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ABSTRACT -

AiRQggWSki coil has been used to measure current in a pulsed
d;scharge circuit. The ﬁrequency response 6f the coil has been
. determined experimentally.

- It has been established that the noise signal associated with
_the measurement of a pulsed'discharge current is due priqcipally to
the_electfomagnetic radiation from the spark gap swiﬁches required
in such a eircuit. The radiation can be reduced by pfessurizing
the spark gap with argon, but at the same time the breakdown
| potential of the switch becomes erratic.

A si@ple measuring system has been devised which coméletely
eliminétes the noise signal from the current waveform.  The system
consists of a balanced differential preamplifier which is fed by a
completely balanced measuring circuit into which a O.S/ALSec delay

line has been incorporated.
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1.0 INTRODUCTION
» 1: A linear Z-pinch device is. an apparatus for produéingﬁa highiy.iqnized
gés,orjp}asma..‘TheAzapinch device described in this thesis is readily
‘cénstrucﬁediuéing‘oﬁlyumgdest workshop facilities and.iSfoperationélly
rigged.

The»essential part of a linear Z-pinch device is called thé‘“discharge
vessel". The discharge vessel is simply a cylinder of some nonconducting
material (pyrex, for example) with an electrode fitted into-each end of
tﬁé“éjiinder;.?DiScharging a condenser through the gas cBiumn iﬁgiae.the
discharge vesseliproduces‘an axial current (I) and an azimuthal ﬁagnetié
field (E) as shown in figure 1.

S

\

Glass cylinder i 't;fﬁieétrodes

. Axial current I Azimthal magnetié field_g
-Figure-1: Scheﬁatic.Diagram of Discharge Vessel

The current.carrying electrons have an axial drift velocity v and
experience a Lorentz force q_(g bd §) acting radially inward. As the
discharge current rises, and consequently the azimuthal magnetic field

. increases, the electron stream contracts radially drawing the ions in



with it by'means of space chargeffields, When the gas column reaches
its.minimum-diameter:it.is said to be "pinched". The axial current and
associatediazimuthal magnetic field serve to confine the gas column and
to heat the gas.column by ohmic, adiabatic and shock heating.
=‘Th§_discharge current (I) is monitored by means of a Rogowski coil
"(see page 20)4and an oscilloscope. However, the initial time and rate
- of rise'qf the current waveform obtained with the coil cannot be deter-~
-mined accurately because ?n electrical noise signal coincides with the
" initial rise of the waveform.

The investigation presented in this thesis is.éoncerned with:two
problems, The first problem_is to discover whether the noise siénal
mentioned'abové is a germine noise. signal or a spurious noise %%gnal.
The term."genuine’noise signal@ refers to a signal which is ihé result
of voltages induced in theﬁﬁogowski coll. by fluctuations in the discharge
current. Thévterm "gpurious noise signal® refers to signals which enter
the-méasuring,system'by way of stray coupling between the measuring and
disbharge circuits. The second task is to locate the sources of,the
noise signal in question and to eliminate them, or, if this is not
possible, to minimize their influence on the measuring circuit.

Noise signals are present on all. current and voltage waveforms
taken in linear Z-pinch experiments but only two papers have been found
which attempt to explain the source of noise, :dein,_Newton and
Peacock (1966).state that the electronic noise is diue to cable reflec=~ |
tiohs;::GurzbhiandﬁDaughney (1963)Vsuggesththat an important source of
noise is the spark éap_switch of the discharge circuit.

The present investigation has established that the nolse signal
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abcompanying the éurrent ﬁaveform obtained with a Rogowski coil is due
po stray coupling between the measuring and discharge circuits, Clean
current waveforms are obtained by a) using a balanced measuring system
and b) delaying the signai from the Rogowski coil for O.ﬁ/q sec before

displaying it on the oscilloscope.
Also, the spark gap switch in the discharge circuit was found to
be thevprincipal source of noise, The amplitude of the noise signal

produced by this switch is greatly.reduced by operating the spark gap

switeh in an argbn atmosphere,



2.0 APPARATUS
Two general considerations govern the basic design of the apparadtus;

: first, the coaxial construction of all componenté,,and second, the cbm-
Pplete isolation of the high voltage discharge eircuit from the low
voltage triggering-.circuit. The purpose of coaxial construction is to
minimize the magnetic field produced by the apparatus. By using coaxial
constfuction, the current paths are arrahged 80 as to produce only

' magnetic.quédrupole'radiation which falls off r;pidly with distance.
The techrique of coaxial construction is well known and requires no
further comment,

The purpose of the complete_isolation mentioned above is twofold.
First, 'and most important, the possibility of noise signals beinééﬁro-
duced by currents flowing from the discharge circuit to ground throﬁgh
the triggering electronics is eliminated and second, the operator is
protected from the large currents associated with the dischérge circuit.
.The method by'which this complete isolation is achieved requires further
explanation. |

A blpck diagram of the triggering system is shown in figure 2,
_page 5. The thyratron trigger unit (A) supplies the initial trigger
pulse. The trigger generator (B) accepts this pulse and provides a
stronger output pulse which is used to trigger the spark gap éwitch (c)
of the discharge circuit. When the switch ©) is closed, the capacitor
bank (D).discharges through the discharge vessel (E).

In‘addition to increasing the strength of ihe trigger pulse, the
trigger generator (B) provides complete electrical isolation between the

trigger unit (A) and the discharge circuit (C, D, E). This property is
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A

.Figure\?é ' Block Diagram of Trigger System
‘A, Thyratron trigger unit;
B, Trigger generator; C, Three
electrode spark gap switch;

D, Capacitor bank;. E, Discharge
vessel.

discussed in detail in.éubsectionv2.2, page 9. ‘

A more detailed circuit diagram of the triggeringvsystem aﬂd'
discharge circuit is given in figure 3, page 6. Both the trigger
capacitance (Cé)‘and the bank capacitance KGj) are charged to 12 kV
. by means of the power.supply (F), The apparatus is then discharged
. by mamally triggering“thé thyratrOn umit (A) which creates a trigger

spark_(Ti) in the trigger generator (B). .The trigger spark- (Ty) causes
“breakdown of the open air spark gapMswitch (Sl) and thus causes the

- capacitance KC2) to discharge through the resistance.(?Tz). The
voltage created across the resistance (Rpp) is used, in turn, to

create a seéond trigggr,spark (T5) in the open air spark gap switch (§2)
of the main discharge circuit (C) and this initiates breakdown of the
ﬁwitch. As a result, the capacitance (C3) discharges through the

discharge_#esself(E).
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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, Ry (6800), Damping resistors; Rpp (170 k), R72 (50 ), Terminating
resistors; R3 (100 k()); R4 (5042); Rg (200 k. ()); T, Ty Trigger spark gaps;

S}, S, Current switches; C; (500 pF), C2 (. 06/11F); C3 (IS/L(F), a, Original
‘cifcuit;: . b;. Final circuit. . '
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2.1

?he grounding connections indicated in figure 3 are made to brass
plates buried under the laboratory floor.
| .}ingin311y,.the trigger generator. (B) was grounded as shown in.
figure 3a, page 6. This connection provided a completely cééxial
system and thus provided a minimﬁm of radiated noise signals, Howéver,
the trigger generator did not trigger reliably when connected in tpis
way'and;it was necessary to use the circuit of figure 3b. This circuit
does'not‘provide.a shield for the 700 ohm resistor (RQ),in the tfigger
lead, ,Therefo:g; the noise radiated from this lead.is greater for
circuit (b).or figure 3 than for circuit (a). The circuit in figure 3b
triggéfs more readily because in this cése the potentialldifference
across the gap (ﬁg)}is increasediby the trigger pulse, whereas in
fighre 3b, the potential difference is reduced. The larger the potential
difference across the gap, the easier it breaks down.

