6 cm diameter were used in the WEB gap. 

The latter utilized a 1.3 cm spacing. There were two TOM gaps, half 

and full size units. The latter was made of 3.2 cm diameter brass cyl

inders, machined so that about 1 mm was removed from the side of the 

cylinders facing each other. The gap spacing was about 3 cm. The gaps 

were of the directly overvolted type and exhibited a breakdown charac

teristic which is a function of how fast the voltage across the gap in

creases. The gap was stressed by discharging a capacitor through an 
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inductor. The designations "slow," "medium," and "fast" were selected 

on the basis of the frequency of the discharge circuit ( /I/ LC ) . 

The breakdown voltage for a given electrode material also depends 

on the application of the gap. That is, if the gap is required to 

stand off a DC voltage for some time, any electron emission by the 

electrode could have detrimental effects. On the other hand, if the gap 

is pulse charged and must withstand the voltage for only a short time 

(as in a pulse sharpening gap) surface emission is not quite so criti

cal. 

Non-uniform Fields - A non uniform field has regions of high 

electric stress and regions of low stress. Depending on the electrode 

geometry and the dielectric gas, the high stress region might create an 

area of local ionization or corona. Due to the difference in the mo

bilities of the ions and the electrons, the positive ions tend to re

main in the high stress region where they were created. If the elec

trode in this region is charged positive the corona space charge acts 

as an extension of the electrode. The nonuniformity of the field (as 

measured by the FEF) is reduced, resulting in a lower V . However, the 

positive space charge tends to shield the negative electrode, resulting 

in a higher V . Corona also represents an undesirable energy loss as 

current is leaked off to maintain the corona. 

The high electric stresses obtained in nonuniform fields result 

in very fast turn on times (small formative time lags). Martin has 

reported results utilizing a point-plane geometry; break down times 

less than 10 nsec are not uncommon. 

Very low inductance, fast closing gaps have been made by using a 
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field distortion rod-plane construction. A rod-rod construction is 

also common. Either is sometimes referred to as a rail gap, although 

this is strictly valid only for the rod-rod gap. The rods are some

times sharpened to form a field enhancing point geometry to increase 

the FEF. If the voltage across the gap has a very fast risetime, or a 

fast rising trigger pulse is applied to a third electrode between the 

two main electrodes, several breakdown channels can form. A criterion 

for the risetime of the trigger pulse is that it must be faster than 

the formative time lag for the gap, in order that several streamers may 

start to form. Martin formulates mathematically a time interval (AT) 

during which multichannel operation is possible as 

AT = O.lT^ ^ + 0.8T^ 
tot trans 

where x is defined in Eq. 1, and x^ is the gap separation divid-
tot trans 

ed by the local velocity of light. He also gives a detailed example of 

calculations of inductance and breakdown times of a multichannel edge-

14 
plane gap. A variety of spark gaps are produced commercially. Table 

III (Appendix A) lists several characteristics of some of them. 

For most triggered gaps, a Paschen-type plot of breakdown voltage 

and pd will look somewhat like that of Fig. 6a. The curve can be divid

ed into four regions as indicated. The no-fire region is that area com

bination of voltage and pd under which the gap cannot be made to fire. 

Under these conditions, the gap can be considered to have an infinite 

delay time. The region above the self breakdown curve represents the 

conditions which the gap will not be able to withstand. The gap will 
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fire without a trigger pulse and can be considered to have zero delay 

time. The region between these two extremes is the normal operating 

region and can be further divided into two ranges: the slow trigger 

range and the fast trigger range. The distinction between these two 

ranges can be seen with the aid of Figs. 6b and 6c. Figure 6b is a 

plot of delay time vs voltage along a line of constant pd. Although 

the shape of the curve is not necessarily linear as indicated, the 

general idea is that increasing the voltage decreases the delay time. 

As the voltage approaches the self breakdown voltage the delay time 

reaches a minimum, with the next decrease coming as the voltage is in

creased to a point outside the operating region, into the self break

down region of Fig. 6a. The same situation is shown in Fig. 6c which 

shows delay time vs pd along a constant breakdown voltage curve. By 

the use of more detailed curves of this type, gaps can be operated in 

optimum regions, given the acceptable ranges of voltage and pd that can 

be expected in the particular case. 

Several gases are commonly used to fill spark gaps. Several fac

tors, including the electrode material, should therefore be considered 

before specifying a gas. Necessarily, the breakdown characteristics 

of the gases are important. The chemical interaction between the gas 

and the electrode, as well as the by-products of the spark-gas chemi

cal reaction should be taken into account. Besides being easily ma

chined, brass is good for use in air and sulfur hexaflouride (SF^) 
6 

9/ 

filled gaps. Heavy metal (89% W, 7% Cu, 4% Ni) has also been found 
to be well suited for these gases. Harder materials such as phosphor 

22 
bronze or steel exhibit only minor corrosion. Nitrogen (N2) and 
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synthetic air (80% N2 + 20% 0^) are also used in spark gaps. In gen

eral, water vapor is undesirable, so only dry gas should be used to 

pressurize gaps. Table IV (Appendix A) gives the relative dielectric 

18 25 
strength constants and breakdown stresses for several gases. ' 

One of the more common gases is the electronegative SF . Since 

its molecules have a strong affinity for stray electrons a high elec

tric stress is necessary to generate an avalanche. To maintain the 

high electric strength the gas must be replaced every few shots. A 

continuous flow of - 100 cc/shot seems adequate for most applications, 

although this flow rate will vary with the specific situation. Trial 

and error is one way to determine the required flow rate. The flouride 

by-products created by each shot are not quite healthy, but no problem 

should exist in an average, well ventilated lab unless great quantities 

of "used" SF-. are being vented. The safest course is to vent the gaps 
o 

to the atmosphere. This gas tends to form an oxide layer on the elec

trodes which can be removed by filling the gap with air and making a 

few low energy discharges. Directly overvolted gaps filled with SF, 

exhibit a large jitter, thus this gas is usually reserved for use in 

triggered gaps. Triggered rail gaps operate "best" with a mixture of 

8% SF, and 92% Argon. ̂'̂  
D 

For less than supercritical applications, the electrode material 

can be almost whatever is handy. Gross roughness is to be avoided as 

sharp points create areas of high electric stress leading to a field 

emission triggered breakdown. The allowable roughness is a function of 

the electrode material and the electric stress the gap must withstand 

between firings. A material operated at a stress near that required 
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for field emission would need to be very smooth, while one operated at 

lower stress could be less well machined. Hand finishing/polishing is 

usually sufficient. It is also necessary to condition the gap by fir

ing it several times with a low energy source in order to achieve re

liable operation at the design stresses. Conditioning removes small 

sharp points left by the finishing process and in general "burns in" 

the electrodes. Pulsed gaps are less sensitive to electrode topogra-̂  

phy. 

Liquid Dielectrics. Breakdown in liquid dielectrics follows a 

process similar to that of gas breakdown. However, the problem of 

voids (bubbles) complicates the liquid case since the hydrodynamic 

shocks involved can generate bubbles. These can of course lead to pre

mature breakdown when voltage is next applied to the dielectric. The 

hydrodynamic process is not very fast; most liquids loose a significant 

portion of their dielectric strength after about 10 usee or so. The 

pulse duration should then be much less than this time so that one can 

stress the liquid and then remove the stress before the voids are 

formed. Liquids can form regions of high electric stress, triggering a 

breakdown. Bubbles can also cause high electric stresses and break

down. The resulting discharge can generate impurities and ions which 

can lead to a general breakdown. 

The most commonly used liquid dielectric is oil. The pulsed 

breakdown field strength of these oils is on the order of IMV/cm. Of

ten a high voltage pulse generator is submerged in a tank of oil. 

This allows the generator to operate at higher stresses between its 

component parts. Additionally, tanks confine the high voltage parts 
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to a safe region and reduce the dangerous dispersion of metal pieces 

should a component fail explosively. For short pulse transmission 

lines, water is sometimes used (dielectric constant - 80) . 

Solid Dielectrics. Ideal solids can have breakdown fields on 

the order of 10 MV/cm. Practically though, solids fail at lower stres

ses. Impurities lower the breakdown electric strength in much the same 

manner as voids in solids. The different dielectric constants of voids 

cause local electric field enhancement and breakdown. 

Solid dielectrics are used in switches with very fast risetimes 

(short gaps), and quite substantial voltage/current ratings. The prob

lem is that the solid is destroyed in the switching process and must be 

replaced after each shot, unlike the self healing liquid or gas dielec

trics. 

19 
A typical solid dielectric switch is shown in Fig. 7. The 

switch action is a combination of transmission/field distortion princi

ples. The potential of the third electrode is determined initially by 

the capacitances of the insulating layers between it and the main elec

trodes. If a negative trigger pulse is applied to the sharp point (or, 

in some switches, directly to the electrode) the thin insulating lay

er between the two plates is punctured. If the trigger pulse has a 

very fast risetime the rest of the switch appears to be a transmission 

line. During the finite length of time that the trigger pulse takes to 

arrive at point B, breakdowns occur between the trigger and one main 

electrode. As in the field distortion triggered spark gap the break

down proceeds to the other main electrode. Since the multiple arcs are 

in parallel with each other the net inductance of the switch is 
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reduced. 

Vacuum. The breakdown mechanism for vacuum insulated gaps is 

somewhat different than that for gaps "filled with something." The 

absence of free electrons or, for that matter, the lack of atoms to 

provide such electrons, leads to new breakdown initiation theories,^ 

such as surface emission of electrons. Such emission might be caused 

by the high electric field strength (stress) at a pointed surface im

perfection on the electrode, or by thermally stimulated emission. Not 

all electrons emitted by these effects will travel to the other elec

trode; those that fall back can cause surface ionization. Vacuum in

sulated switches are generally slower than switches insluated with 

other type dielectrics, and since nature abhors a vacuum, they require 

more auxiliary equipment to make them work. The hold off voltage is 

less also. 

F. SILICON CONTROLLED RECTIFIER (SCR) 

The switching devices discussed so far have involved the forma

tion of an arc. Solid state switching eliminates many of the problems 

associated with the arc, such as the need for cathode heaters, while 

maintaining fast turn-on times. A widely used solid state device is 

'̂0 21 

the silicon controlled rectifier or SCR." ' These devices have rela

tively low voltage ratings and consequently many of them must be 

stacked in series for high voltage applications. Stacks of several 

hundred units are not uncommon although the operation of such a stack 

poses its own problems. 

The silicon controlled rectifier (SCR) is composed of three FN 

semiconductor junctions as shown in Fig. 8a. The external connections 



96 

•o Anode 

N 

N 

-o- Sate X 

-o Cathode o 
(Construction) (Symbol) 

a) Sil icon Controlled Rect i f ier (SCR) 

• ^ ^ W 

b) 

^'r^-^'i^^ 
Series Stacking with Parallel Resistors to Insure 
Equal Voltage Division 

> 

R 

^ 

C) Parallel Stack with Series Resistors to Insure Eaual 
Currant Division 

Fig. 8 SCR Stackina 



97 

are the anode, cathode, and gate. The turn on procedure is somewhat 

similar to that of a thyratron. When the anode is positive with re

spect to the cathode, turn-on (current flow) can be controlled by the 

gate, but like the thyratron, once the device is in the conducting 

state the gate cannot turn the device off. When the gate is negative 

with respect to the cathode no current flows from the anode to the 

cathode. When the gate is made positive with respect to the cathode a 

transition to the conducting state occurs. The gate must be "turned 

on" for a minimum time long enough for the anode current to achieve a 

minimum value called the latching current. Internal capacitances link

ing the gate and the anode may provide sufficient current to trigger 

the SCR if the anode voltage increases at too high a rate. 

