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ABSTRACT 

A Rpgowskl c o i l has been used to measure current i n a pulsed 

discharge c i r c u i t . The frequency response of the c o i l has been 

determined experimentally, 

-It has been established that the noise s igna l associated wi th 

the measurement of a pulsed discharge current i s due p r i n c i p a l l y to 

the electromagnetic rad ia t ion from the spark gap switches required 

i n such a c i r c u i t . The r ad ia t ion can be reduced by pressur iz ing 

the spark gap wi th argon, but at the same time the breakdown 

po ten t i a l o f the switch becomes e r r a t i c . 

A simple measuring system has been devised which completely 

eliminates the noise s igna l from the current waveform. The system 

consis ts of a balanced d i f f e r e n t i a l preamplif ier which i s fed by a 

completely balanced measuring c i r c u i t in to which a 0.5yu. sec delay 

l i n e has been incorporated. 
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.0 INTRODUCTION 

A l i n e a r Z-pinch device i s an apparatus for producing a h igh ly - ion ized 

gas or plasma. The Z=«pinch device described i n t h i s thesis i s r ead i ly 

"constructed using, only modest workshop f a c i l i t i e s and i s opera t ional ly 

rugged. 

The essen t i a l part of a l i n e a r Z-pinch device i s c a l l e d the "discharge 

v e s s e l " . The discharge vessel i s simply a cyl inder of some nonconducting 

mater ia l (pyrex, fo r example) with an electrode f i t t e d in to eadh end of 

the*cyl inder . Discharging a condenser through the gas column ins ide the 

discharge vesse l produces an a x i a l current (I) and an azimuthal magnetic 

f i e l d (B) as shown i n figure 1. 

A x i a l current I Azimuthal magnetic f i e l d B 

Figure 1: Schematic Diagram of Discharge Vessel 

The current carrying electrons have an a x i a l d r i f t v e l o c i t y v and 

experience a Lorentz force q (v x B) acting r a d i a l l y inward. As the 

discharge current r i s e s , and consequently the azimuthal magnetic f i e l d 

increases, the e lect ron stream contracts r a d i a l l y drawing the ions i n 



with i t by means of space charge f i e l d s . When the gas column reaches 

i t s minimum diameter i t i s sa id to be "pinched". The a x i a l current and 

associated azimuthal magnetic f i e l d serve to confine the gas column and 

to heat the gas column by ohmic, adiabatic and shock heating. 

The discharge current (I) i s monitored by means of a Rogowski c o i l 

(see page 20) and an osc i l loscope . However, the i n i t i a l time and ra te 

of r i s e of the current waveform obtained with the c o i l cannot be deter­

mined accurately/because an e l e c t r i c a l noise s igna l coincides with the 

i n i t i a l r i s e o f the waveform. 

The inves t iga t ion presented i n t h i s thesis i s concerned with two 

problems. The f i r s t problem i s to discover whether the noise s igna l 

mentioned above i s a genuine noise s igna l or a spurious noise s i g n a l . 
V-'r 

The term "genuine noise s igna l" refers to a s igna l which i s the resu l t 

of voltages induced i n the Rogowski c o i l . b y f luctuat ions i n the discharge 

current . The term "spurious noise s igna l" refers to s ignals which enter 

the measuring system by way of s t ray coupling between the measuring and 

discharge c i r c u i t s . The second task i s to locate the sources o f the 

noise s igna l i n question and to eliminate them, or , i f t h i s i s not 

poss ib le , to minimize t h e i r influence on the measuring c i r c u i t . 

INoise s ignals are present on a l l current and voltage waveforms 

taken i n l i n e a r Z-pinch experiments but only two papers have been found 

which attempt to expla in the source of noise . Bodin, Newton and 

Peacock (i960) state that the e lec t ronic noise i s due to cable r e f l e c ­

t i o n s . Curzon and Daughney (1963) suggest that an important source of 

noise i s the spark gap switch of the discharge c i r c u i t . 

The present i nves t iga t ion has established that the noise s igna l 
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accompanying the current waveform obtained with a Rogowski c o i l i s due 

to s t ray coupling, between the measuring, and discharge c i r c u i t s . Clean 

current waveforms are obtained by a) using a balanced measuring system 

and b) delaying the s igna l from the Rogowski c o i l for 0 . 5 / t sec before 

d isp lay ing i t on the o sc i l l o scope . 

A l s o , the spark gap switch i n the discharge c i r c u i t was found to 

be the p r i n c i p a l source of noise . The amplitude of the noise s igna l 

produced by t h i s switch i s g rea t ly reduced by operating the spark gap 

switch i n an argon atmosphere. 



.0 APPARATUS 

Two general considerations govern the basic design of the apparatus; 

f i r s t , the coax ia l construction of a l l components, and second, the com­

plete i s o l a t i o n of the high voltage discharge c i r c u i t from the low 

voltage t r i g g e r i n g , c i r c u i t . The purpose of coax ia l construction i s to 

minimize the magnetic f i e l d produced by the apparatus. By using coax ia l 

construct ion, the current paths are arranged so as to produce only 

magnetic quadrupole r ad ia t ion which f a l l s o f f r ap id ly with dis tance. 

The technique of coax ia l construction i s w e l l known and requires no 

further comment. 

The purpose of the complete i s o l a t i o n mentioned above i s twofold. 

F i r s t , and most important, the p o s s i b i l i t y of noise s ignals being^pro­

duced by currents flowing from the discharge c i r c u i t to ground through 

the t r igger ing e lec t ronics i s eliminated and second, the operator i s 

protected from the large currents associated wi th the discharge c i r c u i t . 

The method by which t h i s complete i s o l a t i o n i s achieved requires further 

explanation. 

A block diagram of the t r igger ing system i s shown i n f igure 2, 

page S>. The thyratron t r igger unit . (A) supplies the i n i t i a l t r i gge r 

pu lse . The t r igge r generator (B) accepts t h i s pulse and provides a 

stronger output pulse which i s used to t r igger the spark gap switch (C) 

o f the discharge c i r c u i t . When the switch (C) i s c losed, the capacitor 

bank (D) discharges through the discharge vesse l ( E ) . 

In addi t ion to increasing the strength of the t r i gge r pulse, the 

t r i gge r generator (B) provides complete e l e c t r i c a l i s o l a t i o n between the 

t r igger u n i t (A) and the discharge c i r c u i t (C, D, E ) . This property i s 
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Figure 2: Block Diagram of Trigger System 

A , Thyratron t r igge r u n i t ; 
B , Trigger generator; C , Three 
electrode spark gap switch; 
D, Capacitor bank; E , Discharge 
v e s s e l . 

discussed i n d e t a i l i n subsection 2 .2 , page 9 . 

A more de ta i led c i r c u i t diagram of the t r i gge r ing system and 

discharge c i r c u i t i s given i n figure 3, page 6. Both the t r i gge r 

capacitance (C2) and the bank capacitance (C3) are charged to.12 kV 

by means of the power supply .(F). The apparatus i s then discharged 

by manually t r i gge r ing the thyratron un i t (A) which creates a t r igge r 

spark (T]_) i n the t r igger generator (B) . The t r igger spark (T^) causes 

breakdown of the open a i r spark gap. switch (S^) and thus causes the 

capacitance (C^) *° discharge through the resistance ( R j ^ * ^ l i e 

voltage created across the resistance (Rf^) i s used, i n turn , to 

create a second t r i g g e r spark (T 2 ) i n the open a i r spark gap switch (S 2 ) 

o f the main discharge c i r c u i t (C) and t h i s i n i t i a t e s breakdown of the 

switch. As a r e su l t , the capacitance (C3) discharges through the 

discharge vesse l (E)• 



(a) 

1 R 
I h r ^ - j Si B 

T l 

D 

D 

I ON I 

E > R 3 

(b) 

Figure 3 : Circuit Diagrams 

A, Thyratron trigger unit; B, Trigger generator; C, Three electrode spark 
gap switch; D, Capacitor bank; E , Discharge vessel; F , 12 kV power supply; 
R l , R 2 (680.TL), Damping resistors; R T 1 (170 k J T ) , R T £ (50_TL), Terminating 
resistors; R 3 (100 k J T ) ; R 4 (50.T1.); R 5 (200 k_TL); T l f T 2 Trigger spark gaps; 
S i , Current switches; C x (500 pF), C 2 (• 06^uF); C 3 (15yUF); a, Original 
cifcuit; :b,: Final circuit. 
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The grounding connections indicated i n figure 3 are made to brass 

plates bur ied under the laboratory f l o o r . 

O r i g i n a l l y , the t r igger generator (B) was grounded as shown i n 

f igure 3a, page 6. This connection provided a completely coax ia l 

system and thus provided a minimum of radiated noise s igna l s . However, 

the t r i gge r generator did not t r igger r e l i a b l y when connected i n t h i s 

way and i t was necessary to use the c i r c u i t o f figure 3b. This c i r c u i t 

does not provide a sh i e ld for the 700 ohm r e s i s t o r (R2) i n the t r i gge r 

l e ad . Therefore, the noise radiated from th i s lead i s greater for 

c i r c u i t (b) of f igure 3 than for c i r c u i t (at).. The c i r c u i t i n f igure 3b 

t r iggers more r e a d i l y because i n t h i s case the po t en t i a l difference 

across the gap ( S 2 ) i s increased by the t r igge r pulse, whereas i n 

f igure 3b, the po t en t i a l difference i s reduced. The l a rger the po ten t i a l 

difference across the gap,, the eas ier i t breaks down. 

The components of the discharge c i r c u i t w i l l now be discussed i n ­

d i v i d u a l l y and i n considerable d e t a i l so t h a t the equipment could be 

reproduced i f des i red . 