.The components of the discharge circuit will now be discussed in-
dividually and in considerable detail so that the equipment could be

reproduced.-if desired.

THYRATRON TRIGGER UNIT AND, THEOPHANIS TERMINATOR

The complete circuit of the thyratron trigger unit is shown in

figure L, page 8, although an external 300 volt power supply is also

‘required. Upon triggering, a 9.5 kV negative pulse is transmitted down

the charged output cable. The output cable is a 6 foot length of
‘RG'SB/U coaxial'déblp. It is terminated by a unit developed from a
design by Theophanis (1960) which presents a large impedance to the

negative pulse and thus doubles the amplitude of the pulse upon
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2.2

~reflectiqn. The output“of the terminator is a 19 kV negative pulse with
a L0 nsec. rise time. By experiment, the optimum value of the termina-
tion resistance (BTi of figure 3, page 6) has been found to be 140-170

kilo-ohms, This is determined by mounting a search coil around the

~spgrk gap;(Tl of figure 3)wand observing the resulting signal on an

oscilloscope. .Resistances larger than 170 kilo-ohms produce appreciable
oscillations in the circuit for up to 1 microsecond following the puiSe
while resistances smaller than 140 kilo-ohms give insufficient spark for
reliable triggering of the spark gap switch (S of figure 3).

. The possibility of emission of radio frequency noise signalslﬁy
bqth'the trigger unit and the terminator has been reduced to a minimum
by_careful construction, ihcluding complete screening of the 5C22

thyratron tube.

TRIGGER . GENERATOR

As described in section 2.0, page L, the important feature of the
trigger generator ig the achievement of complete isolation between the
triggering electronics and the high voltage discharge circuit. The
generator is of coaxial construction as shown in figure 5, page 10, and
the operation of the generator is as follows (see also figure 3, page 6).
The thyratrbn trigger unit of subsectioh 2.1, page 7, provides the
energy. for the trigger spark (T1) which triggers the switch (Sq). The
trigger spark_(Tl) is enclosed in a quartz bulb and is thus completély |
isolated, electrdhically, from the switch (Sl)° However, the ultraviolet
1light radiated from the spark (Ty) produces enough photo-electrons in the

gap_(él) to result in breakdown. This system provides complete d.ca
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isolation between the trigger umit (A) and the discharge circuit

(c, D, E).(sge figure 3, page 6). It also provides excellent a.ce.
isolation because of the low capacity between the spark gaps (Tl)'and
- (81),

As pointed out by Curzon and Smy (1961), the potential across the
spark gap (S1) has to be within L4 of the breakdown voltage of the gap
for this triggering method to wofk. For this reason, the main capacitor
bankr(C3) and the trigger generator capacitor (Qé) are connected in
parallel. In this‘wéy, the large capacitance of the main bank
stabilizes the potential across the spark gap (S1). Otherwise; leakage
from the relatiﬁeiy small trigger generator capacitor would make it
difficult to stay within the 4% voltage margin necessary for successful
triggering of the trigger generators

As a secondary result, the parallel connection mentioned above
‘ensures a constant firing voltage of the main barnk (within 4%). 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 in figure 3, page 6. Thelfiring voltage of the main bank is
determined, therefore, by the setting of the trigger generator spark
gapv(Sl). In the present inyestigation; all work is done with the
capacitor bank chgrged to 12 kV and the spark gap separation (31) is
set only once for the entire experiment, '

The output pulse from the trigger generator is taken across the
resistance (RTZ) vhich has a value of 50 S in order to match the
- output cable properly.

‘The trigger generator is robust, has low jitter times which are
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thg order of nanoseconds, and the delay between the triggering of the
thyratron and the firing of the trigger spark (T,) in the main spark
gap_(Sé)Ais of the ordervof 10 nsec. (Curzon and Smy (1961)).

Another advantage of the trigger generator and discharge circuit
is that it operates in optimum conditions whether a positive or negative
charging potential is used. It is known that the best triggering con-
ditions are achieved when the trigger pulse is of opposite poiarity to
the high voltage electrode (see page 179 of Meek and Craggs (195L)).

?he trigger generator described here provides this relationship fbr the
cases of either positive or negative charging potentials. All that is
necessary is to set the polarity of the powef supply. A trigger pulse
of the correct polarity for optimim triggering conditions is then
automatically produced by the triggering circuit.

The capacitance ahd inductance of the trigger generator are deter-
mined by shock exciting the circuit. This method consists of observing
the ringihg,fréquency of a circult which is excited by suddenly applying
an em.fe to its output terminals.

In the present case, the spark gap_switch (S;)>was shorted ocut and
a small battery was comnected across the output terminals of the‘trigger
generator (i.e. across Rpp of figure 3b, page 6).v A small seach coil .
was woﬁnd arouhd 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 circuit due to its natural reactance was measured.
Also the period (T') of the ringing which results when the natural
capacitance (C) of thé circuit is augmented by a known capacitance (Co)

was measured. Then the inductance (L) and capacitance (C) of the
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circuit were calculated using the following equations:

2
IC = [—-'I-l-]
2TT .

L(C+Cy) = [z—ﬁ-] :

' indtictance of the trigger generator

where L.
C = capacitance of the trigger generator‘
. Co = knc')‘_wn capacitance placed in parallel with the
circuit and battery
T = period of the signal without the additional
. cépacit.ance Co
T1 — period of the signal with the additional

- capacitance Co

For the trigger generator described above, the éapacitance was

0.06 PF and the inductance was 5 nH.

2.3'_ CAPACITOR BANK. AND DISCHARGE SWITCH
Two G.E. "Pyranol" storage capacitors rated at 20 kV D.C. are used
as the capacitor bank. Tﬁe capacitors are connected in parallel and
they have a capacitance of 7.5 DpF each.
. The discharge switch, or the main spark gap switch (S2 of figure 3,
page 6), is mounted above the capacitors as shown in figure 63,@ page 1k.

. Electrically, the switch is connected in series between the capacitor
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bank and the Qischargénvessel.

_Two pg}ts have been bﬁilt into the walls of the spark gap chamber
to accommodate equipment for pressurizing the spark gap chamber,

The high voltage electrode of the discharge swipch'(upper electrode
of figure 6-‘6.‘) cén' ‘be at either positive or negative potential depending
upon the polarity of the high voltage power supply. The ldw voltage
electrode of £he discharge switch contains the trigger pin which is
energized by the trigger generator of page 9.