The SCR turns off when the gate potential is zero or negative 

(with respect to the cathode) and the anode current falls below a small 

value known as the sustaining current. The latter is the minimum cur

rent flow through the device that will sustain it in the conducting 

state without additional current injection through the gate circuit. 

These switches can be stacked in a series or parallel circuit in 

order to achieve increased ratings; the rating of a series stack of n 

devices is n times the rating of a single device (Fig. 8b) and a paral

lel circuit has a current rating of n times the single device rating 

(Fig. 8c). Extra circuit components are required in order to insure 

equal voltage and current division among the devices in the stack (due 

to the jitter in turn-on and turn-off times among the devices and due 

to variations in V-I characteristics of each device). Capacitors are 

sometimes used in place of the parallel resistors in the series stack 
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and inductors can be used in place of the series resistors in the 

parallel circuit. As is common with pulsed devices, the surge (cur

rent) rating can be quite high compared to the average rating. This 

is an area of very rapid development and bears watching for future de

velopments such as laser triggered SCR's. 

\ 
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CHAPTER V 

MARX GENERATORS 

A. INTRODUCTION 

This chapter deals with the basic Marx generator circuit used for 

voltage multiplication and several circuit modifications and improve

ments frequently employed. The fundamentals of triggering a Marx gen

erator are covered in some detail. Necessarily, many effects that are 

present in very large generator units are beyond the scope of this re

port. 

B. FUNDAMENTALS OF MARX GENERATOR OPERATION 

The basic circuit for this type of generator was patented by the 

eponymous Erwin Marx in 1923. Reference 1 is a quite detailed and in

teresting evaluation of Marx's original circuits. The fundamental 

principle is to charge several capacitors in parallel, then switch them 

into a series configuration commonly referred to as erecting the Marx. 

The output voltage then becomes equal to the sum of the voltages across 

each capacitor. The output pulse is necessarily a capacitive discharge 

waveform, the characteristics of which depend in large measure on the 

load character. Figure la illustrates a simple Marx bank using simple 

2 
two electrode spark gaps as the switching elements. 

*According to common usage the word "Marx" will, in the following, of
ten be used to denote "Marx generator" or "Marx bank." 

101 
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Each capacitor represents a stage of the Marx. However, several 

capacitors might be connected in a series/parallel configuration to ob

tain particular voltage or capacitance ratings for each stage. 

The capacitors are charged through the charging resistors, R^, to 

the desired voltage V (called the stage voltage since V is across 

o c c 

each capacitor or stage). Assume that gap G.^ breaks down or is trig

gered. The voltage at point C is driven towards V . Since the voltage 

across a capacitor cannot change instantaneously this voltage change is 

then "communicated" to point D which goes to 2V. Gap G^ now has 2V a-

cross it and breaks down. This process repeats itself until all gaps 

have fired sequentially. The Marx is said to have erected; this time 

period is of course the "erection time." In some references, the term 

"running time" might be used instead of erection time. Erection times 

on the order of 1 ysec or less are not uncommon. 

Once the Marx generator is erected, the equivalent circuit is 

that of Fig. lb. The erected Marx generator electrically appears as a 

single capacitor C = .- , with an output voltage V = NV , where N 

m N " m c 
is the number of stages in the generator. 

If the Marx has erected but the output gap has not fired, each 

capacitor will be discharged by two charging resistors in parallel. 

The effective time constant for this self discharge action is 

' = ^^c^O-

If the output gap has fired, the load is in parallel and the time con

stant is modified accordingly. Necessarily, this time constant should 
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be made long compared to the duration of the desired output pulse. The 

first stages to erect begin to go through this self discharge process 

even before the remainder of..the .stages have been switched. The energy | 

dissipated in the discharge resistors is quite undesirable, lowering 

the efficiency of the generator and reducing the magnitude of the out

put voltage pulse. In some cases, inductors are used in place of the 

resistors as the charging/isolating impedances. The self discharge ac

tion is characterized by the ringing frequency of the LC combination 

formed by the inductors and the stage capacitors. It is necessary to 

•M &: 

make the period of this frequency several times the output pulse dura

tion. In this case, the current flowing in one such inductor is ap

proximately 

m m 

V X 
c 

(1) 

where V = stage voltage 

L = isolating inductance 

X = output pulse duration 

Iĵ  = current in the inductor. 

Each capacitor charges at a different rate. For a DC charging 

circuit as in Fig. 2a, an approximate expression for the charging time 

th 9 
constant of the last (N ) capacitor is 

x„ = R C_N 
N c 0 (2) 

Constant current power supplies are often used to charge Marx banks in 

.:Jl^^k. .î ..t. 
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order to obtain a somewhat linear voltage increase. The voltages on 

the first and last capacitor are indicated in Fig. 2b. It can be shown 

2 
that 

AV R C^N^ 
c c 0 

V " 1 ' (3) 
c 1 

where t̂^ is the charging duration. 
AV 

The selection of an acceptable ratio —x sets a lower limit _c 

c 
on tĵ  which is effectively the output interpulse interval required to 

recharge the Marx. Assuming a long t., each capacitor will charge to 

approximately V^. Thus the total energy stored in the Marx will be 

^m = ^n^^^N . (4) 
m 0 c 

This is a somewhat approximate expression due to the non-zero AV /V 
c c 

(Eq. 3). 

C. MARX GENERATOR TRIGGERING 

A complete and thorough analysis of the switching action in a 

Marx generator would be quite unwieldy. However, a brief discussion of 

the types of switches commonly used is not out of place. Suitable as

sumptions and approximations can be made to establish the fundamentals 

of the process. Among the several types of switches frequently used 

are two-electrode spark gaps, three-electrode (triggered) spark gaps, 

and ignitrons. 

Two-electrode gap. This type of spark gap unit consists of two 

metal electrodes separated by a distance d. Breakdown occurs when the 
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electric field in the gap exceeds a minimum value, corresponding to a 

voltage îjT-eakdown* ^ "safety" or breakdown factor m for a spark gap 

3 
can be defined as 

breakdown ,̂ v 
m = _ (5) 

operating 

where V is the voltage the gap is holding off. If a gap is 

required to hold off 70% of its breakdown voltage without firing, m = 

1.43. Increasing the voltage across the gap by a factor of m will 

break down the gap. In practice, this value should be exceeded (gap 

overvoltaged) by at least 15% in order to achieve acceptable perfor-
2 

mance as the electrodes change due to erosion. 

The term "operating range" refers to the range of values of charg

ing voltages at which the Marx generator will still erect. Switching 

characteristics of the gap will change with time as the arc erodes the 

surface of the electrodes and the gas filling the switch enclosure be

comes contaminated with discharge products. Also, the Marx generator 

might not be charged to its full design voltage if a full energy output 

pulse is not needed. Hence the gaps are not always operating at the 

full operating voltage that was used in designing the unit. A Marx 

generator with a sufficiently wide operating range will still erect 

satisfactorily. However, when the electrodes are quite worn, it might 

be necessary to remachine the surfaces. Chemical deposits can often be 

removed and the surface somewhat reconditioned by sparking from a low 

energy source. 

A 4-stage Marx generator using two-electrode gaps is illustrated 

in Fig. 3a. The spark gaps are identified as G^, G^, G^, and G^. Each 
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has an effective capacitance C between the gap electrodes prior to 

breakdown. In addition, each point on the Marx generator will have 

some capacitance to ground. It is necessary to distinguish between the 

actual "hard" ground and a transient ac type ground which occurs due to 

the high frequency, distributed parameter nature of the circuits. Ex

amination of the physical layout of any configuration will reveal that 

these "strays" effectively raise the generator potential above ground. 

As a simplifying assumption, this distributed capacitance is lumped in

to several stray capacitances, C_, as indicated. 

To initiate the Marx generator, assume that each capacitor C- is 

charged to a voltage V , and that gap G. has been triggered. The stray 

c i 

capacitances tend to hold points D, H, etc. at ground potential. How

ever, usually the stage capacitance is much greater than the stray ca

pacitance, so the latter is charged essentially instantaneously. The 

net effect is that point B now assumes a potential of 2V . 

The magnitude of the stray capacitances is now of paramount in

terest. In the previous step, it was assumed gap G.. fired due to an 

externally generated signal. The remaining gaps will fire only if a 

sufficiently large overvoltage occurs. This principle is equally valid 

for directly overstressed two-electrode gaps and for triggered gaps. 

The magnitude of the voltage across the gap ( A V) is determined by the 

voltage divider created by the stray capacitance to ground and the ca

pacitance C between the electrodes of the unfired gap. The expres-

sion for AV is 
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2V 
AV = ^"c , (6) 

Clearly the maximum overvoltage across the gap is 2V . 

Maximizing Eq. (6) with respect to C /C_ requires the ratio 
g R 

C /C_ to be a minimum, or g R 

C. « Cp g R* 

This condition is accomplished by careful construction of the Marx gen

erator. The stray capacitances can be tailored to an extent by placing 

a conducting plate next to the Marx generator column, or by placing the 

entire unit in a tank of oil. The latter has the added advantage of 

allowing the Marx generator to operate at higher electric stress values 

since the breakdown strength of oil is greater than that of air. 

However, the voltage rise at point B and hence the gap overvol

tage AV are not long-lived occurrences. As the stray capacitance C„ at 

point D charges to V , the capacitor C at point H also charges to V^ 

through the charging resistor between points D and H. Point F tends to 

rise to 2V since it is connected to point B (which is at a potential 
c 

of 2V ). This requires point H to charge to V . Assuming that the 
c ^ 

stage capacitance C-. is much larger than the stray capacitance Ĉ ,̂ each 

of these two processes charges Ĉ ^ with a time constant R̂ Ĉ .̂ Since 

2 
both are occurring simultaneously, the effective time constant is 

i$R C . The main object of this discussion is that as point H charges 
c R 

to V , the overvoltage on gap G« is reduced. Careful consideration 
c' ^ 

must be given to the detailed breakdown characteristics of the gap in 

order to insure that it has fired before the overvoltage is reduced too 
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far. 

This process is carried out on up the Marx generator chain with 

the gap overvoltage becoming successively larger. The breakdown of 

the final output gap G^ depends on the load characteristics. Other 

stray capacitances not considered in this example explain observations^ 

of the erection wave "skipping ahead" to the load end of the generator. 

In this example the erection wave is capacitively coupled to the 

next gap (n = 1) in the chain. This type of triggering is referred to 

as a directly overstressed, capacitively coupled, n = 1 Marx generator. 

If, instead of triggering one gap, the first K gaps are triggered 

simultaneously, the overvoltage across the next (K + 1) gap is^ 

AV = KV ( ) . (7) 
/ 4C 

1 +/l + — 7 ^ -

A limit on the gap safety factor m can now be determined as 

m < /'' . (8) 

1 +/l + ^-

Increasing the number of triggered gaps will increase the allowable 

gap m and the operating range of the generator. This process obviously 

has a physical limitation because there is a minimum practical voltage 

at which the first K gaps can be triggered. The output risetime also 

suffers due to the lessened "peaking switch" effect of the gaps.* 

See sharpening gap discussion in vector inversion generators chapter. 
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In another triggering arrangement, the required number of 

switches can be halved by using positive and negative charging volt

ages . ̂  Two capacitors in series make up a stage as in Fig. 4. The 

switching action is similar to that previously considered. Another 

addition to this circuit is the high impedance ground resistor R from 
O 

the "center" of each stage to ground. This resistor isolates the 

stage from ground during operation. Generally R » R^ will give satis

factory charge/discharge rates since R will dominate as in the single 

polarity charging case. 