2 . 1 THYRATRON TRIGGER.UNIT AND THEOPHANIS TERMINATOR 

The complete c i r c u i t of the thyratron t r igger un i t i s shown i n 

f igure h, page 8, although an external 300 v o l t power supply i s also 

required. Upon t r i gge r ing , a 9.5 kV. negative pulse i s transmitted down 

the charged output cable . The output cable i s a 6 foot length of 

RG 58/U coax ia l cable . I t i s terminated by a un i t developed from a 

design by TheophanLs (i960) which presents a large, impedance to the 

negative pulse and thus doubles the amplitude of the pulse upon 





- 9 -

r e f l e c t i o n . The output of the terminator i s a 19 kV negative pulse with 

a UO nsec r i s e t ime. By experiment, the optimum value of the termina­

t i o n resistance ( R T l of f igure 3, page 6) has been found to be 11*0-170 

kilo-ohms. This i s determined by mounting a search c o i l around the 

spark gap (T-j_ o f f igure 3) and observing the resu l t ing s igna l on an 

osc i l loscope . .Resistances l a rger than 170 kilo-ohms produce appreciable 

o s c i l l a t i o n s i n the c i r c u i t fo r up to 1 microsecond fol lowing the pulse 

while resistances smaller than ll|.0 kilo-ohms give i n s u f f i c i e n t spark for 

r e l i a b l e t r igge r ing of the spark gap switch (S^ of f igure 3). 

The p o s s i b i l i t y o f emission of radio frequency noise signals by 

both the t r i gge r un i t and the terminator has been reduced to a minimum 

by careful construct ion, inc lud ing complete screening of the £C22 

thyratron tube. 

2.2 TRIGGER GENERATOR 

As described i n sect ion 2.0, page U, the important feature of the 

t r i gge r generator i s the achievement o f complete i s o l a t i o n between the 

t r i gge r ing e lec t ronics and the high voltage discharge c i r c u i t . The 

generator i s of coax ia l construct ion as shown i n f igure % page 10, and 

the operation of the generator i s as follows (see also figure 3, page 6). 

The thyratron t r i gge r un i t of subsection 2 .1 , page 7, provides the 

energy, for the t r igger spark (T-j_) which t r iggers the switch (S]_). The 

t r i gge r spark (T]_) i s enclosed i n a quartz bulb and i s thus completely 

i s o l a t e d , e l e c t r o n i c a l l y , from the switch (S]_). However, the u l t r a v i o l e t 

l i g h t radiated from the spark (T^) produces enough photo-electrons i n the 

gap (3i) to resu l t i n breakdown. This system provides complete d . c . 



F IGURE 5 

T R I G G E R GENERATOR 
SCALE = HALF SIZE 

SHADED PORTIONS REPRESENT PLASTICS, 

REMAINDER CONSTRUCTED OF BRASS 
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isolation between the trigger unit (A) and the discharge circuit 

(C, D, E) (see figure 3, page 6). It also provides excellent a.c. 

isolation because of the low capacity, between the spark gaps (T.]_) and 

( sl) • 

As pointed out by Curzon and Smy (1961), the potential across the 

spark gap (S^) has to be within 1$ of the breakdown voltage of the gap 

for this triggering method to work. For this reason, the main capacitor 

bank (C3) and the trigger generator capacitor (C2) are connected in 

parallel. In this way, the large capacitance of the main bank 

stabilizes the potential across the spark gap (Si). Otherwise, leakage 

from the relatively small trigger, generator capacitor would make i t 

difficult to stay within the k% voltage margin necessary for successful 

triggering of the trigger generator. 

As a secondary result, the parallel connection mentioned above 

ensures a constant firing voltage of. the main bank (within 1$) . This 

occurs because the main capacitor bank (C3) and the trigger generator 

capacitor are charged in parallel from the same power supply (F), as 

shown i n figure 3, page 6. The firing voltage of the main bank i s 

determined, therefore, by the setting of the trigger generator spark 

gap (S]_). In the present investigation, a l l work is done with the 

capacitor bank charged to 12 kV and the spark gap separation (S^) i s 

set only once for the entire experiment. 

The output pulse from the trigger generator is. taken across the 

resistance (Rj^) which has a value of f>0 SL i n order to match the 

output cable properly. 

The trigger generator is robust, has low jitter times which are 
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the order of nanoseconds, and the delay between the triggering of the 

thyratron and the f i r i n g of the trigger spark (T2) i n the main spark 

gap (S2) i s of the order of 10 nsec. (Curzon and Smy (196l)). 

Another advantage of the trigger generator and discharge c i r c u i t 

i s that i t operates i n optimum conditions whether a positive or negative 

charging potential i s used. It i s known that the best triggering corir 

ditions are achieved when the trigger pulse i s of opposite polarity to 

the high voltage electrode (see page 179 of Meek and Craggs (195W). 

The trigger generator described here provides this relationship for the 

cases of either positive or negative charging potentials. A l l that i s 

necessary i s to set the polarity of the power supply. A trigger pulse 

of the correct polarity for optimum triggering conditions i s then 

automatically produced by the triggering c i r c u i t . 

The capacitance and inductance of the trigger generator are deter­

mined by shock exciting the c i r c u i t . This method consists of observing 

the ringing frequency of a c i r c u i t which i s excited by suddenly applying 

an e.m.f. to i t s output terminals. 

In the present case, the spark gap switch (Si) was shorted out and 

a small battery was connected across the output terminals of the trigger 

generator ( i . e . across Bj<2 of figure 3b, page 6). A small seach c o i l 

was wound around one of the output leads to pick up the resulting signal. 

Using the above arrangement, the period (T) of the signal produced 

by ringing of the ci r c u i t due to i t s natural reactance was measured. 

Also the period (T 1) of the ringing which results when the natural 

Capacitance (C) of the circ u i t i s augmented by a known capacitance (C 0) 

was measured. Then the inductance (L) and capacitance (C) of the 



circuit were calculated using the following equations: 

m | < 

where L = inductance of the trigger generator 

G = capacitance of the trigger generator 

C 0 - known capacitance placed i n parallel with the 

circuit and battery 

T = period of the signal without the additional 

capacitance C 0 

T• — period of the signal with the additional 

capacitance Go 

For the trigger generator described above, the capacitance was 

0.06 pF and the inductance was 5* riH. 

CAPACITOR BANK. AND DISCHARGE SWITCH 

Two G.E. "Pyranol" storage capacitors rated at 20 kV D.C. are used 

as the capacitor bank. The capacitors are connected i n parallel and 

they have a capacitance of 7.5 pF each. 

The discharge switch, or the main spark gap switch (S 2 of figure 3, 

page 6 ) , i s mounted above the capacitors as shown in figure 6aonpage lU« 
Electrically, the switch i s connected in series between the capacitor 
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Figure 6a: Main Spark Gap Switch Assembly 



-lil(a)-

Figure 6W Lead Connections (from main 
capacitor bank to discharge 
vessel) 
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bank and the discharge vessel. 

Two ports have been built into the walls of the spark gap chamber 

to accommodate equipment for pressurizing the spark gap chamber. 

The high voltage electrode of the discharge switch (upper electrode 

of figure 6a) can be at either positive or negative potential depending 

upon the polarity of the high voltage power supply. The low voltage 

electrode of the discharge switch contains the trigger pin which i s 

energized by the trigger generator of page 9» 

Details of the electrodes u*sed an the discharge switch are shown 

in figure 7, page 16. The electrode heads can be unscrewed from the 

electrode shafts to facilitate interchanging various types of electrodes, 

i f required. An axial hole i n the upper electrode seems to improve the 

triggering reliability of the switch. The trigger pin i s made from 

0.02 inch tungsten wire and i t is insulated with polyethylene tubing 

and fitted into an axial hole i n the low voltage electrode. A paxolin 

cylinder is placed over the polyethylene insulation at the trigger pin 

tip in order to reduce damage to the insulation caused by the trigger 

spark, the height of the trigger pin relative to the surface of the 

electrode can be adjusted. 

Two flat copper leads 10 cm. in width, 80 cm. in length and 

separated by 3 mm of polyethylene carry the current from the capacitor 

bank and discharge switch to the discharge vessel. These leads are con­

nected as shown in figure 6b, page lli(a). 

This i s an opportune place to point out that whenever metal parts 

are joined by a. pressure connection, the contacting surfaces are heavily 

tinned with soft solder. The solder seals gaps where arcing occurs and 
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Brass electrode 

Tungsten trigger pin 

Paxolin tip 

Polyethylene 
insulation 

Perspex clamp 
for trigger lead 

Figure 7: Spark Gap Electrodes 

A, Distance of trigger pin below electrode face 
(1 mm); B, Gap separation (11 mm)j G, Diameter 
of axial hole (U mm); D, Diameter of electrode 
(25 mm); E, Diameter of highest portion of 
electrode face (10 mm)• 
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leaves a noise free pressure connection. 

I t i s also noted that when the discharge c i r c u i t i s not being 

operated, the terminals of the capacitor bank shown on page lh are 

shorted to ground through a safety switch. 

By shock exciting the bank and leads i n the manner described on 

page 12, the capacitance of the bank i s found to be 15 pF and the 

inductance, including leads, i s found to be 0.11yC<.H. By calculation, 

the capacitance of the leads i s found to be 300 pF, 

DISCHARGE VESSEL 

A diagram of the discharge vessel i s given i n figure 8, page 18. 

The electrodes, which are made of brass, are 7.6 cm i n diameter at the 

electrode face and are separated by a distance of 33 cm. The upper 

electrode i s designed to permit end on observation of the discharge 

while the current return sheath i s made of brass mesh to permit side 

on observation of the discharge. 

From the dimensions of the discharge vessel, i t s capacitance and 

inductance are calculated to be 1.2 pF and I4.O nH respectively. 

The upper electrode i s constructed such that a Rogowski c o i l can 

be placed around i t i n order to measure the discharge current. 

The discharge vessel i s evacuated through an outlet i n the lower 

electrode. The vacuum system i s f i t t e d with a "Vacustat" for pressure 

measurement, and i t i s also provided with f a c i l i t i e s which enable the 

discharge vessel ;to be f i l l e d with individual gases or mixtures of gases. 