Details of the electrodes used an the discharge switch are shown
in figure 7,.page_16. The electrode heads can be unscrewed from the
eiecﬁrode shafts to facilitate interchanging various types of electrodes,
if required. . An axial hole in the upper electrode seems to improve the
triggering reliability of the switch. The trigger pin is made from
0.02 inch tungsten wire and it is insulated with_polyethyléne tubing
and fitted into an axial hole in the low voltage eiectrode.. A paxolin
cylinder is placed over the polyethylene insulation at'thevtrigger'pin
tip in ordér to reduce damage to‘the insulation‘causéd by the trigger
spark. The height of the trigger pin relative to the surface of the
electrode caﬁ be adjusted. |

Two fiat-copper leads 10 cm. in width, 80 cm. in length and
.separated byiB_mm of polyethylene carry the current fro@ the éépacitor
bank and di'scharge switch to the discharge vessel. These leads ‘are con-
" nected as.shown in figure 6b, page lh(g). A

This is an opportune placé to0 point out that whenever metal parts
are. joined by-a_ppessuré connection, the contacting surfaces are heavily

tinned with soft sol&er.. The solder seals gaps where arcing occurs and
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leaves a noise free pressure connection.

It is also noted that when the discharge circuit is not belng

' operated, the termnnals of the capacitor bank shown on page lh are

shorted to ground through a safety switche

By shock exciting the bank and leads in the mamer described on
page 12, the capacitance of the bark is found to be-15 pF and the
ipddctanpe, including‘leads, is found to be 0.11 «H. By calculation,

the capacitance of the leads is found to be":300 FF.

DISCHARGE VESSEL

CA dlagram ‘of the dlscharge vessel is given in flgure 8, page 18.
The electrodes,.which‘are made of brass, are 7.6 cm in diameter at the
electrode face and sre separated by a distance of 33 Cle The upper
electrods is d981gned to permit end on observation of the dlscharge
whlle the current return sheath is made of brass mesh to permlt s1de
on observatiqn pf the discharge.

lFrom.the dimensionS‘of the discharge vessel, its capacitance and
inductsncs are calculated to be 1.2 pF-and LO mH respectively.

wThe~uppef electrode is construcfed‘such'that a Rogowski coil can
be placed around it in order to measure the discharge current,

..The”disChargeIVessel is‘evacuated5through‘aﬁ'outlet'in the lower
electrode. *The vacuum system is fitted with a "Vacustat" fbr'pressﬁfe
measureménﬁ, and‘it is also provided with facilities which eﬁsble the

discharge vessel to be filled with individual gases or mixtures of gases.-

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

filled with air at pressures between 0.6 and 1 mm Hg,
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‘3.0 - MEASURING DEVICES
The dischafge current can be measured in a mumber owaays, the
most common meﬁhods being with magnetic probes (Lovbéré (1959)),
“Rogowski coils (Golovin et. al. (1958)) and the current shdnt(Meek and
Craggs (195L)).
| In the present investigation, as the reduction of noise signals is
ofvutmost'importance,_the Rogowski coil is chosen as the method of
.obtaining,current measurement. The Rogowski coil has a favourable signal
to nolse ratio and it is eaéily constructed;
| "A detailed description of the Rogowski coil and its associated
circuitry‘is:given’in this section. The basic. feature underlying the
design of the measuring circuit is complete impedance balance., The :
expression "complete impedance balance" means that the impedance of the
- measuring eircuit as seen out of either terminal of the Rogowski coil is
the same, Signals picked up by the measuring circuit are then attemated
equally down each leg of the measuring circuit. hx"\»ﬁ
:At this point it is convenient to introduce certain terms which are
-uéed subsgquently in the description of the measuring devices and also .
in the discussion of the inyéstigation of noise signals presented in
subsection L.0, page 37.
.The means by which noise signals enter the meésuring cirecuit can be
characterized as either inductive or capacitative pick up. | :
.The‘tefm’"inductive pick up®™ is associated with coupling between the
measuring and discharge circuits due to conduction currents. = For
example, referring.fo figure 9, page 20, a time vérying condnction

current flowing in circﬁit 2 induces an e.Mmef. in circuit 1 through the



=20~

mtual inductance between the two circuits.

Circuit 1 - Circuit 2

Figure 9: TIllustration of Inductive Coupling

A "ground ldqp" is a complete electrical path joining any two
earthed points in a circuit. In practi¢e, conduction currents in un-
desirabie grouhd loops are sources of spurious noise signals, because
of the self inductance of such loops. - '

AThe‘térm-"capacitativé'piék*up““reférS'toscoupiing'BétWéén'bhe
measuring ?nd discharge Qircuits which is.associated with displacement
currents.  Charge fluctuations on spark gap electrodes, for example,
vproduce~time”vafying_electric fields wﬁichimay'befpicked'up on the
surface-of'any métaliébjécﬁliﬁnﬂhe.vicinity,Of’the’spérk,gap;a

‘*Thelterﬁl";adiative piék up" embraces pick up of both tﬁé inductive

and~capacitative*types,

3.1 ROGOWSKI COIL ~ '
'“A°Rogbﬁéki“coi14is a form of current transformer wherekfﬁe second- -
‘éry'is:a toroidally wound coil through which the main discharge current -

the primary - is threaded. The coil is made from a single loop of
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RG 65 A/U delay line with the outer screening removed. It is mounted
-in a slotted brass can (see figure 8, page 18) which‘is.isolared from
the coil and then grounded to reduce capacitative coupling between the
discharge electrodes and the coil. For convenience, the coil is plaeed
around the upper'electrode of the discharge‘vessel:and to minimize capaci-
tative pick up thé ground for ﬁhe“discharge‘circuit”isfconnecﬁed to the
top of the tube, very close to the coil.. By:using this grounding pro-
cedure, the potential difference between the current return sheath
outside. the coil and the electrode inside thecoil is kept very small.
The pétential'difference between the'current’reﬁﬁrnfsheath and the lower
eléétrodé*can'range in values up to 5,0-kV*dueT£d5the.inductaﬁce of the
discharge vessel. - . | SR

The' 1qduced voltage in the Rogowski: coil (Vc) ‘éan ‘be determined

trom the" ‘followirig expression:

a Nu dI
-8 dI
= - 2.1 x 10 It vol#s
, ‘ - 2
where  a — -area of :coiliwinding = T7T(1.6 x. 10 ) m
"R.= radius of torus = L. 9 x 10" 2
'N = mmber of turns — 1300

I — discharge current in amps.