Several characteristics of the Marx can be improved by separating 

4 
it into two or more stacks, as illustrated in Fig. 5a. The height has 

been halved, thereby considerably reducing the internal inductance of 

the generator. The capacitive coupling between alternate stages is un

avoidably greater than that between adjacent stages which eases the 

problem of overvolting the two electrode gaps. Figure 5b is the cir

cuit of Fig. 5a, including charging resistors and stray capacitances 

(C ) between each stage in a column. 

Assume that the capacitance to ground is small and can be neg

lected. When gap Gĵ  is fired, point A will then quickly assume the 

voltage V^. An equivalent circuit, useful in determining the overvolt

age on gap G-, is shown in Fig. 6. 

Neglecting the effect of the charging resistors for now, the volt

age across G^ will be determined by the capacitive voltage divider 

consisting of C and Ĉ .̂ The overvoltage will be 



113 

The overvoltage can be maximized by making C_» C which is not diffi-
R g 

cult at all. 

The effect of the charging resistor network is similar to that of 

the single stack generator. The overvoltage decays with an approximate 

time constant 

X ~ ig R (C + C„) 
c' g R' (10) 

due to the resistors between point C and ground, and point C and point 

E (E is still essentially at 0 volts). This voltage increase/gap fir

ing action proceeds until all of the gaps have fired, giving an output 

voltage of 7V in this example. Without an output switch, the voltage 

at point F will be V prior to the Marx erection. A pulse of 6V will 

be added when all gaps have fired. A switch in the output circuit 

would relieve this usually undesirable feature resulting in a 7V out

put pulse. 

Since the gaps must be able to hold off V without firing during 

the charging cycle, the overvoltage across a gap must exceed mV for 

the gap to fire. An upper limit on m can be determined to be 

m < — . (11) 

The erection wave is capacitively coupled to alternate gaps in the 

chain, thus this is an n = 2 Marx generator. 

By rearranging the Marx into two columns, an operating range ap

proaching 2:1 can be achieved by triggering only one gap. This 
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a) Two Column Zig Zag (One terminal of al l Ĉ  Capacitors 
is the case (B)) 

Fig. 5 Examples of Zig Zag Construction 
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lessening of the length of the generator further decreases C„ while C 
R g 

remains unchanged (provided the same spark gaps are used), and decreas

ing the inductance. In general, the Marx can be built in N columns 
c 

with an operating range approaching N :1, but the first N -1 gaps must 
c c 

be triggered. Stray impedances limit the usefulness of this approach 
to N < 3. 

c — 

Breakdown characteristics of gaps by these type generators can be 

improved by pre-ionizing the gap with UV radiation from the breakdown 

of previous gaps. This arrangement places obvious physical constraints 

on the layout of the Marx. 

Another transient voltage also appears in this type of construc

tion. Consider a two column generator, a portion of which is shown in 

Fig. 7. 

If the gaps were perfect (no resistance, no inductance), a tran

sient pulse of magnitude 2V would appear between the two capacitors 

coupled by C . Consideration of the inductance (L) of the gaps, wir-
R 

ing, and capacitors yields a voltage pulse approximated by 

V = 2V (1 - cos ^ ) (12) 

Generally this will be a high frequency oscillation (LĈ ^ small), rapid

ly attaining a peak value of 4V . The resistance inherent in the cir-

4 
cult will tend to limit the peak to a lesser value (3V^ is common), 

but sufficient insulation must be provided between the alternate stages 

to withstand the high voltage transients. 

Another method of overvolting the gaps places the first gap in a 
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different position, as illustrated in Fig. 8a. The Marx in Fig. 8a is 

a single column construction; a similar result is obtained for a zig

zag configuration. 

When gap G fires, the potential at point A changes from V to 
c 

zero (ground). As the stray capacitance to ground from point B charg

es, point B will go to a -V^ potential. An equivalent circuit is 

shown in Fig. 8b. 

Analysis yields the potential at point C (V ) to be 

C„ + 2C 
V, = V ( 1 ^ S ) /j-̂ N 

1 c ^ C„ + C + C^ -̂ ^̂ ^̂  
2 g 3 

The voltage across the gap is the difference in the potentials of 

points C and B, 

C 
1 + 2 - ^ 

^ = ̂ c <2 ^ — - ) ^ (14) 

1 + - ^ + -pr-

If the interstage stray capacitance C^ is made larger than the gap ca

pacitance C , the gap overvoltage is approximately 

V = V (2 -
C 

1 + S 

As with the previous scheme, the stray capacitance to ground (C_) 

should exceed the interstage coupling capacitance (C.) in order to a-

chieve a maximum overvoltage across the gap. This is once again a ca

pacitively coupled, n = 1 Marx generator. One should note that making 
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the Marx generator shorter often reduces C«. 

A common method of triggering the first gap is to introduce a 

third electrode into the gap. When a voltage pulse is applied, the 

field distribution inside the gap is changed and breakdown occurs. 

More details on the operation of such three-electrode gaps are found 

in Chapter IV. Several types can be made, but in general this chapter 

will use the symbol ("̂ 'o-) for a triggered three-electrode or mid-

plane gap. 

A fundamental difference in the two gap placement schemes previ

ously discussed can be considered more thoroughly. The gap placement 

of Fig. 8a is repeated in Fig. 9a, while that of Fig. 8b is repeated in 

Fig. 9b, including a trigger electrode which is capacitively coupled to 

a trigger signal generator. 

When the gap in Fig. 9a fires, the coupling capacitor must nec

essarily withstand the full stage voltage V . The gap position of 

Fig. 9b alleviates this problem as the coupling capacitor has no volt-

2 
age. across it due to the gap breakdown. 

Three-electrode gaps can be used throughout the Marx unit at the 

expense of some added complexity in the circuitry. The initial work on 

Marx banks of this type was pioneered by J. C. Martin. Three advan

tages of using three electrode gaps are: 1) such gaps can fire with 

large capacitances across the gap, 2) transient voltages are less se

vere, making insulation problems less difficult; and 3) there is no 

need to use UV radiation from the breakdown of previous gaps to aid the 

breakdown, leading to greater flexibility in construction. Due to the 

unpredictable characteristics of the erection wave, the placement of 
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the trigger electrode in each gap usually cannot be optimized. A sjmi-

metrical construction is required. Figure 10 illustrates a Marx using 

three-electrode gaps throughout. The erection procedure is similar to 

that for the two electrode gaps. 

Marx banks operating at less extreme voltage and current levels 

can use ignitrons as the switching element. Figure 11 illustrates an 

n = 1 Marx using ignitrons and RC coupling. As the previous ignitron 

fires, the trigger capacitor to the next ignitron charges. By suitably 

tailoring the charging resistance and capacitance, the required igni

tron triggering energy is "leaked off" from the Marx itself. 

Once a Marx has erected, the switches and capacitors are in se

ries with eath other. The inductances of each element and the inter

connections are thus additive. The discharging Marx generator is elec

trically a series circuit composed of the load, the net inductance, and 

the effective capacitance of the unit. This inductance limits the 

risetime of the output pulse to an e-folding time on the order of L/R. 

Major efforts to reduce the inductance include lower inductance capaci

tors, different generator configurations, and lower inductance switches 

such as multichannel units. As shown in the first chapter, an RLC cir

cuit such as that formed by a Marx generator and its load can oscil

late. The voltage reversal inherent in such oscillations is divided 

among the stage capacitors and can result in severe damage. Capacitors 

designed to withstand up to 80% reversal can be obtained at a substan

tial increase in price over units rated for a more standard 30% rever

sal. The voltage reversal can be limited by the use of a "crowbar" 

switch across the load. 
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For an oscillatory circuit it is desired that the crowbar fire 

as the load voltage starts to reverse. The short circuit prevents the 

reversal from getting back to the Marx generator. It also provides a 

path for the sustaining of a current flow in an inductive load. Fir

ing spark gaps or ignitrons at the low voltage present just as the re

versal starts is somewhat difficult. In this case, high voltage trig-

Q 

ger pulses are needed. The trigatron has been demonstrated to perform 

this function well if a sufficiently high voltage trigger pulse is 

available (see switching chapter). 

Due to these inherent limiting factors, Marx generators are often 

used to pulse charge other energy storage units which have more desir

able discharge characteristics. However, the addition of an extra sys

tem increases the total system complexity, weight, cost, etc. 

A peaking capacitor can be used to improve the risetime of the 
9 

Marx output. In this case a capacitor C and an extra switch G are 
P P 

added as in Fig. 12. When the output gap closes, C is charged to 
2C^ L P 

~C +~C— ^m ' ̂ ^^ ^^ selecting C = — ^ — a smooth exponential wave 
m p P Z 

LI 

is produced. The peaking capacitor stores energy in the amount of 

2C 
W = ĴC (V -;r-~r-) 
p p ^ m C + C ^ 

m D 

Jitter in switch G will cause the output to be somewhat distorted 10 

The energy transfer efficiency when employing peaking capacitors 

is a function of the ratio C /C^. This was considered in Chapter II 

The reader is referred to Fig. Ud in that chapter for a plot of the 

energy and voltage transfer ratios vs the ratio C /C . 
p m 
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From a geometrical standpoint small size reduces inductance, but 

it creates a problem with the field gradients. The maximum sustained 

field intensity in dry air at STP is on the order of 30 kV/cm. Com

monly used insulating oils increase this value by a factor of 2 or 4. 

High voltage compact units are often operated in a tank of oil to take 

advantage of the increased breakdown fields and reduce corona losses, 

as well as improving safety. By using the tank as the current return 

conductor (ground) one allows the stray capacitance to ground to 

be tailored somewhat. As a rule of thumb, the Marx itself is consid

ered to be a solid conductor when the capacitance of the Marx-container 

unit is calculated. The value obtained is divided equally among the 

stages. In sophisticated units a more detailed analysis of each 

stage's stray capacitances might be needed. 

Since the Marx is in a container (even though the "container" 

might be the laboratory itself for a free standing unit) field lines 

are set up between the two. A negatively charged conductor can sustain 

higher field strengths (without breaking down as discussed in Chapter 

III) than can a similarly charged positive conductor. Hence a negative 

charging voltage is often used. In addition, an additional inductor is 

often added between the charging supply and the Marx to lessen the 

chance of any high voltage peaks feeding back into the supply. 

Various resistor chains are often built of a plastic tubing 

filled with copper sulfate solution (CuSO,). The flexibility of the 

tubing is not only an aid in construction, but also allows expansion 

when the resistor solution is heated by the absorption of energy. 

Much more sophisticated Marxes utilizing coupling over as many as 



129 

seven stages are built for very high energy density applications. A 

variety of coupling schemes are used, depending on the stray Impedances 

of each stage. 

A configuration with almost simultaneous operation of all gaps 

has been developed by R. A. Fitch at Maxwell Labs. He uses a master 

Marx (mm) to trigger the main Marx (MM). Each stage of the mm is cou

pled to the trigger of the gap for the appropriate stage of the MM 

through a delay line. Each stage of the mm generates a trigger signal 

to the MM. By suitably delaying each signal, nearly simultaneous fir

ing of the MM gaps can be achieved. 