In practice, for the experiment reported here, the discharge vessel was 

f i l l e d with air at pressures between 0.6 and 1 mm Hg. 
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Polyethylene 
insulation 

Rogowski coil 
Brass shield 

Glass disk 

Perforated 
brass disk 

u u / u u TT-n 

Return 
conductor 
(brass mesh) 

Upper electrode 

Discharge 
vessel (glass) 

O-ring seal 

Evacuation 
port 

Lower 
electrode 

7 
Discharge leads 

Figure 8: Discharge Vessel 
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3.0 MBA.SU RING DEVICES 

The discharge current can be measured i n a number of ways, the 

most common methods being with magnetic probes (Lovberg (1959)), 

Rogowski coils (Golovin et. a l . (195.8)) and the current shunt (Meek and 

Craggs (195U)). 

In the present investigation, as the reduction of noise signals is 

of utmost importance, the Rogowski coil i s chosen as the method of 

obtaining current measurement. The Rogowski coil has a favourable signal 

to noise ratio and i t is easily constructed. 

A detailed description of the Rogowski coil and i t s associated 

circuitry i s given i n this section. The basic feature underlying the 

design of the measuring circuit is complete impedance balance. The s 

expression "complete impedance balance" means that the impedance of the 

measuring circuit as seen out of either terminal of the Rogowski coil i s 

the same. Signals picked up by the measuring circuit are then attenuated 

equally down each leg of the measuring circuit. 

At this point i t is convenient to introduce certain terms which are 

used subsequently in the description of the measuring devices and also -

in the discussion of the investigation of noise signals presented in 

subsection U.O, page 37. 

The means by which noise signals enter the measuring circuit can be 
characterized as either inductive or capacitative pick up* 

The term "inductive pick up" i s associated with coupling between the 

measuring and discharge circuits due to conduction currents. For 

example, referring to figure 9, page 20, a time varying conduction 

current flowing i n circuit 2 induces an e.m.f. in circuit 1 through the 
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mutual inductance between the two circuits. 

Circuit 1 Circuit 2 

Figure 9: Illustration of Inductive Coupling 

A "ground loop" i s a complete electrical path joining any two 

earthed points in a circuit. In practice, conduction currents in un­

desirable ground loops are sources of spurious noise signals, because 

of the self inductance of such loops. 

The term "capacitative pick up" refers to coupling between the 

measuring and discharge circuits which is associated with displacement 

currents. Charge fluctuations on spark gap electrodes, for example, 

produce time varying electric fields which may be picked up on the 

surface of any metal object i n the vicinity of the spark gap. 

The term "radiative pick up" embraces pick up of both the inductive 

and capacitative types. 

ROGOWSKI COIL " 

A Rogowski coil is a form of current transformer where the second­

ary is a toroidally wound coil through which the main discharge current -

the primary - i s threaded. The coil is made from a single loop of 



-21-

RG 65 A/U delay line with the outer screening removed. It i s mounted 

in a slotted brass can (see figure 8, page 18) which i s isolated from 

the coil and then grounded to reduce capacitative coupling between the 

discharge electrodes and the coil. For convenience^ the coil is placed 

around the upper electrode of the discharge vessel and to minimize capaci­

tative pick up the ground for the discharge circuit i s connected to the 

top of the tube, very close to the c o i l . By using this grounding pro­

cedure j the potential difference between the "current return sheath 

outside the coil and the electrode inside the coil is kept very small. 

The potential difference between the current return sheath and the lower 

electrode can range i n values up to 5«0 kV due to the inductance of the 

discharge vessel. 

. The induced voltage in the Rogowski coil; (7̂ ,) can be determined 

from the followirig expression: 

_ a N>c dl 
V c — " liTTR dt 

= - 2.1 x 10~8 U ™ l t 3 

dt 

. 3 2 2 
where a = area of coil winding — TT (1.6 x 10 ) m 

.̂ 2 

R = radius of torus ~ k»9 x 10 m 

N —. number of turns — 1300 

I — discharge current in amps. 

Peak currents of the order of 10 amps, are obtained in times of 

the order of 10"^ seconds and these currents, therefore, produce peak 

voltages of the order of 10-̂  volts at the output terminals of the 

Rogowski coil. 
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3.2 MAXIMALLY FLAT FREQUENCY. RESPONSE 

In general, the voltage (Vc) induced in the Rogowski coil i s not 

measured directly. Instead, one measures V0, some potential generated 

i n an external circuit by the induced e.m.f. (V„). It i s convenient 

to use a system where V 0 is directly proportional to V ,. independent of 
c 

frequency. A system for which this condition obtains over as broad a 

frequency range as possible i s said to be maximally flat. 

It can be shown (Segre ( i960)) that 

Vo = k 7 0 

where k i s a constant when the external impedance presented to the 

output terminals of the Rogowski coil i s equal to the characteristic 

impedance of the co i l . The characteristic impedance (Rc) of the coil i s 

given by 

where L = inductance of the coil 

C c capacitance of the c o i l . 

If the coil feeds an impedance considerably smaller than i t s own 

characteristic impedance, the higher frequencies are attenuated; however, 

i f the coil feeds an impedance considerably greater than i t s character­

istic impedance, there is a pronounced increase in gain at the resonant 

frequency (ctfR) of the coil /O>R = 1 
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In order to determine the characteristic impedance of the coil, the 

circuit Of figure 10a, page 2 l i , was shock excited i n the manner des­

cribed on page 12. The period (T) of the ringing signal was observed 

on an oscilloscope and found to be 0.17yttsec. Similarly, with a Ifl pF 

capacitance across the output terminals of the coil, a period (T') of 

0 . 3 5 s e c . was observed. Thus .-...>;. 

LGC = [ ~ r ] 2 = 7.32 x 10"16 sec 

L(C C -t- U7 PF) = \Jl 
. L2T1 

31.0 x 1 0 ~ l 6 sec 2 

from which i t follows that 

L — 50 jjfr 

CC— 15 pF . 

The characteristic impedance is then given by 

Rc= J - L . = 1300 ohms . 

A resistance (Rp) of 100 ohms is required in terminating the. signal 

cable; . The remainder of the required matching impedance (1300 ohms) i s 

made up of two 600 ohm resistances (Rm), one in each leg of the measuring 

circuit to preserve impedance balance. 

The matching resistances (Rm) and the terminating resistance (Rj) 

are placed at the coil end of the signal cable and they are contained in 

a small brass can to minimize capacitative and inductive coupling between 
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Figure 10: Rogowski Coil Measuring Circuit 

a) Rogowski coil equivalent circuit; L (ZO^MK), c o i l inductancej 
r(10 Si. ), coil resistance; C c OS ,pF..)., coil capacitance j 
V c, induced coil voltage. 

b) Matching network and signal cable: Rf (100 _n_ ) cable terminating 
resistance; Rm (600-JV), coil matching resistances; signal cable, 
RG 22/U. 

c) Integrating network ; Ri (18 k X L ), Ci (0.01 pF)j Vo* output 
voltage. 



-25-

the measuring, and discharge circuits. 

Segre (i960) gives the ratio (A) of, and the phase difference ( 0 ) 

between, the output and input voltages associated with a circuit such 

as shown i n figure 10a,b on page 2h as 

0 = tan -1 n . 

R 
R 

where 

R = 

u> /LC c 
2 Rm 

and the remaining symbols pertain to figure 10a,b. 

Substituting the actual values for the Rogowski coil measuring 

circuit into these relations i t is found that the 3 db point of the 

response curve occurs at f zz. 6 Mc/s. This i s to be compared with the 

discharge frequency of 0.1 Mc/s. 

From the above formula, the phase angle (̂ ) for the discharge 

frequency of 0.1 Mc/s amounts to - 8 ' which is negligibly small. 

3.3 INTEGRATOR 

The output voltage (Vc) of the Rogowski coil is given by 

V„ = - 2.1 x 10" 8 volt* c dt 
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(see page 21). When this voltage is integrated, a signal is obtained 

which i s proportional to the discharge current. 

The integrator used is a simple RC circuit (shown in figure 11) 

for which the integration condition i s RC.,=»>• T, where T is the period 

of the signal to be integrated. In the present discharge circuit the 

R i s 

E„ 

Figure 11: Integrating Circuit 

current lasts for approximately 3 cycles and oscillates with a period of 

approximately ib^M-sec. An integration constant (RC) of l80y<A.sec. was 

chosen, i.e. R̂  = 18 k-TL and — 0.01 pF. 

In the circuit of figure 10c, page 2h, two such integrators are 

used so as to preserve the balanced design of the measuring circuit. 

The integrators are mounted in brass cans (shown in figure 31, page 62) 

which serve to minimize radiative coupling between the measuring and 

discharge circuits. (For an important note concerning the construction 

of the integrators, .see page 63.) 

The complete measuring circuit is formed by combining the circuits 

of figure 9, page 20. The action of the complete measuring circuit may 

be summarized by considering.its transfer function which, written in the 

usual Laplace transform notation (i.e. s = i s : 
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RH- r 
I- R 3 + CcLs' 

RT 
R^ 2Rm sRiCi+ 1 

where R — Rj + 2Rm 

and the remaining symbols refer to figure 10, page 2k* It should be noted 

that this equality is valid only i f the shunt impedance of the signal 

cable is small compared with the impedance of the integrators; that i s , 

R T « 2 £ i + i l l ' 

More simply, 

V Rm + 2Rm * -'B±G± * s c 

where the approximation i s valid i f 

&j» + 2Rm •> r 

H + G .r < T 
R c 

C CL < T 

and where T i s the period of the observed signal. Inverting this 

transform shows that the output voltage from the measuring circuit i s 
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directly proportional to the integral of the voltage (V ) induced i n 
c 

the Rogowski co i l . However, the induced voltage (Vc) i s directly 

proportional to the time derivative of the discharge current (see page 

21). Therefore, the output voltage from the Rogowski coil measuring 

circuit i s directly proportional to the discharge current. 