Peak curreﬁfe'or the order of 105 ‘amps, are obtained in times of
the order of 10~ -6 ‘seconds and these currents, ‘therefore, produce peak
voltages of the order of 103 volts at ‘the output terminals of the
Rogowski: coil. " RO
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3.2 MAXTMALLY FIAT .FREQUENCY . RESPONSE -
| In general, the voltage (V) induced in the Rogowski coil is not
measured directly. Instead, one measures V,, some potential generated
in an external circuit by the induced e.m.f. (Vc)‘ It is convenient
to use a system where V, is directly proportional to Vc,Aindependent of
frequency; ‘A system for which this condition obtains over as broad a
frequency range as possible is said to be maximally flate

It can be shown (Segre (1960)) that

Vo — k Vc
_ where k is a constant when the external impedance presented to the
output terminals of the Rogowski coil is equal to the characteristic

impedance of the coil. ?he characteristic impedance,(Ré) of the coil is

given by
L
R — —
¢ 20,
where L — inductance of the coil

Co = capacitance of the coil.

If the colil feeds an impedénce considerably sméller than its own
‘characteristic impedancé, the higher frequencies are attenuated; however,
if the coil feeds an impedance considerably greater than its charécter—
istic impedance, there-is a pronounced increase in gain at the resonant

frequency @ﬂh) of the °°il’G?R =
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In order to determine the characteristic impedance of the coil, the
circuit of figure 10a, page 2L, was shock excited in the manner des-
cribed on page _12.' The period (T) of the ringing signal was obvserve‘d
on an oscilloscope and found to be. 0.17/usec, Similarly, with a 47 pF |
capacitance across the output terminals of the coil, a period (T') of
0_.351'_—</4.( sec.A—awvas observed. Thus R

T

' 72
1ICe = {2_1-1-] = T7.32x 10"16’ sec2

L 172 ; '
L(Co + L7 PF) = [;Eh} — 31.0x 10-16 sec®
: , 27T, ‘
from which it follows that

L= SO/qH
Co— 15 pF .

The characteristic impedance ig then given by

| ,L
R: = |— =— 1300 ohms .
o ZCc

.l'A resistance (Rp) of 100 ohms is required in terminating the signa1
cable. . The remainder of the required matching impedance (1300 ohms) is
made up of two 600 ohm resistances (Rm), one in each leg of the measuring
circuit to presérve impedance balance.

The matchihg resistances (Rp) and the terminating resistance (RT) ‘
are plaped étbthe.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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i opl
a)
Ry
S . =
A‘ o ‘ AA"A L————o B!
: R .
mn b)
®
B o J\N\ﬁ -—0
fti Cy v
= ¢
Bt 0———AAA~ —
Ry
'C)

‘Figure 10: Rogowski Coil Measuring Circuit

a) Rogowski coil equivalent circuit; L (50_uH), coil inductance;
r(10 . ), coil resistance; C, (15 pF), coil capacitance;
Vo, induced coil voltage.

b) Matchlng network and signal cable: Ry (100 _n..) cable termnatlng
resistance; Ry, (600 ), coil match:.ng resistances; signal cable,
RG 22/U.

¢) Integrating network 3 Rj (18 kL ), ¢4 (0,01 pF); Vo, output
voltage. ;
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the measuring and discharge circuits.
Segre (1960) gives the ratio (A) of, and the phase'differehce (gb )

between, the output and input voltages associated wth a circuit such
as shown in.figure.10a,b on page 2l as

R 15 B P 5‘;]
v o B | Rozv o

r+ R
‘ R
where ()= “’JLCc
R =Rp+ 2Ry
R, == -
o N
Ce

and the remaining symbois pertain to figure I10a,b. ,
-'Substituting’the actual values for the Rogowski coil measuring
circuit into these relations it is found that the 3 db point of the

response curve occurs at  f — 6 Mc/s. This is to be cOmpare'd with the
discharge freqqenéy, of 0.1 Mc/s.

From the above formila, the phase angle CD for the discharge
frequency of 0.1 Mc/s amounts to -8' which isnegliéib}ysgiall.

3¢3 . INTEGRATOR

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

=8 :
— - 2. » e ¥s .
.ch = 2.1 x 10 e vol
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{(see page 2}).‘ When this voltage is integrated, a sighal‘is obtained
which is pfoportional to thé:dischargeacurrent.

The integrator used is a simple RC circuit (shown in figure il)
for whigh‘the'integration éondition is RC >> T, where T is the period
of the sighéivto be integrated. In the present discharge circuit the
Ry

|
I
&

By ’\) ‘ o , Ci

Figure 11t Integrating Circuit

currenﬁ lasté for apprbximately 3 cycles and oscillatgs with a period of
gpproximateiy’IQ/A&sec. An.integration constant’ (RC) of lég/iksec. was
" chosen, i.es  R{ = 18 k(L and C; = 0.01 pF.

~ In the circuit of figure 10c, page 2k, two such integrators are
used so as to preserve the baianced design of the measuring circuit.
The integrators are mgunted‘in brass cans (shown in figure 31, page 62)
which serve to minimize radiative coupling between the msasuring and
dischargé-circuitg.  (For an important notq‘concerning the construction
of the ;ntegratoré,_éee page 63.)

The complete measuring circuit is formed by qombining the circuits

of figure 9, page 20.. The aqtion of the compléte measuring circuif'may‘
be summarized by'considering,iﬁs ﬁrgnsfer‘function which,'written in the

usual Laplace transform notation (i.ee 8'= Jju) is:
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Ve R;' r'+(§ + Ccr) s+ CcLs2 Bp+2Rm | SRiCiV'*' 1

where R = Rp + 2Rm

and the remaining symbols refer to figure 10, page 24. It should be noted
that this equality is valid only if the shunt impedance of the signal
cable is small compared with the impedance of the integrators; that is,

‘ 1 .
Bp << 2E§_+ ;]

More simply,

YE Pl et atn BT . 1 .}.
v, Rp + 2Rm ‘E-Ci s

where the approximation is valid if

I

RT+ 2Bm >T

l".+cr<T
R c

2
Cl <T

HiCi> T

and where T is the period of the observed signal. Inverting this-

transform- shows that the output voltage from the measuring circuit is
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diyectly proportional to the integral of the voltage (Vc) induced in
the Bogowski coil, However, the induced voltage (Vc) is directly

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

. 21). Therefore, the output voltage from’the.Rogowski coll measuring

circuit is directly proportional to the discharge current.

FREQUENCY RESPONSE OF MEASURING CIRGUIT

The measurement of the discharge current obtained usihg the
Rogowski coil measuring circuit of figure 10, page 2L, is accompanied
by a noise signal which is characteﬁized by certain well defined
frequehcies. As mentioned previously, the'noise investigation presented
in this thesis is concernéd, in part, with discovering if thﬁs noise
signal is due to fluctuations in the discharge curreht. To discover
this, it is first 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 usedvih the
noise investigation is measured as well. The two circuits in question

are 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 proce@ure
used in measuring the frequencj_response of these circuits is diécussed
ih this subsection in considerable detail.