D. SUMMARY 

A Marx generator begins with a set of N capacitors, separated by 

isolating/charging impedances, in a parallel circuit. After charging 

the capacitors in this parallel configuration to a voltage V, a tran

sient switching process is initiated which-effectively places all of 

the capacitors in a series circuit, thus achieving a voltage multipli

cation of NV. By carefully tailoring the stray capacitances to ground, 

it is possible to trigger one spark gap switch and launch an erection 

wave which will trigger other switches up the unit. Spark gaps are 

commonly used (both triggered and directly overstressed types) and ig

nitrons are used in lower current generators. 

Marx generators capable of risetimes in the range of 0.1 ysec are 

not too difficult to build in the laboratory. Large, 2 or 3 MV units 

are commercially used in many applications, with modular units also 

available. 
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CHAPTER VI 

VECTOR INVERSION GENERATORS 

A. INTRODUCTION 

Consider a set of n electric field intensity vectors (E) arranged 

as in Fig. la, each with a magnitude so as to cause the net i between 

points X and y to be zero. The potential difference between x and y 

will then be zero also. If alternate E vectors can be reversed (inver

ted) as in Fig. lb, there will be a net nonzero E vector between points 

X and y, thus developing a net potential difference between the two 

points. An entire class of pulse generators derives its name from this 

process of inverting E vectors. These generators are frequently based 

on field reversal in transmission lines so a discussion of basic trans

mission theory is applicable. Several techniques will be discussed with 

a detailed analysis of the more common types. 

B. DISTRIBUTED PARAMETERS 

When the wavelength (A) of the voltage across a circuit element 

(or, for that matter, the wavelength of the current through the element) 

becomes comparable to the length of the element, lumped parameter theory 

is no longer applicable. As illustrated in Fig. 2, where the wavelength 

of the current through the element is approximately two-thirds the 

length of the element, the current at a particular time t. is a function 

of position along the element. 

Another method of visualizing this situation is to consider the 
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time necessary for energy to move from one point on the element to an

other. If this time is comparable to the time duration during which en

ergy is being extracted from or supplied to the element, it is then 

nBc^ss^ary_to^ consider the voltages and currents as functions of not only 

time but also of position. However, if the internal energy transfer 

time is much less than the duration of the input or output, then the 

element can be considered as a lumped parameter element. This accounts 

for the sometimes confusing situation where energy is being supplied 

comparatively slowly and the element is treated as a lumped parameter, 

and when the energy is extracted quickly the same element is considered 

as a distributed parameter element. 

When distributed parameter theory is applicable the element is of

ten called a transmission line (T-line). As illustrated in Fig. 3, it 

is standard to refer to a sending end and a receiving end associated 

with the X = 0 and x = S. ends of the T-line, respectively. In some ap

plications it is traditional to put the sending end at x = -«. and the 

receiving end at x = 0, but this will not be the case herein. 

Short pulses are associated with high frequency components since 

the fundamental frequency of the Fourier series for a pulse of duration 

T is given by 
d 

f= ' 
^d 

and the remaining frequency components are integral multiples (harmon

ics) of this frequency. At the high frequencies associated with fast, 

short energy discharge pulses, the energy is actually associated with 

electromagnetic waves propogating in a dielectric channel bounded by the 
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conductors forming the T-line. Given the geometry and appropriate ini

tial and boundary conditions. Maxwell's equations can be applied. The 

solutions are the expressions for the electric field intensity (¥) and 

the magnetic field intensity (H), from which voltages and currents can 

be obtained. 

As an alternate method of analysis, one that works directly with 

voltages and currents, consider the circuit element as a set of smaller 

subelements, each having a characteristic length that is much less than 

the wavelength being considered. Expressions for the voltages and cur

rents can then be obtained from an analysis based on lumped parameter 

theory. A continuous structure is developed in the limit as the number 

of subelements approaches infinity and their respective lengths approach 

zero. The original element has now been "distributed" among many sub-

elements, hence the term distributed parameters. The circuit is now de

scribed by a set of partial differential equations expressing voltage 

and current as functions of time and position. 

C. TRANSMISSION LINE MODEL 

Several different equivalent circuits can be used to analyze T-

lines, each interchangeable with the others. A commonly used model is 

that of Fig. 4. All of the resistance and inductance due to the conduc

tors has been attributed to one conductor. The R and L in Fig. 4 thus 

represent the total resistance per unit length and the total inductance 

per unit length, respectively, of the two-conductor T-line. The effects 

of the separation of the conductors is consolidated into a capacitance 

per unit length, C, and a leakage conductance per unit length, G. 
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An analysis of the circuit of Fig. 4 as Ax -• 0 yields^ 

av(x,t) _ 
Ri(x,t) + L ^\^^>^^ 

d t 
(1) 

9i(x,t) ̂  
Sx Gv(x,t) + C - ^ ^ 

o t 
(2) 

where equations (1) and (2) are valid under the assumption that R, L, G, 

and C are not functions of time or position, i.e., the line is uniform 

in cross section and remains so. 

In general the expressions for v(x,t) and i(x,t) that are solu

tions of Eq. (1) and (2) will consist of two wave functions, f (t) and 

f_(t), which propagate in the +x and -x directions, respectively, at a 

velocity v which is the local velocity of an electromagnetic wave pro

pagating in the material forming the T-line. These waves will be indica

ted as in Fig. 5. An arrow (->) indicates the direction of propagation 

and the shape of the wave will be shown nearby-

For a T-line of length x = £, , the solutions for v(x,t) and i(x,t) 

2 
will be of the general form 

v(x,t) = f̂ (t - ~ ) + f_(t + - ^ ) (3) 

and 

i(x,t) = \(t-^) -f_(t+-̂ ) (4) 
0 

The minus sign in Eq. (4) is due to reference polarities as^defined in 

Fig. 3. The Z in Eq. (4) is called the characteristic impedance of the 
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T-line and is a function of the four basic parameters mentioned pre

viously. In general, Z^ can be determined by applying Maxwell's equa

tions. However, the "lossless" assumptions that very good conductors 

are used (R = 0) and a low conductivity dielectric is used (G = 0) 

(i.e., the line has no internal dissipation) result in an approximate 

expression for Z. as 

'0 / c • (5) 

Under these assumptions the propagation velocity v is expressed as 

^p-:#-

Unless otherwise noted, all T-lines will be considered as lossless. 

Note also that although Z. is dimensionally a resistor and can be treat

ed as such in circuit analysis, it does not represent an energy dissipa

ting "sink." The energy supplied is stored in the electromagnetic 

fields and is thus available for use by extraction. 

One further parameter is the one-way transit time of the line, 

i.e., the time a wave takes to propagate from x = 0 to x = £, which is 

t, = - ^ . (7) 
1 V 

P 

Additionally, a propagation constant H can be defined which ex

presses the attenuation experienced in a real (not lossless) line, and 

the distortion a wave will experience. It can be shown that if R, L, 
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G, and C are constants in time and position, then there will be no dis

tortion if 

R ^ G 
L " 0 * 

The attenuation is usually expressed in dimensions of dB/length. Since 

the factors contributing to losses in the T-llne are functions of fre

quency, the attenuation is specified at several frequencies. Fig. 1 

(Appendix A) contains data for several commonly used T-line con-

3 
figurations and Table IVcontains data for several commercial coaxial T-

lines. 

Equations (3) and (4) can be solved simultaneously at the boundar

ies X - 0 and x - £. The resulting expressions describing the voltages 

and currents are: 

at X - 0 

v(0,t) - ZQl(0,t) - 2f_(t) (8) 

f^(t) - Z^KO.t) + f^(t) (9) 

and at X • £ 

v(£.t) + ZQi(£,t) - 2f^(t) j ;(io) 

f.(t) - f^(t) - ZQl(£,t). (11) 

An equivalent circuit can be used as an aid in solving these equations. 

In Fig. 6a, an equivalent circuit representing the x - 0 end is shown. 

The source V^ and resistor R^ do not change the equations; their inclu

sion will become apparent momentarily. From an analysis of the circuit 



141 

V 2f_(t) 

^^^'^^ = Z, ̂ R - Z, ̂ R - (12) 
0 s 0 s 

where f_(t) represents a wave inbound to the x = 0 end. Substituting 

this result into Eq. (9) yields the expression for the f wave 

Z R — Z 

0 s s 0 

The f, wave consists of two distinct parts: one due to the source V 
+ s 

and another due to the f wave being partially reflected. 

The resulting f wave given by Eq. (13) will arrive at the x = I 

end of the line after a time delay equal to the one-way transit time of 

the line, t,. The equivalent circuit of Fig. 6b, representing Eq. (10), 

is now applicable. Analysis of the circuit yields 

2f.(t) 
i ( £ , t ) = „ ;: 7 . (14) 

0̂ \ 

A source was not added to this circuit because, in general, the receiv

ing end is where the load is. From Eq. (11) an expression for the f_ 

wave launched back towards the x = 0 end can be determined to be 

Z - Z 
f (t) = J- . '^ f.(t) (15) 

L̂ 0 

When this f_ wave arrives at the x = 0 end, the cycle repeats it

self. A new f wave will be launched, replacing the "old" one. The 
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Fig. 6 Equivalent Circuits at the Boundaries x = 0 
and X = £ for a Transmission Line Terminated 
with a Load Impedance Z, at x = £ and with 
a Generator Voltage V, at x = 0. 
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shape of the f and f waves depends on V , Z,, and R . If these par-
•̂  - s L s 

ameters are functions of time or frequency, then necessarily the f 

waves will be also. 

These equations have determined the voltage and currents at the 

end points only. To determine these quantities at any other point on 

the T-line it is necessary to sum the f and f waves present at that 

point. These waves will be indicated as in Fig. 7, where the shaded 

portion represents the wave itself. This figure serves to indicate the 

method of analysis which will be used in the following. In Fig. 7a, a 

wave of magnitude A is propagating in the +x direction. In Fig. 7b, a 

wave of magnitude B has been replaced by a wave of magnitude A and the 

"tail" of the B wave is propagating in the +x direction along with the 

"front" of the A wave. In Fig. 7c two waves are propagating in the +x 

direction; these are illustrated as being stacked one on the other. 

The magnitude of the voltage or current (whichever the wave represents) 

at X = X. is D + C, while at x = x^, the magnitude is C. Finally, in 

Fig. 7d, a set of waves propagating in the +x and -x directions are 

shown. Waves 1 and 2 are propagating wavefronts, while waves 3 and 4 

are propagating "wavetails." If these are voltage waves with the indi

cated magnitudes, the resulting voltage at any point can be determined 

by summing the necessary waves at that point: 

" == = =̂2 \otal - ̂ 1 + ̂ 2 

^' - = =̂3 ^otal - '2 -̂  ^3 

file:///otal
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a) 

b) 

c) 

d) 

Fig. 7 Examples of Waves on T-lines 
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a) Ini t ia l Conditions V(x.O) = V , i(x,o) - 0 

b) Ini t ia l Conditions after a Disturbance 
(see text) 

Fig. 8 Ini t ial Conditions on a T-line 



146 

D. INITIAL CONDITIONS 

A common situation encountered in pulse power applications is a 

T-line charged to the initial conditions V(x,0) = V^ and i(x,0) - 0. 