3.1*. FREQUENCY RESPONSE OF MEASURING CIRCUIT 

The measurement of the discharge current obtained using the 

Rogowski coil measuring circuit of figure 10, page 2k, is accompanied 

by a noise signal which is characterized by certain well defined 

frequencies. As mentioned previously, the noise investigation presented 

i n this thesis i s concerned, i n part, with discovering i f this noise 

signal is due to fluctuations in the discharge current. To discover 

this, i t i s f i r s t necessary to establish that the bandwidth of the 

Rogowski coil measuring circuit is sufficient to pass those frequencies 

which characterize the noise signal. For this reason, the frequency 

response of the Rogowski coil measuring circuit is determined experi­

mentally. The frequency response of two other circuits used in the 

noise investigation i s measured as well. The two circuits in question 

aire simple modifications of the Rogowski coil measuring circuit made in 

one case by removing the integrating network from the circuit and in 

the other case by adding a delay line to the circuit. The procedure 

used in measuring the frequency response of these circuits i s discussed 

in this subsection i n considerable detail. 

The circuitry involved i n the frequency response measurements is 

shown in figure 12, page 29. For convenience, the circuitry has been 

separated into four parts. 
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Figure 12: Circuitry for Measuring Frequency Response 

a) Floating signal source; G, Tektronix Type 1?0B constant ampli­
tude sine-wave generator; b) Rogowski coil and signal cable; 
Rn! (variously 600, 800 or 1000-fL) matching impedance; % (100 
terminating impedance; c) General Radio Type 31U-S86 delay lines; 
RD (220-n.) matching resistors; d) Integrating network; 
Ri (18 kfl ), C± (.01 pF). 
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The signal source (G) i n a) of figure 12 i s a Tektronix Type 1°0B 

constant amplitude sine-wave generator. According to specifications 

published by Tektronix, this signal generator w i l l deliver a 10 volt 

peak-to-peak signal which varies i n amplitude by less than ±2% from 

50Kc/s through 30 Mc/s, provided the load shunt capacitance does not 

exceed 10 pF. The output from this generator i s unbalanced; that i s , 

one side of the output terminal i s grounded. In practice, however, the 

measuring c i r c u i t i s floating; that is, no point i n the ci r c u i t i s held 

at some fixed potential. In order to duplicate, as closely as possible, 

the actual operating conditions of the measuring cir c u i t while deter­

mining i t s frequency response, a floating signal source was constructed. 

The floating signal source i s shown i n a) of figure 12 and consists of 

trie above mentioned signal generator feeding a matching transformer. 

The matching transformer consists of a small, high quality f e r r i t e torus 

wound with #26 AWG enamelled copper wire i n a turns ratio of 1:2. The 

ferrite torus and windings are enclosed i n a small brass can to minimize 

the magnetic f i e l d radiated from the transformer. 

The output signal from the matching transformer (AA1) i s fed into 

the measuring c i r c u i t by cutting the RG 65 A/U cable forming the Rogowski 

c o l l into two equal parts and making the connections as indicated i n b) 

of figure 12. A l l the remaining components i n figure 12, except for c), 

have been discussed i n subsection 3.2 (see page 2k)• 

Circuit c) represents two General Radio Type 31ii-S86 variable delay 

lines which provide a maximum delay of 0.5y6(sec. each. The delay lines 

are connected i n pa r a l l e l , as shown, i n order to preserve the balanced 

design of the measuring c i r c u i t . Four 220 ohm resistors, two i n each 



-31-

delay l i n e , provide the proper matching Impedance for the delay lines. 

The signal from the matching transformer (AA •) and the signal 

from the particular c i r c u i t whose frequency response i s being measured 

are displayed simultaneously using a Tektronix Type 551 dual beam 

oscilloscope. In this way, loading conditions on the signal source 

remain unchanged throughout the measuring operation. The signal from 

the matching transformer (AA1) i s fed, v i a two Type P6OO6 Tektronix 

probes, to a Tektronix Type G balanced differential preamplifier. The 

signal from the ci r c u i t whose frequency response i s being measured i s 

fed directly to a second Tektronix Type G balanced differential preamplifier * 

(The l a t t e r d i f f e r e n t i a l preamplifier i s the same one used throughout the 

noise investigation). 

The procedure used i n measuring the frequency response w i l l be des­

cribed now for a particular arrangement consisting of the floating 

signal source (a) feeding the Rogowski c o i l and signal cable (b) of 

figure 12. The attenuation settings of the preamplifiers which received 

the signals from (AA1), (BB') were adjusted to 0.5 v/cm and 0.2 v/cm, 

respectively. Both attenuation settings remained unchanged throughout 

the measuring operation. The sweep speed was fixed at 5 msec/cm for 

the entire measuring operation i n order to avoid errors i n measuring the 

trace amplitudes due to 60 cps hum. (The 60 cps signal was less than 

5 mv or, typically, about 1$ of the amplitude of the measured signal). 

The frequency of the signal from the generator was set to 0.05 Mc/s and 

the output amplitude was adjusted to produce a 10 volt signal at (AA')> 

as measured from the oscilloscope display. Then the amplitude of the 

signal at (BB1) was measured. This procedure was repeated for various 
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frequency settings of the generator from 0 . 0 5 Mc/s to 50 Mc/s. 

The same procedure was repeated for two other arrangements which 

consisted of the Rogowski coil and cable and delay lines in one case 

and of the integrator alone in the other case. 

The frequency response could not be measured for the total system 

consisting of the Rogowski coil, signal cable, delay lines and integrator 

because, with the signal source available, the output from this system 

was too small to make reliable/measurements. However, the frequency 

response of the total system mentioned above can be obtained by 

a) measuring the frequency response of the total system but with the 

integrator removed, b) measuring the frequency response of the integrator 

alone and c) taking the product of these two response measurements. It 

must be.noted that this procedure i s valid only because the shunt imped­
ance of the integrator is large compared with the shunt impedance of the 

preceding circuitry. 

Finally,, a check was made to determine i f the ratio of the attenua­

tions of the two preamplifiers was independent of frequency. This was 

done by fixing the output from the signal generator at a convenient 

value and then measuring the amplitude of the signal.at (JUL') for 

frequency settings from 0 . 0 5 Mc/s through 3 0 Mc/s, using first the 

preamplifier with the 0 . 2 v/cm attenuator setting and then the pre­

amplifier with the 0 . 5 v/cm attenuation setting. The ratio Q T 2 / , Y / C M 

0 . 5 v/cm 
was up by 5$ at 15 Mc/s and by 15# at 3 0 Mc/s,from the value at 

0 . 0 5 Mc/s (O.Ul). No corrections were made on the frequency response 

measurements discussed above since frequencies above 15 Mc/s are of 

l i t t l e interest as far as the response of the measuring circuits is 





concerned (see page 33). 

The results of the frequency response measurements carried out in 

the manner described above are presented in figure 13, page 33. The 

attentuation for the various circuits mentioned above has been normalized 

to unity, at 0.05> Mc/s in a l l cases and plotted against frequency. 
To conclude this subsection, the results of the frequency response 

measurements are presented in tabular form i n figure ll+. 

CIRCUIT COMPONENTS OF 
i CIRCUIT 
i ' -

RESPONSE 

— measuring circuit dt 

a) 

i 

Rogowski coilj 
1 matching network 
(Rm,RT); signal 
cable 

1 

Flat to k Mc/s; 
3 db down at 
12 Mc/s 

• S measuring circuit 
a t with delay 

b) 

Rogowski coil; 
' matching network 
(Rm,RT)j signal 
cable; delay Lines 

Flat to 3Mc/s; 
3 db down at 
6 Mc/s 

Current (i) measuring 
circuit (also called 
Rogowski coil measuring 
circuit) 

c) 

Rogowski coil; 
matching network 
0*m,RT)* signal 
cable; integrating 
network 

Flat to 5 Mc/s; 
3 db down at 
9 Mc/s 

Current (l) measuring 
circuit with delay 
(also called Rogowski 
coil measuring circuit 
with delay) 

Rogowski coil; 
matching network 
(Rm»Rr)5 signal 
cable; integrating 
network; delay line 

Flat to 5 Mc/s; 
3 db down at 
7 Mc/s 

Figure ll+s Resume of Frequency Response Measurements 
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The dl/dt measuring circuit (a of figure Ik, page 3k) with 

Rm = 800 ohms is used extensively in the noise investigation because 

this circuit has the greatest bandwidth available. 

CURRENT SENSITIVITY 

The output signal (V0) from the integrator of the circuit of 

figure 10, page 2k» can be expressed in terms of the discharge current 

(I) through the following considerations. 

At the output of the Rogowski coil (see page 21) 

V c = - 2.1 x l 0 " 8 S volts 
dt 

Inverting the transform of the transfer function for the normal 

measuring circuit (see page 27) 

v , _ i ^ . - i - . v volts 
0 *~ RT-r- 2Rm A ° i c 

Combining these expressions yields 

V0 r= - 2.1 x 10-8 • • I voits 

Substituting the values quoted in figure 10, page 2k» for the 

parameters in the above equation yields 

Vrt — 1 r volts 
0 4.3 x 10k 
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Thus the current sensitivity is I+.3 x 10 4 amps, per volt. From the 

current waveform shown in the upper trace of figure l£, page 37, the 
3 

maximum current which flows in the discharge circuit is 1.1 x 10 amp 

and this peak is attained in 2.1* x 10"^ sec. This gives an approximate 

value for dl/dt of 0.3> x 10^ which is in agreement with the value of 10 

used i n subsection >3.«1> page 20. 

The current sensitivity of the measuring circuit may be obtained 

experimentally as follpws. The total charge on the capacitor bank can 

be calculated from the known value of the i n i t i a l voltage on the bank 

and its capacitance. This charge is equated to the integral of the 

current waveform - an integral most accurately evaluated by numerical 

integration. The ratio of the charge to the area under the current 

waveform (in units of volts • seconds) yields a scaling factor which 

relates the magnitude of the discharge current to the output voltage of 

the measuring circuit. 