The circuitry involved in 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 190B constant ampli-
tude sine-wave generator; b) Rogowski coil and signal cable;

Ry (variously 600, 800 or 1000 £L ) matching impedance; Rp (100 )
terminating impedance; c¢) General Radio Type 31£-886 delay lines;
Rp (220 ) matching resistors; d) Integrating network;

Ry (18 k() ), C4 (.01 PF).
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'The signal source (G) in a) of figure 12 is a Tektronix Type 190B
constant ampiitude sine-wave generator. According to specificaﬁions
A,qulished by Tektronix, this signal generator will deliver a 10 volt
peakfto-peak signal which varies in amplitude by less than *2% from
SO;Kc/s'tthugh 30 MC/S, provided the lqéd shunt capacitance doeé not
exceed 10 pF. The 6utput from this generator is unbalanced; that is,
one side of the output terminal ié grounded. In practice, however, the
méaéuring circult is floating; that is, no point in the qiréuit is held
at'somevfixed potential. In order to duplicate, as closei& as possiblé,
the actual operating conditions of the measuring circuit while deter-
mining its frequency response, a floating Signal source was constructed,
The floating éigﬁal source is shown in a) of figure 12 and consists of
tﬁe-abbve mentioned signal generator feeding a matching transformer.

The matching transformer consists of a small, high qdality ferrite torué
wound with #26 AWG enameiled copper wire in a turns ratio of 1:2. Thé
ferrite t;rus and windings are enclosed in a small brass can to minimize
the magnetic field radiated from the transformer.

The output signal from the matching t?ansformer (AA') is fed into
the measuring circuit by cutting the RG 65 A/U cable forming the Rogowski
coil into two equal parts and making the connections as indicated in b) |
of figure 12. All the remaining components in figure 12, except for c),
have been discussed in subsection 3.2 (see page 2l) .

Circuit c) represents two General Radio Type 314-~S86 variable delay
lines which provide a maxiﬁnm delay of 0.%}/1830b each, The delay lines
are connected in parallel, as shown, in order to preserve the balanced

design of the measuring circuit. Four 220 ohm resistors, two in each
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delay 1ihe, provide the proper matching impedance for the delay lines.

The signal from the matching transformer (AA') and the signal
from the particular circuit whose frequency response is being measured
are displayed‘ simaltaneously using a Tektronix Type 551 dual beam
oscilloscope. In this way, loading conditions on the signal sburce
remain unchanged throughout the measuring operatibn. The signal from
the matching transformer (AA') is fed, via two Type P6005 Tektronix
probes, to a Tektronix Type G balanced differential preamplifier. The
signal from the circuit whose frequency response is being méasured is |
fed directly to a second Tektronix Type G balanced differential peanmplifier.
. (The latter differential preamplifier is the same one used throughout the
noise investigation).

The procedure used in measuring the frequency response will be des-
cribed now for a particular arrangement consisting of the floating
signal source (a) feeding the Rogowski coil and signal cable (b) of
figure 12. The attemation settings of the preamplifi_ers which received
the signals from (AA'), (BB') were adjuated to 0.5 v/cm and 0.2 v cm,
regspectively.. Bpth attemiation settiﬁgs remained unchanged throughout
the measuring operation. The sweep speed was fixed at § msec/cm for
the entire measuring operatlon in order to avoid errors in measuring the
trace arﬁp,litudes due to 60 cps mum. (The 60 cps signal was less than
5 v or, typigally, about 1% of the amplitude of the measured signal).
The frequency of ﬁhe. 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'),
és measurea from ﬁhe oscilloscope display. Then the amplitude of the

signal at (BB'.) was measured. ‘I;fhis procedure was repeated for various
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frequency. settings of the generator from 0.05 Mc/s to 50 Mc/s.

The same procedure was repeated for two other arrangerﬁ_ents 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 reéponse could not be measured for the total system"»
cor_isisting'of the Régowski coil, signal éable, delay lines and int_egratof
because, with the signal source available, the output from this system
was too small to make reliable/nfégsurements. 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
.inﬁegrétor removed, b) measuring the frequency response of the integrator
" alone and ¢) .taking t_he‘produc“b of t_‘hese two response measurements, It |
. must be.noted that this procedure is valid only because the shunt imped-
ance of the integrator is large .compared with the shunt impedance of the
préceding fci;rcuitry. _

Finally, a check was made to determine if the rab:’ro of the attgma-
t‘iéné Qf the two preamplifiers was independent of frequency. This v}as
dorie by fixing the output from the signal generator at a convenien:f
value axid then measuring the amplitude of the signal at (AAt) for
frequency settings ‘from 0,05 Mc/s through 30 Mc/s, using first the
prefamplifi’er with the 0.2 v/cm attemuator setting and then the pre-

amplifier with the 0.5 v/cm attemation setting. The ratio —-——-L—gé . /‘c’;“l

was up by 5% at 15 Mc/s and by 15% at 30 Mc/s.from the value at
0.05 Me/s (0sll). No corrections were made on the frequency response
measurements discus_sed above since frequencies above 15 Mc/s are of

1ittle interest as far as the response of the measuring circuits is '
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concerned (see page 33).

"?he 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 nomalized
to unity at 0,05 Mc/s in allicases and plotted against frequency.

To conclude this subsection,,the‘results of the frequency response

. measurements are presented in tabular form in figure 1L. .

.CIRCUIT - ‘ ' COMPONENTS OF RESPONSE

g CIRCUIT |
a1 .o | Rogowski coil; Flat to L Mc/s;
at Weasuring eireuit | potching network 3 db down at

(Rm,RT); signal 12 Mc/s
cable
'a)_ |
a1 +4. | Rogowski cdil;:' Flat to 3Mc/s}
T mea:‘iﬁngeﬁ;‘mt ' matching network 3 db’ down at
(Rm,RT); signal ' 6 Mc/s

cable; delay lines

b) |
Current (I) measuring | Rogowski coil; Flat to 5 Mc/s;
“eircuit (also called matching network 3 db down at
Rogowski coil measuring|{ (Rp,Rr), signal 9 Mc/s
_circuit) , cable; integrating
L network
c) -
Current (I) measuring | Rogowski coil; Flat to 5 Mc/s;
circuit with delay | matching network 3 db down at
(also called Rogowski (Rm,R7); signal 7 Mc/s
coil measuring circuit | cable; integrating

- with delay) network; delay line
d) .

|

Figure 1li: Resumé of Frequency Response Measurements
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The dI/dt measuring cireuit (a of figure 1l, page 3kL) with
. Ry = . 800 ohms is used extensively in the noise investigation because
this cireuit has the greatest bandwidth available.