The voltages can be thought of as being two waves of equal magnitude 

propagating in opposite directions, as illustrated in Fig. 8a. The 

associated currents are in opposition and cancel each other. This con

cept is useful in the mathematical solution of a T-line problem, but is 

not representative of the actual physical reality. When a change oc

curs at X = 0 (due to a change in the impedance across the line, the 

addition of a generator, etc.) the f (0) wave is discontinued and re

placed by a new f (t) determined by applying Eq. (13). The voltage 

distribution will then appear as in Fig. 8b. At x = x., the net voltage 

is f^(t) + VQ/2, while ahead of the f^(t) wave the voltage is V^/2 + 

E. TERMINATIONS 

Reactive Terminations. Consider a lossless T-line with a charac

teristic impedance Z connected to a battery V^ through a resistor R 
ti 0 g 

(which may include both the internal resistance of the battery and any 

added resistance). An inductor L^ terminates the T-line at x = £ as 

shown in Fig. 9a. When the switch is closed at t = 0, the equivalent 

circuit applicable at x = 0 is that of Fig. 6a. If the T-line is ini

tially uncharged, i.e., v(x,0) = 0, and i(x,0) = 0, there can be no f_ 

at this time (f_ = 0). Analysis of the equivalent circuit under these 

assumptions yields 
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0̂ (16) 
w g 

and 

v(0,t) = -;;—^^r— V, 

1(0,t) = 

^0 + 

'o 
^0^ 

R 
g 

R • 
g (17) 

From Eq. (9), f^ is determined to be 

f (^ ^ ^ 0̂ 
+̂̂ '' " " ^ ^ ̂  Ẑ  + R % • (18) 

P 0 g 

When this wave arrives at x = £ at time t = t̂  (t̂  is the one-way tran

sit time of the line), the applicable equivalent circuit is that of 

Fig. 6b. Analysis yields 

-(^•^)=^-^TV e " ° (19) 

and 

i(t.t) = "° (l-e "0'"°). (20) 

These expressions will be valid until another f wave arrives. After 

some manipulation Eq. (11) yields 

'- (' + -V- ) = Z„VR <2e 0 -1). 
P 0 g 

This f_ wave will propagate back to the x = 0 sending end where f will 

be determined in a manner similar to that used to obtain Eq. (18). This 

cyclic procedure repeats itself forever, theoretically. Practically, 

the exponential term in Eq. (20) becomes essentially zero after 3 to 5 

time constants (L-/Z.) have elapsed, at which time the T-line will reach 

^h\ 

^0^% 

-h^'\ 
e 

( l - e 
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v(x.O) 

t 
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-1 • X 

v(x, H t^) 

Fig. 9 Voltage and Current for a Lossless T-line 
Terminated by an Inductor (for L /Z^ « t j 
for 0 j< t £ 3/2 t^ 0' 0 
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a steady state in which f^ = f_. As a special case, consider the situ

ation where the time constant LQ/ZQ is considerably less than t.. In 

the time the f_ wave takes to return to the x = 0 end, the exponential 

term will have decayed to essentially zero. For this case, the voltage 

and current as functions of position are plotted for several different 

values of time in Fig. 9. The voltage on the line approaches a steady 

state of zero, but the steady state current approaches the value 

A similar analysis can be applied to an initially uncharged T-

line terminated by a capacitor. Figure 10 shows the voltage and cur

rent as functions of position at several times. Here again, for pur

poses of illustration, the characteristic time constant of this circuit 

Z-C-, is assumed to be much less than the one-way transit time of the 

line. 

Resistive Terminations. Consider a lossless T-line terminated by 

a resistive load (R ) as shown in Fig. 11a. It can be shown that the 
LI 

ratio of the magnitude of the reflected voltage wave to the magnitude 

of the incident wave is a constant called the voltage reflection coeffi

cient, r, defined by 

r = — 1 2- (21) 

Due to the selected reference polarities, the current reflection coeffi

cient is the negative of the voltage reflection coefficient. In Fig. 11 

the voltage and current as functions of position for several times are 

shown, assuming an incident square wave of magnitude V^ arriving at the 
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Fig. 11 Voltage and Current Waves on a T-line 
Terminated by a Resistor 
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load at time t = t.. 

Three special cases are of particular interest: 

With Rĵ  = 0, Eq. (21) becomes F = -1 and the incident voltage 

wave is reflected entirely, but inverted. Thus the voltage will be 

zero (f^ + f_ = 0) as should be the case for a short circuit. The cur

rent essentially doubles to 2VQ/ZQ through the load. This condition is 

approximated when R̂  << Z.. 

At the other ejttreme, 1/R̂  = 0, Eq. (21) yields F = +1. Thus the 

voltage doubles at the load. The current goes to zero, as should be 

the case for an open circuit. 

For R̂  = Z , Eq. (24) becomes T = 0. The output voltage pulse 

across the load is now a square wave (assuming a square wave input) of 

magnitude V-. The input impedance at x = 0 is constant 

^ v(O.t) ^ . . 
^IN 1(0,t) ^0 ^^^^ 

[ 
and Z is independent of the line length. This is useful when the line 

is subjected to stresses (thermal, mechanical, etc.) which might tend to 

change the length of the line. If the line is terminated in a matched 

load, Z will not change. 

A mismatch (R̂  + Z ) can be used to achieve particular results, 

e.g., if R, > Z , the voltage is increased at the expense of a reduced 

load current. The reverse occurs if R^ < ZQ . 

An important point to notice here is that the voltage polarity 
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(and hence the ¥ vector) at the x = £ end of an initially charged T-

line can be reversed merely by short circuiting the other (x = 0) end. 

There is a time delay for reversal equal to the one-way transit time 

of the line (t.) and the reversal will last only until any reflected 

waves return from the x = 0 end. That takes 2t, seconds. Therefore 

if a set of n identical T-lines are each charged to an initial voltage 

V^ and stacked one upon the other in an alternating fashion, the E 

vectors will be similar to those of Fig. la. Then by simultaneously 

short circuiting alternate T-lines, an output voltage pulse will be 

produced after a delay of t,. In general it is not necessary that the 

T-lines be identical or that they be charged to the same voltages, but 

the calculations become more tedious if they are not. 

If a T-line is initially charged to V^ and then discharged into a 

resistive load, the output will be of the form discussed previously in 

the section on resistive terminations. For a matched load (R̂  = Z.) the 

pulse length was determined to be twice the one-way transit time of the 

line. It is interesting to notice that lossless T-line theory predicts 

a square wave shaped output. On the other hand, lumped parameter theory 

would consider the T-line to be essentially a capacitor with an output 

described by an exponentially decaying waveform. The square wave would 

have a magnitude V /2, but the exponentially decaying wave would have an 

initial magnitude of V and e-folding time of Z C£ (recall that C is in 

units of F/m, thus the factor C£). The point is that very short pulses 

are composed of high frequency components which require the use of 

T-line distributed parameter theories. 

If i 

A A 
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Termination in Another T-line. As illustrated in Fig. 12, T-line 

#1 is connected to T-line #2 via a load impedance Z . If a wave V ar-
L 1 

rives at the junction A-A', as illustrated, a portion of the arriving 

wave will be reflected back into line #1 as V^^, and a portion transmit

ted into line #2 as V^^- The magnitudes of these waves can be calcula

ted by a straightforward application of the equivalent circuits of 

Fig. 6. For a resistive \ = \ * it can be shown that 

(23) 

and 

V = 
T2 

= = =- V 

2Z2 
V 

h^h^h 1 ' 
(24) 

which leaves a voltage across the resistor 

• \ 

\ L R^ + Z^ + Z^ 1̂ • ^̂ ^̂  

F. SINUSOIDAL STEADY STATE 

The solutions for v(x,t) and i(x,t) are frequently easier to de

termine at one particular frequency f. The assumption of a sinusoidal 

steady state modifies the definitions of Z and Z so as to be easily ex

tended to a more general case (as opposed to the lossless case consid

ered previously) , namely 

^ R + .10)1 h 
0 ^ G + jojC ̂  

and 

H = (R + ja)L)(G + ja)C) ̂  = a + j3 , 
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where o) = 2iTf , 

a = attenuation constant, 

and 3 = phase constant. Reference 4 derives an expression for the 

characteristic impedance based on a more sophisticated model. 

The voltage reflection coefficient then becomes 

Z, - Z^ 
r = ^ 0 

ZT + z^ L 0 

where Z is the load impedance at the frequency f. Again, due to the 

reference polarities of Fig. 3, the current reflection coefficient is 

the negative of the voltage reflection coefficient. 

The circuit response in general can be calculated in terms of an 

arbitrary frequency f. Since periodic waveforms can be expressed as a 

Fourier series, the calculations are simply reduced to substituting in 

appropriate values for f. Non-periodic waveforms can be treated simi

larly by using the Fourier integral or by assuming it to be periodic 

with a very long period. The response can now be determined at the fre

quencies of interest. 

13 4 
In a sinusoidal steady state, a standing wave ' ' (as opposed to 

a travelling wave) can be present on the T-line. The ratio of the maxi

mum voltage to the minimum voltage of this standing wave is the voltage 

standing wave ratio VSWR and is defined as 

1 + 1̂ 1 r9Â  
VSWR = —. — 7 - ^26) 

" |r| 
where ITI = the absolute value of T. 
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The VSWR is useful as a measure of the mismatch between a load and the 

T-line. It is often relatively easy to measure the maximum and minimum 

voltages using a probe and a slotted line when a sinusoidal steady state 

has been reached. From these measurements and Eq. (26) the magnitude of 

r can be found as 

^ VSWR - 1 ,27^ 
1̂ VSWR -I- 1 • ^ ^ 

G. SKIN DEPTH^*^ 

Realistically, commonly used conductors have finite conductivi

ties, and an electromagnetic wave incident on the conductor will pene

trate to some depth. This penetration of the field attenuates exponen-

3 
tially with an e-folding distance 6, called the skin depth, where 

6 = (TTfya)"^, (28) 

where f = frequency, 

y = permeability, 

and a= conductivity. 

In one skin depth 6, a wave is reduced in amplitude by a factor of e~ = 

0.3678. This result is very useful in the design of conductors to be 

used in T-lines such as allowing conductors to be made hollow, thereby 

reducing the material required. In most applications, a conductor thick

ness of about 2 to 4 skin depths is adequate. 

H. TRANSFORMER/TAPERED T-LINE 

A length of T-line can be used to match two lines of different 

characteristic impedances. It can be shown, for lossless lines, that a 
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quarter wavelength long section of line will match two lines of charac

teristic impedances Z.^ and Z^, respectively, if the line section to be 

used for matching has a characteristic impedance Z^ given by 

h ^ ^̂ 1̂ 3̂ ^ ^2^^ 

Another method of accomplishing an impedance transformation is to 

use tapered lines. This method can also be used to compensate for a 

time varying load, so as to deliver a constant magnitude pulse to the 

load. In such a situation, R, L, G, and C have a functional dependence 

on position. Equations (3) and (4) must then be modified to include 

JNTD '̂ T 7i G ri C 

and — terms. The resulting equations are solved in 9x ' 3x ' 8x 8x 

the literature for specific cases. ' ' The taper matches the load on

ly for a wave propagating to the load, not for the reflected portion. 

Thus the load is matched only for a time interval equal to the one-way 

transit time of the line. These tapered lines can be considered as one

way transmission line transformers. A linear taper is commonly used 

since it is the easiest to build, while an exponential taper is easiest 

to analyze theoretically but more difficult to build. A taper that is 

Gaussian within a range gives the best theoretical performance but it is 

more difficult to construct. Whatever the taper cross section is, the 

tapered region should be several wavelengths long so as not to present 

a sharp impedance mismatch. For more details on tapered lines, see for 

example references 4 - 6 . 