The current sensitivity for a circuit which differs from that of 

figure 10, page 2l*, only in the value of Rm has been determined by my 

colleague C. C. Daughney using both methods presented above. The two 

values of the current sensitivity obtained in this way agreed to 

within $%. 
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•0 INVESTIGATION OF NOISE SIGNAL 

The i n v e s t i g a t i o n presented i n t h i s s u b s e c t i o n i s concerned w i t h 

the no i se s i g n a l accompanying c u r r e n t measurements be ing made on a 

pu l s ed d i scharge c i r c u i t b y means o f a Rogowski c o i l . O s c i l l o s c o p e 

t r a c e s ob ta ined u s i n g the Rogowski c o i l measuring c i r c u i t o f f i g u r e 10, 

page 2k, and a Type 5hS A T e k t r o n i x o s c i l l o s c o p e w i t h Type G d i f f e r e n t i a l 

p r e a m p l i f i e r are shown i n f i g u r e 

F i g u r e 1$: Cur ren t Waveform and Noise S i g n a l 

Upper t r a c e : 2 v/am v e r t i c a l , 2y±sec/cm 
h o r i z o n t a l ; c u r r e n t waveform 
from Rogowski c o i l . 

Lower t r a c e : 10/3 v /cm v e r t i c a l ; 0 .2/4 sec 
h o r i z o n t a l ; no i se s i g n a l a t 
i n i t i a l r i s e o f cu r r en t 
waveform from Rogowski c o i l . 

The upper t r a c e o f f i g u r e 1$ i s a c u r r e n t waveform; t h a t i s , the 

ampli tude of t h i s t r a c e i s d i r e c t l y p r o p o r t i o n a l t o the magnitude of 

the cu r ren t which f lows i n the d i scharge c i r c u i t a f t e r the d i scharge 

i s f i r e d . I t i s noted t h a t the i n i t i a l t ime and ra te at which the 
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discharge current rises is obscured by a noise signal. This noise 

signal i s shown with the time scale expanded in the lower trace of 

figure 15. 

The noise signal mentioned above has a characteristic shape. Eor 

the i n i t i a l 0.5^u sec, the noise signal appears to consist of a super­

position of several signals varying i n frequency from 10 Mc/s to about 

hO Mc/s. During the next 0.5y< sec interval, the amplitude of the 

signal has fallen by a factor of 5 and only a 15. Mc/s signal remains. 

As has been mentioned on page 2, the noise signal under investi­

gation may be a genuine noise signal induced in the Rogowski coil by 

fluctuations in the discharge current or a spurious noise signal due to 

stray coupling between the measuring and discharge circuits or a com­

bination thereof. 

The discussion which follows deals with the manner in which the 

sources of the noise signal were determined and the method by which the 

noise signal can be eliminated from the current waveform. 

GROUNDING 

As mentioned on page 9, the trigger generator prevents grounding of 

the discharge circuit through tlhe triggering electronics. In this way, 

an undesirable ground loop i s eliminated from the discharge circuit. 

A second ground loop exists through the high voltage power supply as can 

be seen from figure 3, page-6, However, no change i n the noise signal 

i s observed when the mains and ground of the power supply are removed 

before firing the discharge apparatus. 

Capacitative coupling between the Rogowski coil and the discharge 

circuit is reduced considerably when the discharge circuit i s grounded 
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near the coil instead of at the capacitor bank. This procedure 

minimizes the effect on the measuring circuit of the oscillating 

potential difference across the discharge vessel (see page 21) . 

Considering the options of simple grounding connections, the f o l ­

lowing connections tend to minimize the noise signal: 

a) grounding the discharge circuit at the top of the discharge vessel 

near the coil; 

b) earthing the brass shielding can of the Rogowski coil at the main 

ground of the discharge circuit} 

c) allowing the oscilloscope to float - grounded neither through the 

power outlet nor at the main ground of the discharge circuit. 

With respect to c) the best arrangement of the power cord of the 

oscilloscope is to connect the safety ground of the cord at the power 

outlet but not at the oscilloscope. 

" In general, grounding connections were found to be ineffective for 

frequencies greater than 1$ Mc/s, particularly near the discharge 

apparatus where the radiation field is largest. 

U.2 RADIATIVE COUPLING 

and illustrates a case of capacitative coupling of particular interest 

in this noise investigation., 

Figure 16 represents the Rogowski coil separated from the upper 

electrode of the discharge vessel by a grounded brass shield (see page 18) 

Rogowski coil Shield 
Upper electrode 

Figure.16: Example of Capacitative Coupling 
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Potential fluctuations on the upper electrode of the discharge 
t 

vessel, are imparted to the brass shield and thence to the coil by way 
of displacement currents as indicated by the stray capacitance drawn 
in figure 16. Grounding the brass shield reduces the capacitative 
coupling at frequencies below 15 Mc/s but at frequencies higher than 
this the effect of ground connections decreases due to the lead induct­
ance while the capacitative coupling becomes increasingly efficient. 

The component of the noise signal due to the source of capacitative 

coupling discussed above can be rejected by using a balanced measuring 

circuit (see page 19) feeding a balanced differential preamplifier unit 

in the oscilloscope. The action of the balanced measuring system 

requires further explanation. As mentioned on. page 30, no point in the 

measuring system is grounded. Therefore, the potential at any point'in 

the circuit can be chosen as a reference potential and i t is convenient 

to choose, for this, the point midway between the output terminals of 

the Rogowski coil. Now the potential which appears at the output termi­

nals of the coil is a superposition of a magnetic and a noise component. 

The magnetic component of the potential, is induced in the Rogowski coil 

by the discharge current. . The noise component arises from.capacitative 

coupling between the Rogowski coil and upper electrode of the discharge 

vessel, (see page 39).. With respect to the magnetic component, the 

potential of one terminal of the coil is 180 degrees out of phase 

with the potential at the other terminal, relative to the reference 

potential chosen above. On the other hand, the potentials at the 

output terminals of the coil due to the noise component are in 

phase. By subtracting the signal at one terminal from the signal at 

the other terminal, the noise component is rejected, leaving only 
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the magnetic component. 

The traces i n f i g u r e 17 are d l / d t signals (I i s the discharge 

current) taken using the Rogowski c o i l measuring c i r c u i t of f i g u r e 10 , 

page 2ht without the i n t e g r a t o r s . These traces are taken under 

Figure 17: E f f e c t on Noise S i g n a l of a Completely Balanced 
Measuring System 

Upper trace: 33 v/cm v e r t i c a l ; 0.2^6{sec/cm h o r i z o n t a l ; 
d l / d t waveform from Rogowski c o i l using 
Type K (single) p r e a m p l i f i e r . 

Lower trace: 33 v/cm v e r t i c a l ; 0 . 2 s e c / c m h o r i z o n t a l ; 
d l / d t waveform from Rogowski c o i l using 
Type G ( d i f f e r e n t i a l ) preamplifier. 

i d e n t i a l experimental conditions except that with the o s c i l l o s c o p e a 

Tektronix Type K single input p r e a m p l i f i e r was used f o r obtaining the 

upper trace while a Tektronix Type G d i f f e r e n t i a l preamplifier was 

used f o r obtaining the lower t r a c e . The r e s u l t i s that the amplitude 
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of the noise signal accompanying the dl/dt waveform i s reduced by a 

factor of about two when a completely balanced measuring system is 

used. The time base of the lower trace i s shifted relative to that of 

the upper trace due to rejection of the noise signal prior to the rise 

of the dl/dt signal by. the differential preamplifier. 

There exist several sources of capacitative coupling.between the 

measuring and discharge circuits other than the one discussed above. 

For example, the fluctuating electric fields produced by the discharge 

circuit may be picked up on the chassis of the oscilloscope. In con­

nection with this example, the next paragraph will be used to discuss 

an experiment which demonstrates that the mode by which the oscilloscope 

sweep is triggered plays an important role in the reduction of the noise 

signal appearing on the current waveform. 

The triggering mode of the oscilloscope was set to "external" and 

a l l input connections to the oscilloscope were removed except for an 

aerial which was inserted into the external trigger input terminal. 

The aerial consisted of a 6" straight length of flame seal wire. The 

discharge circuit was then fired in the normal manner (see page k ) 

and a trace was observed when the aerial was connected but not when the 

aerial was removed. This shows that a signal enters the scope by means 

of the aerial. The signal obtained in the above manner is shown in the 

upper trace of figure 18, page U3. When the attenuation of the pre­

amplifier unit of the oscilloscope was altered, the amplitude of the 

above mentioned signal remained unchanged. This means that i f any 

signal enters the oscilloscope through the preamplifier input terminals, 

it s amplitude must be small compared with the amplitude of the signal 
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shown i n the upper t r a c e o f f i g u r e 18. The c o n c l u s i o n to be drawn i s 

t ha t the t r i g g e r i npu t t e r m i n a l o f the o s c i l l o s c o p e i s not i s o l a t e d 

from the v e r t i c a l d e f l e c t i o n system o f the o s c i l l o s c o p e and any c o n ­

nec t ions to t h i s t e r m i n a l may be a p o s s i b l e source o f no i se s i g n a l s . 

T h i s c o n c l u s i o n i s conf i rmed b y the cu r r en t waveforms shown i n the 

middle and lower t r a c e s o f f i g u r e 18. These t r a c e s were t a k e n under 

i d e n t i c a l exper imenta l c o n d i t i o n s except t ha t for the middle t r a c e the 

o s c i l l o s c o p e sweep was t r i g g e r e d e x t e r n a l l y u s i n g an a e r i a l s i m i l a r t o 

the one d e s c r i b e d above, whi le f o r the lower t r a c e the sweep was 

t r i g g e r e d i n t e r n a l l y . Thus the ampli tude o f the no i se s i g n a l accompany­

i n g the cur ren t waveform i s reduced b y a f a c t o r o f about three when 

i n t e r n a l t r i g g e r i n g i s used i n s t e a d of e x t e r n a l t r i g g e r i n g . 

F i g u r e 18: E f f e c t on Noi se S i g n a l o f I n t e r n a l T r i g g e r i n g 

A l l t r a c e s : 1 v / cm v e r t i c a l , 0.2^/^sec/cm h o r i z o n t a l . 

Upper t r a c e : No i se s i g n a l w i t h no i n p u t connec t ions to o s c i l l o s c o p e 
(ampli tude independent o f p r e a m p l i f i e r a t t e n u a t i o n ) . 

M i d d l e t r a c e : Curren t waveform from Rogowski c o i l u s i n g e x t e r n a l 
t r i g g e r i n g mode. 