3.5 CURRENT. SENSITIVITY
The output signal (V,) from the integrator of the circuit of
figure 10, page 2L, can be expressed in terms of the discharge current
(I) through the following considerations.
. At the output of the Rogowski coil (see page 21)
Ve = - 2.1 x10 0 &L volts
e = T8 dt _
Inverting the transform of the transfer function for the normal
meaBuring eircuit (see page 27)
1

V.= . === . ¥ volts
0= TRp+ 2By R c

’é*‘ Combining these expressions ylelds

ot s -8 .—_-'.R—‘-r-—-.-—];—-.
Vo= = 21 %207 gemp— o gy ¢ T volts

Substituting the values quoted in figure 10, page 2L, for the

parameters in the above equation ylelds

I :
Vo = = ----—E volts
° ho3 x 10
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Thus the current sensitivity is L.3'x 10h amps. per volt. From the
current waveform shown in the'upper trace of figure 15, page 37, the
maximum current which flows in the discharge circuit is 1.1 x 103 amp
and this peak is attained in 2. x 10"6 sec. This gives an approximate
value for dI/dt of 0.5 x 10 vwhich is in agreement with the value of 1011
useéd in subsection&j,l, page 20,

The current sensitivity of the measuring circuit may be obtained
experimentally as folléws. The total charge on the capacitor bank can’
be ‘calculated from the known value of the initial voltage on the bank
and its‘capacitance.v'fhis charge is equated to the integral of the
current waveform - ankinxegral most accurately evaluated by mmerical
integration., The ratio of the charge to the area under the current
waveforh (in units of volts - seconds) yields a scaling factor which
relates the magnitude of the discharge current to the output #oltage of
the meaburing circuit.

The current sensitivity for a circuit which differs from that'df
figure 10, page 2L, only in the value of Rm has been determined by my
colleague C._C,‘Daughnby using both methods presented above, The two

values of the current sensitivity obtained in this way agfeed to

_within 5%.



L.0 INVESTIGATION OF NOISE SIGNAL
The investigation presented in this subsection is concerned with
the noise signal accompanying current measurements being made on a
pulsed discharge circuit by means of a Rogowski coil. Oscilloscope
traces obtained using the Rogowski coil measuring circuit of figure 10,
page 2L, and a Type 545 A Tektronix oscilloscope with Type G differential

preamplifier are shown in figure 15,

Figure 15: Current Waveform and Noise Signal

Upper trace: 2 v/om vertical, ZIALsec/cm
horizontal; current waveform
from Rogowski coil.

Lower trace: 10/3 v/cm vertical; 0.2 Msec
horizontal; noise signal at
initial rise of current
waveform from Rogowski coil.

The upper trace of figure 15 is a current waveformj that is, the

amplitude of this trace is directly proportional to the magnitude of
the current which flows in the discharge circuit after the discharge

is fired. It is noted that the initial time and rate at which the
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discharge current rises is obscured by a noise signale This noise
signal is shown with the time scale expanded in the lower trace of
figure 15, A

Tﬁé noise signal mentioned above has a characteristic shape. For
the initial O.S/A(sec, the noise signal appears to consist of a super-
position of several signals varying in frequency from 10 Mc/s to about
_ Lo Mc/s., During the next O.S/u,sec interval, the amplitude of the
signal has fallen by a factor of 5 and only a 15,Mc/s.signal remains.

As hgs been mentioned on page 2, the noise signal un&er investi-
gation may be a genuine noise signal induced in the Rogowski coil by
fluétuations in the dischargeAcurrent 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 triggervgenerator prevents grounding of
‘the discharge circuit through the triggering electronics. In this way,
an undesirabie ground loop is 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 in the noise signal
is dbserved when the mains and ground of the power supply are removed
before firing the dischargelapparatus. _ |

~ Capacitative coupling ﬁetweeﬁ'the Rogowski coil and the discharge

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

- minimizes the effect on the measuring cireuit of the oscillating

potential difference across the discharge véésel_(see page 21).
Considering_the options of simple grounding connections, the fol-

lowing connections tend to minimize the noise signal: _

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

near the coil;

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

gfbund of the diséharge circuit;' .

¢) allowing thé oséilloscope to float - grounded neither through the

power outlet hbr at the main ground of the discharge circuit.

. With respect to ¢) the best arrangement of the power cord of the
oscilibscope 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 é}eater than 15 Mc/s, particularly near the discharge

aﬁparatus where'the radiation.field is largest.

EADIATIVE COUPLING

Figure 16 represehts the Rogowski coil separated from the upper
electrode of the discharge vessel by a grounded brass shield (see éége 18)
and illustrates a case of capacitative coupling of particular interest

in this noise investigation,,

Rogowski coil

Figure 16: Example of Capacitative Coupling

Upper electrode
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Poteqtigl fluctuations on the upper electrode of the.discharge
_vessel. are impar@ed to the brass shield and thence to the coil by way

'of'displacemenf 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 capaéitative coupling becomes inqreasingly efficient.

) _Thévcomponent'of the noise signal due to“the éource of capacitative
qoupling discussed above can be rejected by using ; baianced measuring
circuit (see page 19) feeding a balanced differential preamplifier unit
in the osciiloscope. The action of the balanced msasuring system

;eqpires_fﬁrthgr explanation. As mentioned on page 30, no point.in the

meaéuring system is grounded. Therefore, the potential at ‘any point‘in
the eircuit can be chosen as a reference potential and it is convenient
to choose, for this, the point midﬁay between the output terminals of
the Rogowski coil; Now the potential which appears at the output termi-
nals of the coil is‘aAsuperpbsitioh of a magnetic and a noisgiéomppnent.
The magnetic cqmpqnént”of'the potential.is indgced in the“Rgégw§ki,poil
by-the‘discharge curfent.A‘The noise componenﬁ»arises frbm.capacitative
coupling between the Rogowski coil and upper electrode of the discharge
vesselg(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. 0On the other hand, the potentials at the
output terminals of the coil due to the noise component are in

phase, ’By-subfracting the signal at one terminal from the signal at

the other términal, the noise>component is rejectéd,vleaving only
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the magnetic component.,
The traces in figure 17 are dI/dt signals (I is the discharge
current) taken using the Rogowski coil measuring circuit of figure 10,

page 2L, without the integrators. These traces are taken under

Figure 17: Effect on Noise Signal of a Completely Balanced
Measuring System

Upper trace: 33 v/cm vertical; 0.2 _ysec/cm horizontalj;
dI/dt waveform from Rogowski coil using
Type K (single) preamplifier.

Lower trace: 33 v/cm vertical; 0.2_utsec/cm horizontal;

dl/dt waveform from Rogowski coil using
Type G (differential) preamplifier.

idential experimental conditions except that with the oscilloscope a
Tektronix Type K single input preamplifier was used for obtaining the
upper trace while a Tektronix Type G differential preamplifier was

used for obtaining the lower trace. The result is that the amplitude
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of'tﬁe noise signal accompanying the dI/dt waveform is reduced by a
fgctor of about two when a completely balanced measuring system is
used. The time base of the lower trace is shifted relative to that of
the uppgf‘trace due to rejection of the noise signal prior to the rise
of the dI/dt signal by the differential preamplifier. -

There e#ist severél 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 oscilloscopes In con-
nection with this example, the next paragraph will be used to discuss
an experiment which demonstrates that the que by which the oscilloscope
sweep is triggered plays an important role in the reduction of the noise
sighal appearing on the current waveform.