I. ENERGY 

The energy (W) stored on a uniformly charged T-line can be deter-
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mined from 

W = JsC£V̂  + isL£Î . (30) 

For a nonuniformly charged line, Eq. (30) becomes an integral over the 

length of the line 

X = £ 

W = 

X = £ 
r 

%CV- (x)dx + JsLI (x)dx , 

X = 0 X = 0 

The energy delivered to a load is the integral of the power 

W = VI dt. 

t=0 

(31) 

As an example, consider a line uniformly charged to V.. and termi

nated in a resistive load. From Eq. (30), the energy available is 

W = JsCilV . (32) 

The energy delivered to a resistive load by a square pulse of magnitude 

V-. and duration t, is given by 
u d 

^ 2 ̂d 
(̂ 0 ^ \> 

(33) 

Necessarily there must be some limit on t, if there are no sources 
d 

connected to the line. Equating Eqs. (32) and (33) and solving for t, 

yields 
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d 2 h 

For the matched load case where Z = R , 

t, = 2£v̂ ]c~= 2t,. 
d 1 

This result can also be obtained by considering the initial condition 

waves on the T-line as illustrated in Fig. 13. For R̂  = Z., the result-
V L 0 

r 0 

mg r_ wave is zero. In effect then, the — x — wave outbound from the 

load is discontinued. When this zero magnitude f wave arrives at the 

open circuit termination at x = 0, a zero f wave will be "launched," 

replacing the existing wave propagating in the -he direction as illustrat

ed in Fig. 13c. Hence, when t = 2t., the line is completely discharged 

as illustrated in Fig. 13d. 

J. BLUMLEIN GENERATORS'^'^^*^^ 

Operation. A Blumlein generator, consisting of two T-lines con

nected to a load, as shown in Fig. 14a, is a very useful circuit in many 

pulse power applications. In operation, both lines are charged to an 

initial voltage condition V . Then, at t = 0, the start switch Ŝ  is 

closed. This action launches a voltage wave on line 1 which, when it 

arrives at the load, generates a wave in line 2 and a reflected wave in 

line 1. The waves continue to propagate and be reflected, leading to 

voltage pulses being developed across the load. This circuit is quite 

useful in many pulse power applications, but is not well understood by 
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Fig. 13 T-l ine Dischargine in to a Matched. Resistive Load 
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many users. The analysis is not really difficult, but it is somewhat 

tedious and, to the uninitiated, perhaps intimidating at first. An 

understanding of wave behavior on T-lines and frequent reference to 

Fig. 14 will aid in digesting the following explanation. As the dis

cussion unfolds it will become apparent that an understanding of the 

fundamental operation of this circuit can enable one to tailor somewhat 

the load voltage pulse shape. 

To simplify this illustration, a resistive load, R, will be as

sumed. The analysis for reactive loads is similar, but rapidly becomes 

bogged down in a morass of arithmetic. 

The Blumlein generator can utilize either pulse charging, in 

which case the start switch is usually set for self breakdown when the 

peak charging voltage is reached, or DC charging which requires a trig

gered start switch. The analysis is equally valid for either pulse 

charged or DC charged generators. 

The initial conditions for a Blumlein generator charged to V^ can 

be represented as waves on line 1 and line 2 as discussed in the Ini

tial Conditions section of this chapter and as illustrated in Fig. 14b. 

The closing of the start switch S. at t = 0 forms a short circuit a-

cross line 1. This results in a wave of magnitude -VQ/2 propagating 

from X. to X , which replaces an initial condition wave (wave B in the 

figure) as indicated in Fig. 14c. No disturbance has yet affected line 

2 so the waves on it are unchanged. 

After a delay of t. (the one way transit time on line 1), the 

wave launched by the switching action at x = x^ arrives at x » x^. Sev

eral things now happen simultaneously. The initial VQ/2 wave (A) on 
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line 1 will be discontinued and replaced by a reflected portion (V^.) 

of the arriving -Vpj/2 wave. Also a portion of the arriving ~V^/2 wave 

will be transmitted into line 2 as V^,^ (which replaces the initial 

condition wave C). A similar situation holds for the other initial 

condition wave (D) on line 2. Since this now represents a wave propa

gating into the load, a portion will be transmitted into line 1 as V _ 

and a portion will be reflected back into line 2 as V _. Figure 14d il

lustrates the situation. The magnitudes of the various waves can be 

found by a procedure identical to that used previously (i.e., the equiv

alent circuits of Fig. 6 and the associated equations). These magni

tudes are: 

V R + z - z 
Vpi = --T - > (34) Rl 

R + Z^ + Z^ 

^1 
^T21 ^0 R -H Z, + Z ' (3̂ ) 

R2 2 R -H Z -I- Z ' (̂^̂  

and 

^2 
^T12 ~^0 R + Z, -H Z • (37) 

1 2 

Equations (34) and (35) could be combined into one equivalent wave 

propagating on line 1, but for purposes of illustration they will be 

kept separate. A similar situation applies to Eqs. (36) and (37). 

By summing the appropriate waves, the voltage on line 1 (V ) and 
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the voltage on line 2 (V ) can be found to be 

V 
V, = V„, -I- V„ ° 1 Rl T21 2 , 

Z^ - R - Z^ 

^1 = ̂ 0 R + Z^ -h Z^ ' (38) 

and 
V 

V« = V„« + V„_ -H ^ 
2 R2 T12 2 ' 

R + Z^ - Z^ 

^2 = ̂ 0 R-HZ^ -HZ • (39) 

The load voltage (V ), which is the difference between V, and V- can now 
U' 1 2 

be de t e rmined to be 

V = V - V 
L 2 1 ' 

OR 

V = V =^ (40) 
L 0 R -I- Z -I- Z • ^^"^ 

The waves on the lines now will propagate to the ends of their re

spective lines at X = X. and x = x, where reflections will occur. The 

X = X- end is still a short circuit so the waves V „. and V . will be 

reflected inverted, replacing the -V-./2 wave on line 1 as indicated in 

Fig. 14e. The x = x, end of line 2 is an open circuit so no inversion 

occurs. The wave situation after reflection is illustrated in Fig. 14e. 

When the -V„2i» "\i» ^T12' ^^^ ^ 2 ^^^^^ (̂ ®̂ minus sign is to 

account for the inversion) arrive at the load, a set of reflected/trans-
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mitted waves will be generated as in the previous discussion. However, 

the waves on line 1 do not necessarily arrive at the load at the same 

time as the waves on line 2. A common situation however is for the one 

way transit times of line 1 and line 2 (t, and t^, respectively) to be 

equal. This assumption will be used for illustration. There are actu

ally four waves arriving at the load, two from each line. Each wave 

will generate reflected waves in its "own" line and transmitted waves 

in the other line. These waves can be identified with reference to 

Fig. 14f , and their magnitudes calculated to be 

^la = " " ^ " e d component of -V^j = -Vj^^ R + z^ + Z^ ' ^"^ 

R + Z - Z 
Vj^ = reflected component of -V^^^ = -V^^^ _ _ _ _ _ _ (42) 

2Z 
^Ic ° transmitted component of V̂ ^̂  = ̂ 2 R + z + Z ' *̂̂ ^ 

2Z 
V. = transmitted component of V_,^ = V, ^̂  ............. ....p...... .. v^j2 - ^T12 R + Z^ -h Z2 ' (44) 

R -I- Z - Z 
^2a = reflected component of V^^ = ̂ 2 R + z -h Z ' ^̂ ^̂  

R + Z - Z_ 
V = reflected component of V„,„ = V , =—. (Lf^) 
2b '' T12 T12 R -J- Z -H Z ' ^^^ 

2Z 
V^^ = transmitted component of -V = -V . ^̂ ^̂  
^̂  Rl Rl R -f Z -I- Z ' 

and 

2Z 
9̂ri ~ transmitted component of -V = -V = (LR) 
^̂  T21 "̂ 121 R -I- Z -I- Z • ^^^ 
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The voltages V^and V^ can be calculated by summing the waves on 

the respective lines at x. and x.. Hence 

'l = -̂ -̂ l - ̂ T21 ̂  ̂ a + ̂ Ib + ̂ c -̂  ̂ d , 

and 

V = V -f-V -t-V -l-V -l-V 4V 
2 R2 ^T12 ^2a 2̂b ^2c 2d 

The load voltage can be determined after some algebraic manipulation to 

be 
4R(Z - Z ) 

\ = V ^ ^ . (49) 
^ " (R -H Z^ -h Z^)^ 

This process of wave reflections/transmissions will continue un

til all of the energy initially stored in the two T-lines has been dis

sipated in the load resistor R. This situation where waves arrive at 

the load every 2t. seconds (after an initial delay of t. after the start 

switch is operated) clearly leads to a "sloppy" load pulse shape. In 

most applications, it is desirable to have the load voltage assume a 

value V-̂  when t = t,, i.e., a fast risetime pulse. By setting the load 

voltage (Eq. (40)) equal to V^, it is seen that this condition will oc

cur only if R = Z + Z This is referred to as the matched load condi

tion. Furthermore, if it is desired that both lines be fully discharged 

during the 2t. time period required for the waves to be reflected and 

returned to the load, it is necessary that V. and V^ be zero at t - 3tp 

This in turn requires Z = Z . Both lines have now completely dis

charged into the load, there are no waves travelling on either line, and 

a square voltage pulse of magnitude V- and duration 2tj has been formed 
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across the load. One can easily verify that there are no waves on the 

lines by using the expressions previously derived for V̂ ^̂ , etc. It is 

then seen that 

^T21 = ̂ O^^- ̂ "^ \ U = -^0^* 

Thus the net effective wave returning to x. on line 1 is V.,, + V p., 

which is zero. A similar result occurs on line 2. As the remaining 

-V /2 wave on line 1 and the V-/2 wave (the initial condition waves re

maining after the initial t, period) "roll up"̂  each line becomes comple

tely discharged. 

Clearly then, the load voltage will change in magnitude if the 

load is not matched to the Blumlein generator (i.e., if R ?t z -I- Z ) 

and will not be a square pulse of duration 2t. if Z ^ Z , due to the 

reflections. Also, analysis of the situation is made more tedious if 

1̂ ^ ^2* ^^ varying these parameters (t^, t^, Z^, and Z ) for a given 

R, the load voltage pulse magnitude, duration and, to an extent, shape, 

can be controlled. 

Charging Considerations. The preceeding analysis assumed a 

charged Blumlein generator, isolated from the charging source. While 

actually disconnecting the charging source for each pulse is impracti

cal for rapid pulse repetition rates, a large isolating impedance be

tween the Blumlein generator and the charging source can effectively de

couple the two during operation. If the charging voltage frequency is 
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a) 

Ĝr 
"L 

-VNAr 
R 

Line 1 1̂ 2 Line 2 

X = X. ^2 ^3 

•o 

X, 

b) 

c) 

Fig. 14 Voltage Waves on the Blumlein Generator 



172 172 

721 
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d) t = t̂ + 

Fig. 14 (Continued) 
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Fig. 14 (Continued) 
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low enough, the Blumlein generator T-lines can be considered as lumped 

parameter capacitors (C^ and C^ for each line: 1 and 2). Thus a resis

tive isolating element would charge the generator to a voltage V^ given 

by 

Vo = \ ( i - ^"'^'>' 

îS 
where T = R 

C j + C 2 

R = isolating resistor, 

C-, C = lumped parameter capitances of the two T-lines comprising 

the Blumlein generator, 

and V = charging source voltage. 

However, as discussed in Chapter II, the resistor will dissipate an 

amount of energy equal to that stored in the Blumlein generator. A more 

efficient charging scheme utilizes an inductor L-, which ideally dissi

pates no energy, as the isolating element. 