Lower t r a c e : Cur ren t waveform from R o g o w s k i • c o i l u s i n g i n t e r n a l 
t r i g g e r i n g mode. 
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Triggering internally, while yielding a significant reduction i n 

the amplitude of the noise signal, requires a delicate adjustment of 

the stability, and triggering level controls of the oscilloscope. For 

oscilloscopes of the type used in this investigation (Tektronix £1+5 A) 

the adjustment is achieved as follows: rotate the trigger level 

indicator fully i n either the positive or negative direction depending, 

respectively, on whether positive or negative internal triggering is 

used. Rotate the stability control clockwise as far as possible so 

that the single, sweep reset just holds. Next, rotate the triggering 

level control toward zero until the sweep is triggered. Back off the 

triggering level control about 2 degrees. This should complete the 

adjustment of the oscilloscope triggering but finer adjustment of the 

triggering level control may s t i l l be required. 

As can be seen from the lower trace of figure 18, page k3, a noise 

signal remains on the current waveform even when the oscilloscope sweep 

is triggered internally. It turns out that the amplitude of this noise 

signal increases as the preamplifier attenuation is decreased, which 

means that this noise signal must enter the oscilloscope through the 

preamplifier input terminals. Possibly this signal i s a genuine signal 

produced by.fluctuations i n the discharge current. On the other hand, 

the signal may be due to fluctuations of the potential of the oscillo­

scope chassis caused by pick up of electromagnetic signals radiated by 

the discharge circuit. I f the latter case is true, then the amplitude 

of the noise signal which.remains when internal triggering is used 

should decrease as the distance separating the oscilloscope from the 

discharge circuit i s increased. 
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The current waveforms shown i n f i g u r e 19 were taken with the sweep 

of the oscilloscope t r i g g e r e d i n t e r n a l l y . For both traces the same 

length o f s i g n a l cable was used, but the distance separating the 

o s c i l l o s c o p e from the discharge apparatus was 5 f e e t f o r the upper 

trace and 25 f e e t f o r the lower t r a c e . The amplitude of the noise s i g n a l 

i n the lower trace i s l e s s than h a l f that i n the upper t r a c e . The con­

c l u s i o n to be drawn from t h i s r e s u l t i s that the noise s i g n a l which 

remains on the current waveform when using i n t e r n a l t r i g g e r i n g i s due 

to electromagnetic signals radiated by the discharge apparatus. These 

signals enter the o s c i l l o s c o p e by c a p a c i t a t i v e and inductive pickup on 

i t s c h a s s i s . 

Figure 19: E f f e c t on Noise Sig n a l o f Distance Separating 
Discharge C i r c u i t and Oscilloscope 

Both traces: 1 v/cm v e r t i c a l , 0.1_xsec h o r i z o n t a l ; current 
waveforms from Rogowski c o i l with o s c i l l o s c o p e sweep 
tr i g g e r e d i n t e r n a l l y . 

Upper trace: Oscilloscope 5 feet from discharge c i r c u i t . 

Lower trace: Oscilloscope 25 f e e t from discharge c i r c u i t . 
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I t i s i n c o n v e n i e n t , however, to have the o s c i l l o s c o p e separated 

from the d i scharge apparatus b y those d i s t a n c e s necessary t o reduce the 

ampli tude o f the no i se s i g n a l a p p r e c i a b l y . A more s a t i s f a c t o r y a r range­

ment i s to i s o l a t e the o s c i l l o s c o p e from the r a d i a t i o n f i e l d o f the 

d i scharge apparatus by e n c l o s i n g the o s c i l l o s c o p e i n a Faraday cage . 

The cage ( a photograph o f which i s shown i n Appendix I I , page 6 l ) 

c o n s i s t s o f 1/8 i n c h b rass mesh wrapped on a Dex ion framework. 

The d l / d t waveforms shown i n f i g u r e 20 i l l u s t r a t e the e f f e c t o f the 

Faraday cage on the no i se s i g n a l . Bo th t r a c e s were t aken under the same 

exper imenta l c o n d i t i o n s except t h a t f o r the lower t r a c e the o s c i l l o s c o p e 

was enc losed i n the Faraday cage d e s c r i b e d above w h i l e f o r the upper 

F i g u r e 20: E f f e c t on No i se S i g n a l o f Faraday Cage 

Both t r a c e s : 33 v /cm v e r t i c a l , 0.2 ^Mjsec h o r i z o n t a l ; d l / d t waveform 
from Rogowski c o i l u s i n g i n t e r n a l t r i g g e r i n g . 

Upper t r a c e : O e c i l l o s c o p e removed from Faraday cage . 

Lower t r a c e : O s c i l l o s c o p e enc losed i n Faraday cage . 



t r a c e the cage was removed. I n t a k i n g the lower t r a c e , the Faraday 

cage was grounded to an e a r t h i n g r o d but not the same e a r t h i n g r o d a t 

which the d i scha rge c i r c u i t was grounded. The ampli tude o f the no i se 

s i g n a l o b t a i n e d u s i n g the cage i s s e v e r a l t imes s m a l l e r t han the s i g n a l 

ob ta ined not u s i n g the cage, so tha t c l e a r l y the cage i s e f f e c t i v e i n 

suppress ing the noise s i g n a l . 

So f a r th ree means b y which spur ious s i g n a l s generated by the 

d i scharge c i r c u i t en te r the o s c i l l o s c o p e have been d i s cus sed ; namely, 

c a p a c i t a t i v e c o u p l i n g t o the Rogowski c o i l , the t r i g g e r i n g mode o f the 

o s c i l l o s c o p e sweep and r a d i a t i v e p i c k up on the c h a s s i s o f the o s c i l l o ­

scope . Ye t another pa th . remains to be d i s c u s s e d . 

C o n c e i v a b l y , e l ec t romagne t i c s i g n a l s r a d i a t e d by the d i scha rge 

c i r c u i t are p i c k e d up on the nearby a . c . power l i n e s and en te r the 

o s c i l l o s c o p e v i a i t s power c o r d . I n v i e w o f t h i s , an i s o l a t e d power 

s u p p l y f o r the o s c i l l o s c o p e was c o n s t r u c t e d , which c o n s i s t e d o f a 3-phase 

motor d r i v i n g a 1+00 cps gene ra to r . The motor and genera tor were c o n ­

nected by a f i b r e b e l t and the genera tor was enc losed i n an a luminium 

c o n t a i n e r which was then grounded t o an e a r t h i n g r o d . The ampli tude o f 

the no i se s i g n a l ob t a ined u s i n g the i s o l a t e d power s u p p l y f o r the 

o s c i l l o s c o p e t u rned out t o be g rea te r t h a n the ampli tude o f the s i g n a l 

ob ta ined when a . c . supp ly from the power mains was u s e d . T h i s s i m p l y 

means t h a t r a d i a t i v e p i c k up b y the i s o l a t e d power supp ly i s g r ea t e r than 

any n b i s e s i g n a l which might be coming a long the a . c . ma ins . 

A second i s o l a t e d power supp ly was used i n the form o f a bat tery-

powered t r a n s i s t o r i z e d o s c i l l o s c o p e ( T e k t r o n i x Type 321). I n t h i s case 

the s i g n a l ob ta ined when the o s c i l l o s c o p e was powered from the a . c . 



mains was noisier than the signal obtained when the battery supply was 

used. Thus noise signals generated by the discharge circuit are picked 

up on the a.c. power lines supplying the oscilloscope and enter the 

oscilloscope through the power cord. 

Up to this point, a l l of the results have indicated that the noise 

signal remaining, pn the current waveform after using a balanced measur­

ing. Circuit and differential preamplifier is due to signals radiated 

from the discharge circuit. In view of this, i t is reasonable to try 

delaying the signal from the measuring circuit before displaying i t on 

the oscilloscope so that the signal from the measuring circuit will 

appear after the normal noise signal has died away. 

.Two General Radio Type 3lli-S86 variable delay lines, each providing 

amaximum delay of sec, were connected i n parallel as shown in 

figure 21. This unit was inserted between the:signal cable and integrat­

ing network of figure 10, page 2iu (The delay line of figure 21 has also 

1 
220-O-

Input from 
igrial cable 
(see p. 2k) 

I 220 

220-O-o— 5 k 220 -O--L-U? 00 0 0 p 9 0 0 0 0 QQUJM&SULS-1- — 

Output to 
integrators 
(see p. 24) 

Figure 21: Variable Delay Line 



been d i s cus sed on page 30) . The c u r r e n t waveforms ob ta ined u s i n g the 

Rogowski c o i l measuring c i r c u i t w i t h d e l a y l i n e s and e x t e r n a l t r i g g e r i n g 

from an a e r i a l (see page JLl2) are shown i n f i g u r e 2 2 . The upper t r a c e 

i s undelayed w h i l e the lower t r a c e i s de layed b y 0.5^t<.sec. F o r the 

lower t r a c e , the Rogowski c o i l s i g n a l i s c l e a n and r i s e s 0 . 5y^sec a f t e r 

the normal no i se s i g n a l . 

F i g u r e 22: E f f e c t on Noise S i g n a l o f 
D e l a y i n g Cur ren t Waveform 

Both t r a c e s : 1 v /cm v e r t i c a l , 0.2 Msec h o r i z o n t a l ; cu r r en t 
waveform from Rogowski c o i l u s i n g e x t e r n a l 
t r i g g e r i n g . 

Upper t r a c e : Undelayed c u r r e n t waveform. 

Lower t r a c e : Cur ren t waveform de layed b y 0 . 5 y t t s e c . 