The triggering mode of the oscilloscope was set to "external" and
all input connections to the oscilioscdpe 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 seai wire. The
discharge circuit was then fired in the normal manner (see page L )

and a trace was observed when the aerial was connected but not when the
aerial was removed., This shows that a signal enters the écope by means
of the aerial. The signal obtained in the above manner is shown in the
upper trace of figure 18, page L3, When the attemuation of the pre-
amplifier unit of the oscilloscope was altered, the amplitude of the
above mentioned signal remained unchanged. This means that if any
signal enters the‘oscilloscope through the preamplifier input terminals,

its amplitude must be small compared with the amplitude of the signal
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shown in the upper trace of figure 18. The conclusion to be drawn is
that the trigger input terminal of the oscilloscope is not isolated
from the vertical deflection system of the oscilloscope and any con-
nections to this terminal may be a possible source of noise signals.
This conclusion is confirmed by the current waveforms shown in the
middle and lower traces of figure 18. These traces were taken under
identical experimental conditions except that fa the middle trace the
oscilloscope sweep was triggered externally using an aerial similar to
the one described above, while for the lower trace the sweep was
triggered internally. Thus the amplitude of the noise signal accompany-
ing the current waveform is reduced by a factor of about three when

internal triggering is used instead of external triggering.

S as il

Figure 18: Effect on Noise Signal of Internal Triggering

All traces: 1 v/cm vertical, 0.2 uysec/cm horizontal.

Upper trace: Noise signal with no input connections to oscilloscope
(amplitude independent of preamplifier attemation).

Middle trace: Current waveform from Rogowski coil using external
triggering mode.

Lower trace: Current waveform from Rogowski.coil using internal
triggering mode.
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Triggering internally, while yielding a significant reduction in
the amplitnde 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 (Tektronmix 5L5 A)
the adjustment is achieved as follows: rotate the trigger level
indicator fully in either the positive or negative direction depending,
respectively, on ﬁhether positive or negative intermal 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 zéro 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 1eve1 contrql may still be reaquired.

: As can be seen froﬁ the lower trace of figure 18, page L3, 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 mugp enter the oscilloscope through the
preamplifier input terminals. Possibly this signal is a génuine signal
produced by fluctuations in the discharge current. On the other hand,
the signal may be due to fluctuations of the potential of the oscillo-
scope'chassié caused by pick up of electromagnetic signals radiated by
the discharge circuit. If 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 is increased.
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The current waveforms shown in figure 19 were taken with the sweep
of the oscilloscope triggered internally. For both traces the same
length of signal cable was used, but the distance separating the
oscilloscope from the discharge apparatus was 5 feet for the upper
trace and 25 feet for the lower trace. The amplitude of the noise signal
in the lower trace is less than half that in the upper trace. The con-
clusion to be drawn from this result is that the noise signal which
remains on the current waveform when using internal triggering is due
to electromagnetic signals radiated by the discharge apparatus. These
signals enter the oscilloscope by capacitative and inductive pickup on

its chassis.

Figure 19: Effect on Noise Signal of Distance Separating
Discharge Circuit and Oscilloscope

Both traces: 1 v/em vertical, 0.1 _u sec horizontal; current
waveforms from Rogowski coil with oscilloscope sweep
triggered internally.

Upper trace: Oscilloscope 5 feet from discharge circuit.

Lower trace: Oscilloscope 25 feet from discharge circuit.
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It is inconvenient, however, to have the oscilloscope separated
from the discharge apparatus by those distances necessary to reduce the
amplitude of the noise signal appreciably. A more satisfactory arrange-
ment is to isolate the oscilloscope from the radiation field of the
discharge apparatus by enclosing the oscilloscope in a Faraday cage.

The cage (a photograph of which is shown in Appendix II, page 61 )
consists of 1/8 inch brass mesh wrapped on a Dexion framework.

The dI/dt waveforms shown in figure 20 illustrate the effect of the
Faraday cage on the noise signal.  Both traces were taken under the same
experimental conditions except that for the lower trace the oscilloscope

was enclosed in the Faraday cage described above while for the upper

Figure 20: Effect on Noise Signal of Faraday Cage

Both traces: 33 v/cm vertical, 0.2 _usec horizontal; dI/dt waveform
from Rogowski coil using internal triggering.

Upper trace: Oscilloscope removed from Faraday cage.

Lower trace: Oscilloscope enclosed in Faraday cage.
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trace the cage was removed. In taking the lower trace, the Faraday
cage was grounded to an earthing rod but not the same earthing rod at
‘which the discharge circuit was grounded. The amplitude of the noise
signal obtained using the cage is several times smaller than the signal
obtained not using the cage, so that clearly the cage is effective in
suppressing the noise signal.

" So far three means by which spurious signals generated by the
discharge circuit enter the oscilloscope have been discussed; namely,
capacitative coupling to the Rogowski coil, the triggering mode of the
oscilloscope sweep and radiative pick up on the chassis of the oscillo-
scope. Yet another pathiremains to be discussed.

Conceivably, electromagnetic signals radiated by the.diséharge
circuit are picked up on the nearby a.c. power lines and enter the
oscilloscope via its power cord. In view of this, an isolated power
suppiy for the oscilloscope was constructed, which consisted of a 3-phase
motor driving a LOO cps generator. The motor and generator were con-
nected by a fibre belt and the generator was enclosed in an aluminium
coribtainer which was then grounded to an earthing rod. The amplitude of
the noise signal obtained using the isolated power supbly.for the
oscilloscope turned out to be greater than the amplitude of the signal
obtained when a.C. supply from the power mains was used. This simply
means” that radiative pick up by the isolated power supply is greater than
any‘nbise signal which might be coming along the a.c. mains,

" A second iéolated power supply was used in the form of a battery
powered transistorized oscilloscope (Tektronix Tybe 321). In this case

the signal obtained when the oscilloscope was powered from the a.ce.
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mains’' was noisier than the signal obtained when the battefy-supply was
used. Thus noise signals generated by the dlscharge circuit are picked
up on the a.c. power llnes supp1y1ng the oscllloscope and enter the
OSCilloscqpe'thrpugh the pdwer corde

‘Up to thisfpoint, all of the results have indicated that the noise
signal':remaihing_on the current waveform after using a balanced measur-
ing;circﬁitvand differential‘preamplifier is due to signals radiated
from_the'dis¢hergefcifeﬁi£. In view of this, it is reasonable to try
.delaying the signal from the measuring circuit before displaying it 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 314~S86 variable delay lines, each prov1d1ng
a-maximim delay of O.S/q.sec, were comiected in parallel as shown in
figure 21,_f$his unit was inserted between the signal eab1e4§nd integrat-

ing network. of figure 10, page 2L. CPhé delay'line ofafigure”Zl has also

.0 T '
o
. 22000 ; % 220-0-
" Input from . ‘ 1 OQutput to
signal cable _ . integrators
(see ps 2’4) ) ‘ (see p. 24).

(¢}
’

2_20’._0—% 0000000 “‘“ %22047—

Q

Figure 21:: Variable Delay Line
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been discussed on page 30). The current waveforms obtained using the
Rogowski coil measuring circuit with delay lines and external triggering
from an aerial (see page L2) are shown in figure 22, The upper trace
is undelayed while the lower trace is delayed by 0.5 M sec. For the
lower trace, the Rogowski coil signal is clean and rises O.S/L( sec after

the normal noise signal.