If the charging source is a charged capacitor (e.g., a Marx gen

erator), the Blumlein voltage, V , will be sinusoidal with a frequency 

f^ given by 

^0 '-
2TT /L^C^ 

where L_ = L^ -H L 
T 0 marx, 

T̂Tiar-v "̂  ̂ ^^ inductance of the Marx generator circuit. 
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r' 

p \ ^ S 2 R 
AA v̂" — 

Fig. 15(a) Coaxial Blumlein Generator with Single 
Inductor Connected to the Inner Cylinder, 
Sj is the Start Switch, S2 is the Output 
Switch (Cylindrical Cross Section) 
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1 

C C, + C, 
marx 1 1 

The maximum value of V is given by 

2C 
marx 

Omax S C -I- C. + C 
marx 1 2 

where V is the Marx bank output voltage. 

Very high voltage Blumlein generators are often constructed in a 

coaxial fashion as in Fig. 15a. This eases the problem of high electric 

field gradients at the edges. The operation is essentially the same as 

that previously discussed for a two line model, but with a few added 

points. 

The radii of the conductor shells are determined by several fac

tors. A maximum value for r_ can be obtained from physical limits such 

as room size, etc. The operating voltage and the breakdown strength of 

the dielectric medium will limit the separation of the conductors (r« -

Vj and r^ - r.). In determining the material and machining requirements 

(how smooth the surface should be) consideration should be given to the 

electric field intensities at the surfaces of the conductors. The E 

3 
field between the two coaxial conductors is given by 

B,= A 
£n-^ 

where r = radius at the point of interest 

a = radius of inner conductor 

b = radius of outer conductor • 
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The desired impedances provide another set of equations to use in 

determining the values of a and b. 

With reference to Fig. 15a, the inductor L is added to maintain 

the inner shell at essentially ground potential while the Blumlein gen-

13 
erator is charging. The voltage rise across the inductor can be ap
proximated by 

\ = \ n - ^ i n " ^ ' ^ ' ' (51) 

where V. is the charging pulse magnitude, V is the voltage developed 
m C w r 

across the inductor, and co = — - p = ~ • Tbe capacitance C„ is the se-
/LC" T 

T 
ries combination of the effective Blumlein generator (lumped parameter) 

and charging generator capacitances. Also, the time necessary for the 

Blumlein generator to discharge through the inductor L should be long 

compared to the length of the Blumlein generator output pulse. There

fore 

L >> 
S 

An extra determining factor for L is the allowable potential rise of the 

inner cylinder as given in Eq. (51). 

Switch S„ is not necessary to the operation of the Blumlein gener

ator but it can serve a useful purpose by preventing a prepulse on the 

load. This prepulse is a voltage generated across the load during the 

charging process from capacitive coupling across switch Ŝ -

Another method of preventing (minimizing) the prepulse has been 
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Fig. 15(b) Coaxial Blumlein Generator with Prepulse 
Minimi zing Network 
(Cylindrical Cross Section) 
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a) Single Switch on Perimeter 

b) Single Switch Equidistant from All Points 
(Cylindrical Cross Section) 

Fig. 16 Switching a Coaxial Blumlein 
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developed. * The Blumlein generator is then charged through a system 

of resistors and inductors as shown in Fig. 15b. Reference 14 has a 

quite detailed analysis of this system. The conditions for a minimum 

prepulse are 

L^C^ ^ L^C^ and R^C^ = R2C2. 

where C and C- are the effective lumped capacitances of the outer and 

inner lines, respectively. The energy transfer efficiency for the opti-

14 
mum case is 75%. A prepulse switch might be more desirable in many 

instances in order to obtain a higher energy transfer efficiency. 

Initiating a Blumlein discharge is not straightforward. If only 

one switch is placed at a point (a) on the perimeter of the coaxial line 

as in Fig. 16a, an asjnnmetrical wave will propagate towards the output 

end and also towards point b. The effect of the transit time from a to 

b is noticed in the degraded risetime of the output pulse. Switching at 

a point equidistant from all points on the perimeter of the line, as in 

Fig. 16b, eliminates this problem. However, the impedance at the switch 

is not the characteristic impedance of the lines (see ref. 14 for a de

tailed analysis). The latter method is more common; the degrading ef

fect can be somewhat minimized when the thickness of the dielectric is 

graded in the area of the switch. 

As an example, consider the Blumlein generator of the Aurora sys-
13 

tem. This large system actually consists of four parallel Blumlein 

generators, but for this example consider only one. The radii of the 

conductor shells are 
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r̂  = 2.03 m, r̂  = 2.82 m, and r = 3.51m. 

The Blumlein generator is 12.19 m in length. A Marx bank with a net 

output capacity of 0.079 yF and an open circuit output voltage of 

11.4 MV is used to charge the lines. The dielectric is oil (^^ = 2.4). 

The inductance and capacitance for coaxial lines of inner radius "a" and 

outer radius "b" are 

L ^ J i o ^ , „ ^ 3„d c= '"o'« 
27T a 0 b * 

x<n 

For this example, for the inner line ( i; £ r £ r ) 

L = .802 X 10 ̂  H and C^^ = 4.95 x lO"^ F 

and for the outer line (r« £ r £r ) 

-fi -9 

L = .528 x 10 H and C^^ = 7.48 x 10 F, 

Assuming lossless lines, the characteristic impedance of each line is 

inner / C^-

Z = 12.73 ^ 
inner 

z 
o u t e r V 

z . = o u t e r 

^23 

8.40 fi . 

The output impedance is then the sum of these impedances 

Z = 12.73 + 8.4 or Z =21 fi, 
o o 
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The one-way transit times can be found from Eq. (7). Recall that the L 

and C in Eq. (7) are on a per unit length basis, thus 

^1-/ 

•II 

'\2 

\ nsec 

^12 .,-./V 
= 63 n s e c . 

S3 
il 

The output pulse will be T. + T^2' °^ ^^^ nsec long. 

During charging, the Blumlein system appears as two parallel capa

citors (this approximation neglects the effect of the inductor). The 

energy transfer efficiency, n> can be calculated from 

4a 
n = 

(a + 1)^ 

C 
marx 

where a = — , 

lines 

Necessarily the four lines in parallel must be considered to determine 

the overall system efficiency. The net capacitance seen by the genera

tor is 

Sines = ^ ^^2 ^ S3> 

= 49.72 X 10"^ F. 

Therefore 

a = 1.57 

and 

n = 

The actual reported efficiency is 93%, in rather excellent agreement 
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with these "back of the envelope" type calculations involving several 

simplifying assumptions. 

K. STACKED LINES 

Thus far it has been shown that a single T-line, charged to a volt

age VQ, will produce a VQ/2 output pulse into a matched load. Two T-

lines in the Blumlein configuration will produce a V pulse into a 

matched load. This concept can be extended to more T-lines in a 

"stacked" configuration. 

Consider a system of identical T-lines, each with a characteristic 

impedance Z , stacked as in Fig. 17a. Each of the T-lines is charged 

to V_ as indicated. The net voltage at a-b is zero before the switches 

are closed. If all the indicated switches are closed simultaneously, a 

wave propagates in the T-lines as in the previous Blumlein system exam

ple. When this wave reaches the end of a line (at t = t,), the voltage 

on that line reverses polarity. Assuming that the two transmission 

lines have equal length the open circuit output voltage at terminals a-b 

is given by the sum of the voltages on the unswitched lines and the re

versed voltages on the switched lines. Therefore 

'a-b = - 2"'0' ^"> 

where n = number of switched lines. 

The reflected waves propagate back to the switches where they are inver

ted and reflected. When these again arrive at a-b, the load voltage 

necessarily goes to zero. Thus a pulse of magnitude 2nVQ and duration 

2t. has been generated. The presence of a load changes the magnitude of 

the reflected waves thus reducing the output pulse magnitude. The 
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a) Stacked T-l ines, Side View 

nZ-

2nV, 

b) Equivalent Circuit for Output Pulse Across the Load Z, 

c) End View of Stacked Striplines wtth Edoes 
Connected to Prevent Edge Tracking 

Fig. 17 Stacked Multiswitch. Stripline Generatoi 
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equivalent circuit of Fig. 17b can then be used to determine the output 

pulse magnitude. Fitch and Howell^^ consider several losses in the 

lines and arrive at a corrected expression for the open circuit output 

voltage. 

This system has switching problems similar to those of a Blumlein. 

The use of several switches degrades the system performance, especially 

the risetime of the output pulse, when simultaneous switch operation is 

not achieved. Fig. 18 illustrates a single switch stacked generator. 

The striplines (parallel plate transmission lines), each of characteris

tic impedance Z , are separated by a layer of dielectric, thus forming 

parasitic T-lines of characteristic impedance Z_. 

Figure 19a is the equivalent circuit of Fig. 18 after the switch 

has been closed. As in the previous examples, this action launches a V-, 

wave into the switched line. In this example, the switched lines are 

those at a-b, e-f, and i-j. However, note that the V. wave that was 

launched at a-b is also incident to the region bounded by points bcde. 

Waves will be launched into the parasitic lines at b-c and d-e, and also 

into the "real" line at c-d through the voltage divider thus created. 

Since the parasitic lines terminate in short circuits at the load end, 

the waves launched into them are of no real interest at this time. How-

14 
ever, they do constitute losses where energy is wasted. This wasted 

energy can be minimized by making Z « Z^. The output voltage then ap

proaches the theoretical maximum of 2nVQ from Eq. (52). The magnitude 

of the wave launched into the line at c-d can be found from an examina

tion of Fig. 19b to be 

V Z 

V °i dc Z^ + 2Z, 
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The polarity of this wave will be opposite to the initial polarity on 

the line. A similar situation will occur at g-h and k-m. 

When these waves reach the output terminals and are reflected at 

the open circuit, the open circuit output voltage becomes 

S^^O ^S^O 
^a'nf = % " Z^ + 2Z2 " Z^ + Z 2 

Extending this to the general case of n switched lines, the output vol

tage becomes, approximately. 

Z 
1 ^ (53) 

^a'nf = 2nVQ (1 " 2^ + 22^ ^ 

The duration of the output pulse is twice the one-way transit time of 

the lines. The output impedance of this system during the pulse is that 

of the 2n lines in series, 

Z = 2nZ,. 
out 1 

Another single switch generator is illustrated in Fig. 20. This 

device is constructed by placing another layer of insulation on a strip-

line and wrapping it around itself n-1 times in a spiral configuration. 

This is essentially equivalent to wrapping two lines around each other. 

By switching the system thus created in the middle (that is, switching 

so the time t, a pulse takes to arrive at the center of the spiral is 

equal to the time it takes to arrive at the output) , waves are launched 

in one of the lines. These reflect from the open circuits at the center 

and output ends, reversing the polarity of the voltage there. As these 
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Fig. 20 Spiral Generator 
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waves once again pass through an imaginary line connecting the center 

and the output, all of the previously opposing voltages will add togeth

er to give an output voltage pulse 

:/v. m 

V '•' = -2nV-, 
out 0 

which endures until the waves can return from the short circuit at the 

switch. Thus the pulse duration is 2tj with the pulse starting at 

t = t,. The voltage at the axial output is triangular in shape due to 

the integrating effect of the inductive coupling of the spiral turns. 

A series switch (pulse sharpening gap) can be used to "throw away" the 

t 

rising and decaying portions of this triangular wave, thus making it 

more of a square wave with a bit of a triangular top. These types of 

generators can be made in a variety of other fashions, using wrapped 

lines or several coaxial conductor shells connected in series or paral

lel. Fitch and Howell discuss losses in this type of generator. In 

particular, losses increase as the ratio of the outside diameter to the 

inside diameter increases. This also has the effect of increasing the 

output impedance. 