The t r a c e s shown i n f i g u r e 23 , page 50, are d l / d t waveforms t aken 

u s i n g t h a t Rogowski c o i l measuring c i r c u i t which possesses the wides t 

bandpass a v a i l a b l e i n t h i s i n v e s t i g a t i o n . T h i s c i r c u i t c o n s i s t s o f the 

Rogowski c o i l w i t h matching impedance R == Rj. -t- 2 R m o f 1700 ohms, 

s i g n a l c a b l e te rmina ted i n i t s c h a r a c t e r i s t i c impedance o f ftp = 100 ohms 

(see page 2h) and d e l a y l i n e which has been p r o p e r l y t e rmina ted (see 
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page 30 ) . The frequency response o f t h i s c i r c u i t w i t h zero d e l a y i s 

f l a t t o k Mc / s and 3 db down at 12 Mc/s and w i t h f u l l d e l a y ( 0 . 5 y « . s e c ) 

i s f l a t to 3 Mc/ s and3db down at 6 Mc/ s (see page 3i+). I n t a k i n g the 

t r a c e s , the d i scharge c i r c u i t was f i r e d i n the normal manner (see page 

k ) and the sweep o f the o s c i l l o s c o p e was t r i g g e r e d e x t e r n a l l y from an 

a e r i a l (see page 1*2). 

11 1 1 1 1 1111~ I" Mil III" 
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F i g u r e 23: Delayed d l / d t Waveform 

Both t r a c e s : 5 v /cm v e r t i c a l , 0 .3^/Hsec/cm h o r i z o n t a l ; 
d l / d t waveforms from Rogowski c o i l u s i n g 
e x t e r n a l t r i g g e r i n g . 

Upper t r a c e : Undelayed d l / d t waveform. 

Lower t r a c e : d l / d t waveform de layed by O . f j ^Msec . 

Once a g a i n , the de layed waveform i s c l e a n and r i s e s 0 . 5 / 4 . sec 

a f t e r the normal n o i s e s i g n a l . T h i s r e s u l t means t h a t the no i se 

s i g n a l under i n v e s t i g a t i o n i s not produced b y f l u c t u a t i o n s o f the 
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discharge current. Otherwise, the noise s i g n a l would be delayed along 

with the dl/dt waveform and appear during the i n i t i a l r i s e of the d l / d t 

waveform instead of p r i o r to i t s r i s e . 

The current waveforms i n f i g u r e 2k are presented i n order to show 

the e f f e c t on the noise s i g n a l of combining a l l the features discussed i n 

t h i s subsection which help to produce a clean current waveform. The 

most important features are: 1) a balanced Rogowski c o i l measuring 

c i r c u i t feeding a d i f f e r e n t i a l preamplifier, 2) t r i g g e r i n g the o s c i l l o ­

scope sweep i n t e r n a l l y , 3) i s o l a t i o n of the o s c i l l o s c o p e from the 

r a d i a t i o n f i e l d o f the discharge c i r c u i t by means of a Faraday cage and 

k) delaying the s i g n a l from the Rogowski c o i l ' b y 0.5/< sec before d i s ­

playing i t on the o s c i l l o s c o p e . 

Figure 2k'. E f f e c t on Noise S i g n a l of Combined 
Noise Reducing Features 

L e f t traces: Current waveforms from Rogowski c o i l incorporating 
a l l noise reducing features discussed i n t h i s 
subsection. 

Right traces: Current waveforms from Rogowski c o i l incorporating 
none of the noise reducing features discussed i n 
t h i s subsection. 

Upper l e f t trace: 2 v/cm v e r t i c a l , 0.5 ><-sec/cm h o r i z o n t a l . 
Upper r i g h t trace: 2 v/cm v e r t i c a l , 0.5>Msec/cm h o r i z o n t a l . 
Lower l e f t trace: 0.5 v/cm v e r t i c a l , 0.1 .xsec/cm h o r i z o n t a l . 
Lower r i g h t trace: 10/3 v/cm v e r t i c a l , 0.2y^sec/cm h o r i z o n t a l . 
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The results of this subsection can be summarized in the following 

way. The noise signal accompanying current measurements i s not induced 

in the Rogowski coil by fluctuations of the discharge current but 

arises due to stray coupling, between the measuring and discharge circuits. 

Part of the noise signal enters the measuring system by way of capacita­

tive coupling between the Rogowski coil and upper electrode of the 

discharge vessel. This portion of the noise signal i s removed from the 

current waveform by using a balanced Rogowski coil measuring circuit 

feeding a differential preamplifier. The remainder of the noise signal 

enters the measuring system by way of radiative coupling between the 

discharge apparatus and the chassis of the oscilloscope and the power 

mains which supply the oscilloscope. This portion of the noise signal 

i s removed by delaying the signal from the Rogowski coil by 0.5yt<sec 

(that i s , until the noise signal radiated by the discharge circuit has 

died away). The current waveform obtained i n this way i s clean and 

rises 0.5yUsec after the normal noise signal. 

NOISE SOURCES 

This subsection deals with the investigation of the sources of the 

noise signal which has been discussed in the previous subsection. 

It is conceivable that the noise signal in question arises due to 

relaxation processes in the discharge vessel and spark gap switches of 

the discharge apparatus. The term "relaxation process" will be explained 

below by way. of an example. 

The circuit shown in figure 25, page 53, represents a simplified 

discharge circuit. Suppose that the spark gap switch has just entered 
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Spark gap 
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I, circuit current 
Capacitor 
bank 

circuit 

Figure 25;: Simplified Discharge Circuit 

the conducting state. If the circuit resistance (Rc) i s sufficiently 

small, the circuit current (I) will rise at a rate which will produce 

a potential drop across the circuit inductance (L.) which is sufficient 

to cause the potential difference across the spark gap to drop below 

the value necessary to maintain the switch in the conducting state. 

The spark gap will then "relax" into the nonconducting state. However, 

as this relaxation occurs, the current (I) tends to zero and so does 

the potential drop across the circuit inductance (L). As a result, the 

potential difference across the spark gap rises until the gap again 

breaks down (provided, of course, that, during the.relaxation cycle, 

the potential of the capacitor bank has not fallen below the breakdown 

potential of the spark gap switch). The circuit is thus back to the 

i n i t i a l l y assumed state and the process begins to repeat it s e l f . This 

cycle is referred to as a "relaxation process". 

In connection with the above example, consider the following order 

of magnitude calculation for the discharge circuit used in this investi­

gation. If only the impedance of the discharge circuit due to its 



inductance (L) is taken into account, the current (I) necessary to pro­

duce a potential drop across the inductance (L) equal to 1/2 the 

potential of the condenser bank (VB, say) i s 

T \ VB 

where w is the (angular) frequency of the relaxation process. 

From page 17, the total inductance (L) of the discharge circuit 

is 150 nH. The condenser bank is normally fired at Vg z=. 12 kV. If we 

suppose that the relaxation process described above occurs at a frequency 

of 20 Mc/s (frequencies of this order are present in the noise signal 

shown in the lower trace of figure 15, page 37), then 

_ 2 • 12 x 10 3 

_ 6.28 x 20 x 10° x 1^0 x 10-9 

/ " v > 300 amps 

Since peak currents in the discharge circuit are the order of 10-> 

amps (see page 36), current fluctuations of 10 amps at the i n i t i a l rise 

of the discharge current are reasonable. The above calculation, there­

fore, shows that i t is possible for relaxation processes in the discharge 

vessel and spark gap switches of the discharge circuit to be responsible 

for production of the noise signals in the megacycle range. 

However, the anticipated amplitude of the current fluctuations i s 

too small to be observed using the Rogowski coil system. In order to 

demonstrate this, consider the upper and lower left traces shown in 

figure 2k, page 51... The lower left trace attains an amplitude of about 
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k centimeters on the graticule in sec and therefore represents a 

current whose maximum value i s about 1/2 the peak current (see upper left 

trace) i n the discharge circuit (i.e. <^ 10^ amps as noted on page 54). 

To produce fluctuation in the trace of 0.1 cm in amplitude, a 

fluctuation in the discharge current of °' 1 c m x ^ x 10^ amp = 10"3 amp 
U cm 2 

is required. 

It i s highly likely, however, that the very large fluctuations in 

potential (of the order Vg/2 or 6 kV) will be coupled spuriously to the 

measuring system to produce a noise signal of about one volt i n 

amplitude. In view of this i t i s reasonable to investigate the produc­

tion of noise signals i n the discharge vessel and spark gap switches by 

altering the breakdown conditions i n these devices. 

To "discover i f the noise signal depends on the breakdown conditions 

in the discharge vessel, an experiment was performed which consisted of 

fi l l i n g the discharge vessel, in turn, with argon, nitrogen, hydrogen, 

oxygen and air over a pressure range from 100 to 2000yU Hg. However, no 

significant change i n either the amplitude or frequency of the noise 

signal was observed when current measurements were made in the normal 

way. Thus the noise signal associated with current measurement using a 

Rogowski coil apparently, does not depend on breakdown conditions i n the 

discharge vessel. 

To investigate the noise produced by the main spark gap switch 

(S2 on page 6), the spark gap chamber of this switch was pressurized 

with commercial argon.. The traces shown in figure 26, page 56, are 

dl/dt waveforms which were taken by charging the condenser bank to 12 kV 

and firing the discharge circuit in the normal manner. However, for the 
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upper trace of fig u r e 26 the spark gap chamber contained a i r at atmos­

pheric pressure while f o r the lower trace the chamber contained argon 

at 22 l b s / s q . i n . The noise s i g n a l i s thus l a r g e l y due to the main 

spark gap switch and. i s g r e a t l y reduced by operating the spark gap 

switch i n an argon atmosphere. ( I t was found, however, that p r e s s u r i z i n g 

the spark gap chamber with argon has a serious disadvantage; namely, the 

breakdown p o t e n t i a l of the spark gap becomes e r r a t i c ) . 

Figure 26: Noise S i g n a l from Main Spark Gap Switch 

Upper trace: 33 v/cm v e r t i c a l , 0.2 vq sec/cm h o r i z o n t a l ; 
d l / d t waveform from Rogowski c o i l taken operating 
main spark gap switch i n open a i r . 

Lower trace: 33 v/cm v e r t i c a l , 0.3/4 sec/cm h o r i z o n t a l ; 
d l / d t waveform from Rogowski c o i l taken operating 
the main spark gap switch i n argon at 22 Ibs./sq.in. 

In connection with noise signals produced by spark gap switches, 

Curzon and Daughney (1963) claim that such noise signals can be overcome 
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by s u i t a b l e de s ign o f the e l e c t r o d e system o f the spark gap s w i t c h . 

Attempts b y the author to d u p l i c a t e t h e i r r e s u l t s has met w i t h o n l y 

p a r t i a l success i n t h a t w h i l e no i se f ree breakdown o f the spark gap 

s w i t c h , under c o n d i t i o n s s p e c i f i e d by them, was observed o c c a s i o n a l l y , 

the e f f ec t was not r e p r o d u c i b l e . 

I t was found t ha t o n l y one o the r s i g n i f i c a n t source o f n o i s e e x i s t s 

i n the d i scharge c i r c u i t ; namely, the t r i g g e r genera to r . The s i g n a l 

shown i n f i g u r e 27 was ob ta ined by o v e r v o l t i n g the t r i g g e r genera tor 

spark gap (S^ o f f i g u r e 3, page 6) but not a l l o w i n g the main spark gap 

s w i t c h t o break down. The 15 M c / s f requency which dominates t h i s s i g n a l 

I n c o n c l u s i o n , the impor tan t r e s u l t s o f t h i s s u b s e c t i o n are t h a t 

l ) the p r i n c i p a l source o f no i se i n the d i scha rge apparatus i s the main 

spark gap swi t ch - the no i s e from t h i s s w i t c h i s g r e a t l y reduced b y 

o p e r a t i n g i t i n an argon atmosphere; and 2) the t r i g g e r generator 

produces a no i s e s i g n a l whose frequency i s p redominant ly 15 M c / s . 

i s s i m p l y the n a t u r a l r i n g i n g f requency 

generator c i r c u i t (see page 13) . 

F i g u r e 27: Noise S i g n a l Produced by T r i g g e r 
Generator 

Time base: 0.1 u sec /cm. 
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5.0 CONCLUSIONS 

The Rogowski coil has been found to be an excellent device for the 

measurement of current in a pulsed discharge circuit, due to its 

favourable signal to noise ratio. 

Normally, a noise signal i s coincident with the i n i t i a l rise of the 

current waveform obtained with the ROgowski co i l . However, i t has been 

shown that this signal is not the result of voltages induced in the 

Rogowski* coil by;fluctuations in the current being measured. It i s , 

instead, a spurious noise signal which appears on the current waveform 

because of stray coupling between the measuring system and the discharge 

apparatus. 

Part of the noise signal enters the measuring circuit by way of 

capacitative coupling between the Rogowski coil and upper electrode of 

the discharge vessel. (The Rogowski coil encircles this electrode.) 

The remainder of the noise signal is the result of radiative coupling 

between the chassis and power lines of the oscilloscope and the discharge 

apparatus. 

The portion of the noise signal which is picked up capacitatively 

by"the Rogowski coil can be eliminated by using a balanced measuring 

circuit feeding a balanced differential preamplifier. The rest of the 

noise signal can be separated from the current waveform by delaying the 

signal from the Rogowski coil until the noise signal produced by the 

discharge apparatus has died away. A delay of 0.5^/4 sec was found to 

be' sufficient for this purpose. 

. The trace shown in figure 28, page 59, is a current waveform 

obtained with a Rogowski coil measuring circuit incorporating the above 
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mentioned f e a t u r e s . The cu r r en t waveform r i s e s c l e a n l y O.^/f see a f t e r 

the appearance o f the no i se s i g n a l . 

y 
1 1 i H 

F i g u r e 2 8 : C l e a n Cur ren t Waveform 

Cur ren t waveform obta ined by d e l a y i n g s i g n a l from ba lanced 
Rogowski c o i l measuring system O&M. sec before d i s p l a y i n g 
on o s c i l l o s c o p e : 2 v/cm v e r t i c a l , l y t<sec / cm h o r i z o n t a l . 

Most o f the no i s e s i g n a l i n q u e s t i o n i s produced b y the spark gap 

swi t ch o f the main condenser bank. The t r i g g e r genera tor , however, 

produces a 15 Mc / s no i se s i g n a l due to n a t u r a l r i n g i n g a f t e r the 

genera tor i s t r i g g e r e d . T h i s r e s u l t agrees w i t h the e x p l a n a t i o n o f 

Curzon and Daughney (1963) where the no i s e s i g n a l c o i n c i d e n t w i t h the 

i n i t i a l r i s e o f the d i scharge cu r ren t i s a t t r i b u t e d t o no i se generated 

b y the spark gap sw i t ch o f the d i scharge c i r c u i t . 

The no i s e s i g n a l generated by the main spark gap s w i t c h i s g r e a t l y 

reduced i n ampli tude b y o p e r a t i n g the spark gap i n an argon atmosphere. 

However, t h i s has a d isadvantage i n tha t the breakdown p o t e n t i a l o f the 

spark gap becomes e r r a t i c . 

The i n v e s t i g a t i o n presented i n t h i s t h e s i s can be extended i n two 

ways. F i r s t l y , the d e s i g n o f the t r i g g e r genera tor can be improved i n 
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order to eliminate noise signals produced by natural ringing in the 

circuit and secondly, the effect on the noise signal of various 

breakdown conditions in the main spark gap switch should be 

investigated* 
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APPENDIX 1. PHOTOGRAPHS OF APPARATUS 

A l l o f the apparatus used i n the no i s e i n v e s t i g a t i o n has been 

de sc r i bed i n the main body o f the t h e s i s (see page U ) , except f o r 

the h i g h vo l t age power supply (F) o f f i g u r e 3 , page 6. F o r complete 

ness , the c i r c u i t diagram f o r the power supp ly i s i n c l u d e d he re . 

A l s o , some photographs o f the d i scharge apparatus and measuring 

system are p r e sen t ed . 

F i g u r e 29: Photograph o f Discharge Appara tus 
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Figure 31s Photograph of Measuring C i r c u i t 
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I t has been found that the frequency response of the i n t e g r a t o r 

i s strongly influenced by the manner i n which the components of the 

i n t e g r a t o r are connected. I n order to obtain an i n t e g r a t o r which has 

the frequency response shown i n curve c) on page 33 , i t i s important 

that the leads which j o i n the components of the integrator be kept as 

short as p o s s i b l e . Also, the leads should be squeezed together i n order 

to minimize the area of the loops formed by the leads. The i n t e g r a t o r 

which was used i n obtaining the frequency response curve c) on page 33 

i s shown below. The capacitor which was used i n the integr a t o r i s 

manufactured by C o r n e l l D u b i l i e r . 

Figure 32: Photograph o f Integrating Network 



-64-

CONTROL UNIT FOR POWER SUPPLY 

20KV POWER SUPPLY 
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APPENDIX 2 . FREQUENCY RESPONSE DATA 

The da ta used i n s l o t t i n g the f requency response curves o f f i g u r e 

1 3 , page 33, are p resen ted be low . "R" denotes the impedance which i s 

p resen ted t o the output t e r m i n a l s o f the Rogowski c o i l . 

a) Rogowski c o i l w i t h matching network and s i g n a l cab le 

: R = 1300 ohms R - 1700 ohms R = 2100 ohms 

f (Mc/s ) 
A t t e n u a t i o n 
(Normal ized) f ( M c / s ) 

A t t e n u a t i o n " : 

(Normal ized) f (Mc/s) 
A t t e n u a t i o n 
(Normalized) 

.05 1.00 M 1.00 .05 1.00 

.99 . 5 1.00 .5 1.00 

l .97 1 1.00 ' 1 1.00 

3 ' .93 2 ' 1.0U ? . . . 1.02 

6 .78 i i 1.00 h 1.06 

9 •66 6 .93 6 1.09 

. 15 .51 8 .87 8 1.0k 

18 .57 9 .83 10 .93 

20 .61 10 .80 12 .80 

22 .72 15 .63 15 .68 

ih .87 20 .65 20 .6k 

26 1.16 25 .93 25 .91 

28 1 . 6 l 30 1.1+8 27 1.27 

30 1.73 32 .52 30 1.92 

32 .96 35 .15 32 • .77 

3k . i |2 ho 0 35 2 .00 

36 o2h 37 1.13 

ho 0 ho 0 
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b) Frequency Response of Rogowski coil with matching network 

(R = 1700 ohms), signal cable and delay lines 

Zero Delay Maximum Delay (0.5//sec) 

f (Mc/s) 
Attenuation 
(Normalized) f (Mc/s) 

Attenuation 
(Normalized) 

.05 1.00 .05 1.00 

.5 .95 .5 .97 

l .95 1 .97 

4 .95 2 .97 

6 .93 3 .97 

8 .84 4 .92 

10 ,76 5 - .80 

15 .63 6 .70 

18 .61 7 .59 

20 .63 8 .49 

25 .95 10 .38 

30 1.26 15 .12 

32 .40 20 .08 

35 1.47 25 0 

37 1.32 
' • • 

lib 0 
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c) Frequency Response o f I n t e g r a t o r 

i 
f (Mc/s ) 

A t t e n u a t i o n x frequency ( f ) 
(Normalized) 

.05 1.00 

.35 1.08 

•5 1.07 

1 1.07 

2 1 .09 

3 1.15 

1.20 

5 1.27 

6 1.31 

7 1.37 

8 1.09 

9 .93 

10 .69 

12 
i 
1 

\ 
0 



-68-

d) Frequency Response of Rogowski coil with matching network 

(R = 1700 ohms), signal cable, delay lines and integrator 

f (Mc/s) 
Attenuation x frequency (f) 

(Normalized) 
Zero Delay 0o5/(sec Delay 

.05 1.00 1.00 

.08 1.02 1.02 

.1 1.02 1.02 

.2 1.02 1.02 

,k 1.02 1.03 

.6 1.02 1.03 

1.02 1.03 
1 1.02 1.03 
2 1.0U 1.06 

•u- 1.1U 1.10 

;6 1.22 .92 

8 .92 .53 

10 .52 .26 

. 12 0 0 

The values presented in the above table (d) were obtained by 

normalizing.the product of the ordinate of curve b) of figure 13, 

page 33, the ordinate of curve c) of the same figure and the 

frequency for each frequency listed in the table. 
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