L. PRACTICAL CONSIDERATIONS 

Start switches are never ideal. They have finite conductance and 

inductance, and hence a finite risetime. This of course degrades the 

risetime of an output pulse. Parallel switches effectively reduce the 

net inductance, thereby lessening the risetime, but this solution cre

ates other problems. 

Switch gaps are not identical and will not break down simultane-
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ously. Consider the arrangement of Fig. 21a where several gaps have 

been arranged to create a short circuit on a stripline. If one gap 

breaks down before the others, a wave propagates in a roughly circular 

pattern from that gap. This wave drives the potential difference across 

the line to zero. If this wave reaches the position of another gap be

fore that gap has fired, then the gap will not break down (since there 

is now no potential difference across it). Individual gaps must there

fore be closely matched as to their breakdown characteristics, and their 

spacing on the line is critical. 

A single multichannel unit is effectively many gaps in parallel^ 

thus reducing the effective switch impedance. Obtaining multichannel 

operation is not easy. A very fast rising pulse is required to trigger 

such a unit properly (see the chapter on switching). 

12 
A pulse sharpening switch, commonly an edge-plane spark gap, can 

be added as indicated in Fig. 22. A slowly rising voltage pulse inci

dent to this gap will be "sharpened" due to the finite breakdown time 

and breakdown voltage of this gap. 

Striplines are easy to make by sandwiching a dielectric between 

two conductor plates. However, severe problems occur at the edges where 

the electric field must be graded to prevent tracking or breakdown. Ex

tra insulation can be added (in a curled shape to increase the tracking 

length), or the edges of the conductors can be shaped in a special way 

to correspond to a solution of Laplace's equation for that geometry 

(Rogowski contour). The edge effect is also present even if coaxial ca

bles are used as the cable must come to an end somewhere and thus have 

an edge. 

A stripline built in the laboratory will often unavoidably have a 
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Fig. 21 Parallel Switches on a Stripline with One 
Switch Closed 
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Pulse Sharpening Gap 

Line 1 Line 2 

Fig. 22 Cross Section of T-line with a Pulse Sharpening Gap 
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layer of air between the dielectric and the conductor plates. This air 

layer forms a capacitance in series with that of the dielectric layer, 

effectively decreasing the capacitance of the line. During operation, 

the electric field intensity in this thin layer might become large 

enough to cause a breakdown, thus increasing the capacitance of the 

line. This breakdown can have a detrimental effect on the conductor 

plates and the dielectric. If the plates are "roughed up" by a dis

charge, the dielectric layer may be punctured. Transmission Lines by 

18 
R. A. Chipman has a very useful and detailed chapter (Ghap. 6) on the 

design of T-lines. 

Formulas for determining R, L, G, and C for coaxial and stripline 

geometry are given in Fig. I (Appendix A). The skin depth 6 is defined 

in Eq. (28). 

M. LC GENERATORS 

The concept of vector inversion generators can be applied to a 

circuit composed of discrete, lumped parameter elements as shown in 

Fig. 23. When the switches are closed, the LC circuits begin to oscil

late at a frequency f given by 

f̂  = 
° 2fr /LC~ 

The voltage on the capacitor will reverse in one-half cycle, at which 

time the open circuit output voltage is nV , where n is the number of 

capacitors in the circuit. The half cycle time required for reversal 

must be considerably greater than the output pulse duration. Switch 

jitter and turn-on time has a definite effect on the output waveshape. 
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The erection half cycle must be long enough for all of the switches to 

fire. In order to achieve proper erection of the LC generator, an out

put switch is a necessity. The coupling of the reversal switches is 

similar to that considered in the Marx generator chapter. An LC genera

tor with coupling capacitors is shown in Fig. 23. 

N. SUMMARY 

When the output pulse duration is on the order of the ratio of the 

local velocity of the E-M wave and the physical length of the circuit, 

it is necessary to account for the distributed nature of the circuit im

pedances; the circuit is then usually called a transmission line. Ener

gy in the circuit is associated with electromagnetic waves propagating 

in the dielectric medium. 

At impedance discontinuities, such as terminations, portions of 

waves might be reflected back onto the transmission line. Equivalent 

lumped parameter circuits were presented to aid in determining wave be

havior. 

Application of transmission line theory to pulsers was demonstra

ted with single line devices which provide an output pulse of magnitude 

V /2, with a duration of twice the one way transit time of the line, in

to a matched load. A two-line connection referred to as a Blumlein gen

erator was discussed in some detail. This configuration has an output 

voltage of magnitude V (for the matched case). Transmission lines can 

also be "stacked" in various ways in order to achieve further voltage 

multiplication. Several other transmission line systems were also 

briefly mentioned. 

An advantage of transmission lines is their relatively "fast" 
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risetimes, although this is balanced by the long physical dimensions 

necessary to obtain long pulse durations. 
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Fig. 1 Capacitance Formulas for Several Geometries 
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TABLE II 

SELECTED COMMERCIAL CAPACITORS 

Capacitance 
(yF) 

Maximum Charge 
Voltage (kV) 

JoulesAb Identification 

100 40 M34009 

100 22 M32505 

0.05 

15 

14 

120 

20 

20 

C503-
1DOMES-1 

TD ESC 248A 

A PX100D22 

M = Maxwell Laboratories, Inc 

C = Condenser Products Corp. 

TD = Tobe Deutschman 

A = Aerovox 
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TABLE IV 

IMPULSE DIELECTRIC CONSTANTS AND BREAKDOWN STRENGTHS 
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Material Dielectric Constant 
(Relative to e^) 

Breakdown E 
MegaVolts/cm. 

Air 

Transformer Oil 

N, 

SF, 

H. 

SF^ (30%) + Air (70%) 
b 

H2O 

Mylar 

Polyethylene 

Teflon 

Polycarbonate 

1.0 

3.4 

1 

2.5 

1.0 

2.0 

81 

3 

2.25 

2.1 

2.96 

.13 

pressure dependent 

pressure dependent 

pressure dependent 

pressure dependent 

0.5 

1.8 

1.77 

4.33 

5.51 
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APPENDIX B 

CURRENT AND VOLTAGE PULSE MEASUREMENTS 

A. INTRODUCTION 

The previous chapters have discussed the generation of current 

and voltage pulses and methods of characterizing the pulses by their 

shape, energy content, power, etc. The actual measurements of these 

quantities require special techniques in order to obtain accurate data. 

A variety of circuits and techniques are available, but only a few bas

ic types will be discussed. A bibliography will be suggested for fur

ther reference. 

The parameters of interest are primarily measurements of voltages 

and currents as functions of time. Other quantities such as tempera

ture, radiation intensity, etc., might be of interest in specific sit

uations, but the present discussion will be limited to the former quan

tities. 

2-7 
B. VOLTAGE MEASUREMENTS 

The most common method of measuring voltages is to display the 

voltage on an oscilloscope and take a photograph of it. However, the 

very large magnitude voltages inherent in pulser work cannot be readily 

connected to oscilloscopes. The magnitude must be reduced, usually by 

incorporating a voltage divider such as that shown in Fig. la. The re

lationship between V ^ and V is 
out in 

^out ^in R^ + R2 • ^̂ ^ 
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Hence, by making the ratio R^/R2 1^^8^» ^^^ input voltage is attenuated 

to more convenient magnitudes. To prevent the voltage divider from 

affecting the pulser performance it is also necessary to make the net 

resistance R + R- as large as possible, thus drawing a minimum amount 

of current. Equation (1) is valid only if the measuring device in par

allel with R- has an impedance that is much larger than that of R^. If 

that is not the case, part of the current flowing through R^ is diver

ted away from R . This is referred to as "loading" the divider and can 

be significant if the amount of current diverted is large. 

Other effects also degrade voltage divider performance. Induct

ance (in leads and the resistors) will cause inaccurate outputs due to 

the time rate of change of the input voltage. Capacitive effects also 

cause inaccurate outputs, although these can be somewhat compensated. 

For example, the voltage divider of Fig. lb ideally has a response 

that is independent of frequency if R,C. = R^C^. Of course, at very high 

frequencies (fast risetime pulses) such a lumped parameter representa

tion of the capacitance is not valid and a distributed parameter model 

should be used. Analysis shows that the voltage divider with the 

widest frequency range is the purely capacitive divider which is ob

tained from Fig. lb by letting R. and R become infinitely large. The 

input/output relationship is now 

V = V (2) 
out in C^ + C • ^^ 

Capacitive dividers offer another advantage in that the unavoidable 

"stray" capacitances to the ground of the pulser, which must be charged 
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in any event, can be used as a portion of the divider. A loading ef

fect similar to that discussed for the resistive divider can occur. 

C. CURRENT MEASUREMENTS^'^'^ 

Current measurement is often somewhat more difficult than voltage 

measurement, although the end product in both cases is a voltage dis

played on an oscilloscope. Obtaining a voltage proportional to the 

current can be done in several ways. 

One method is to place a small value resistor (shunt) in the cur

rent path and monitor the voltage developed across it. Fast risetimes 

can be obtained, but energy absorption and effects on the pulser cir

cuit are problems. Again, inductive effects generate output signals 

proportional to the time rate of cliange of the current which leads to 

erroneous interpretations. 

The time rate of change of the current, or rather the associated 

magnetic field change, is used in the magnetic probe and current trans

former schemes. The probe method generates an output proportional to 

the — ; — at the probe location. This is then integrated and can be 
dt 

directly related to the current. Care must be exercised to insure that 

only the magnetic field associated with the current being measured is 

sensed, since other fields will generate erroneous output signals. A 

special design, the Rogowski coil, is relatively immune to external 

fields. This coil is illustrated in Fig. 2; any fields not associated 

with the current I generate opposing voltage, cancelling their effect. 

Probes and transformers also allow electrical Isolation from the pul

ser circuit for safety. 
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8-12 

D. ELECTRO-OPTICAL METHODS 

Several other methods, based on optical measurements, are coming 

into wider use as they are more fully developed. The electric fields 

associated with high voltages can change the index of refraction of 

certain materials, most notable nitrobenzene. The Kerr cell, illustra

ted in its most basic form in Fig. 3, uses a source of plane wave (la

ser) light illumination, passing through the Kerr cell and two crossed 

polarizers. This light is sensed by a photomultiplier tube and moni

tored on an oscilloscope. The number of light transmission maxima can 

be related to the electric field strength in the Kerr cell, which in 

turn can be directly related to the voltage impressed across the cell. 

Field non-uniformities can be accounted for when making highly accurate 

measurements. A quite accurate and noise free Kerr cell/laser inter-
2 

ferometry technique has been described by Thompson et al. The Faraday 

rotation effect can be used to determine the magnetic field around a 

conductor, and hence the current through the conductor, in a similar 

fashion. 

E. GROUNDING 

Measuring large magnitude voltages and currents present serious, 

if not lethal, grounding problems. It is not quite sufficient to as

sume that everything on a conductor is at ground potential at all times 

merely because one end of that conductor is grounded. For example, a 

conductor having a resistance of only 0.1 ohm, carrying a current of 

A 
10 amperes will have a potential difference between its ends of 1000 

volts. The solution is to use a single point grounding; that is, tie 

all ground leads to the same connection. Ground loops can also form 
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through equipment power supply transformers back to the wall plug. 

Isolation transformers in the power cords will break this loop. Be

sides the obvious hazard to life, ground loops introduce error into 

the measurement signals in the form of offset voltages and noise. 



V . in 

Rl 

210 210 

R, V 
out 

a) Purely Resistive Divider 

+ 

V out 

b) RC Divider 

Fig. 1 Voltage Dividers 
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