1
|
e

|

Figure 22: Effect on Noise Signal of
Delaying Current Waveform

Both traces: 1 v/cm vertical, 0.2 4 sec horizontal; current
waveform from Rogowski coil using external
triggering.

Upper trace: Undelayed current waveform.

Lower trace: Current waveform delayed by O.S/J.sec.

The traces shown in figure 23, page 50, are dI/dt waveforms taken
using that Rogowski coil measuring circuit which possesses the widest
bandpass available in this investigation. This circuit consists of the
Rogowski coil with matching impedance R -= Ry + 2 Ry of 1700 ohms,
signal cable terminated in its characteristic impedance of Rp = 100 ohms

(see page 2L) and delay line which has been properly terminated (see
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page 30). The frequency response of this circuit with zero delay is
flat to L4 Mc/s and 3 db down at 12 Mc/s and with full delay (0.5  sec)
is flat to 3 Mc/s and3db down at 6 Mc/s (see page 34). In taking the
traces, the discharge circuit was fired in the normal manner (see page
LL ) and the sweep of the oscilloscope was triggered externally from an

aerial (see page 42).

Figure 23: Delayed dI/dt Waveform

Both traces: 5 v/em vertical, 0.3/{sec/cm horizontal;
dI/dt waveforms from Rogowski coil using
external triggering.

Upper trace: Undelayed dI/dt waveform.

Lower trace: dI/dt waveform delayed by 0.5/0( sec.

Once again, the delayed waveform is clean and rises O.S/u_ sec
after the normal noise signal. This result means that the noise

signal under investigation is not produced by fluctuations of the
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discharge current. Otherwise, the noise signal would be delayed along
with the dI/dt waveform and appear during the initial rise of the dI/dt
waveform instead of prior to its rise.

The current waveforms in figure 2l are presented in order to show
the effect on the noise signal of combining all the features discussed in
this subsection which help to produce a clean current waveform. The
most important features are: 1) a balanced Rogowski coil measuring
circuit feeding a differential preamplifier, 2) triggering the oscillo-
scope sweep internally, 3) isolation of the oscilloscope from the
radiation field of the discharge circuit by means of a Faraday cage and
L) delaying the signal from the Rogowski coil by O.g/k(sec before dis-

playing it on the osciiloscope.

Figure 24: Effect on Noise Signal of Combined
Noise Reducing Features

Left traces: Current waveforms from Rogowski coil incorporating
2ll noise reducing features discussed in this
subsection.

Right traces: Ourrent waveforms from Rogowski coil incorporating
none of the noise reducing features discussed in
this subsection.

Upper left trace: 2 v/cm vertical, 0.5 sec/cm horizontal.
Upper right trace: 2 v/cm vertical, 0.5 _usec/cm horizontal.
Lower left trace: 0.5 v/cm vertical, 0.1 _usec/cm horizontal.
Lower right trace: 10/3 v/cm vertical, O.2lﬁ4sec/cm horizontal.
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The results of this subsection can be summarized in the following
way. The noise signal accompanying current measurements is 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-

ﬁive coupling between the Rogowski coil and upper electrode of the
discharge vessel. This portion of the noise signal is removed from the
curreht waveform by using a balanced Rogowski coil measuring circuit
feédingja'differential preémplifier. The remainder of the noise signal
enters the measuring system by way of radiative coupling between the
discharge apparatus ana:the chassis of the oscilloscope and ﬁhe power
mains wﬁich>supply the oscilloscope. This portion of the noise signal
is.femoved'by‘delaying the signal from the Rogowéki coil by O.ﬁ/L(sec
(that is, until ﬁhe noise-signal radiated by the discharge circuit has
died away). The current waveform obtained in this way is clean and

rises O;Q/LLSec after the normal noise signal,

'NOISE SOURCES

. This subsection deals with the investigation of the sources of the
rioise 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 diséharge 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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Inductance (L) of discharge circuit

. I, circuit current

- Spark gap L _
' switch —L— - Capacitor
o - ’ : 1 Dbank

Resistance (Rg) of discharge circuit
.Figuré 25; ‘Simplified Discharge Circuit

the conducting state. If the circuit resistance (R,) is sufficiently
small, the circuit current (I) will rise at a rate which will produce
a potential drop across the ciréuit inductance (L) which is sufficient
to cause the potential difference hcross'the spark gép 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, tpe cufrent.(I) tends tq zero and so does
the potential.drop across the circuit inductance (L). As a fesult, the
potential difference across the spark gap rises ﬁniil the gap again |
breaks down (provided, of course, that, during the relaxation cycle,
tﬁe pétential‘of the capacitor bank has not fallen below the breakdown
potential of the spark gap Switch). The circuit is thus back to the
initially assumed state and the process begins p&rrepeat itself. This
cyclé is8 referred to as a "relaxation process". |

| In connection with tbe above example, consider the following order
of magnitude caleulation for the discharge circuit used ih this investi-

gation. If only the impedance of the discharge circuit due to its
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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 (Vg, say) is

1 2B
- Wl . anmps

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

From page 17, the total indictance (L) of the discharge circuit ~~
is 150 nH. The condenser bank is normally fired at Vg= 12 kV. If we
suppose that the felaxation process described above occurs at é frequency
of 20 Mc/s (frequencies of this order are present in the noise signal 4

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

$.12x10° |
6.28 x 20 x 10® x 150 x 10-Y

I —
i 300 amps

Since peak currents in the discharge circuit are the order Qf'lO5
amps (see page 36), current fluctuations of 10% amps at the initial rise
of the discharge current are reasonable.. The above calculation, there-
fore, shows that it is pogsible for relaxation processes in the discharge
vessel énd 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 is
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 2l4, page 51. The lower left trace attains an amplitude of about
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L centimeters on the graticule in 1,/4sec and therefore represents a
current,whose maximum value is about 1/2 the peak current'(see upper left
trace) in the discharge circuit (i.es ~— 103 amps as noted on page SL).

.To produce fluctuation in the trace of 0.l c¢cm in amplitude, a.

‘ . 3
fluctuation in the discharge current of Qﬁl-gg x%-xvlo5 amp — 10~ amp
v cm '

is redquired.

"It is 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 té produce a noise signal of about one volt in
amplitude. In view of this it is reasonable to investigate the produc-
tion of noise signals in the discharge vessel and spark gap switches by
altering the breakdown conditions in these devices.

© " 76 'discover if the noise signal depends on the breakdown conditioné
in the discharge vessel, an experiment was performed which consisted of
filling the discharge vessel, in turn, with argon, nitrogen, hydrogen,
oxygen and air over a pressure range from 100 to ZOOQ/Ang. ‘However, no
significant change in 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'cohditions in the
discharge vessel.

To in&estigate the noise produced by the main spark gap switch
(Sp on page 6), the spark gap chamber of this switch was pressurized
.with commercial argon. The traces shown in figure 26, page 56, are
dI/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 figure 26 the spark gap chamber contained air at atmos-
pheric pressure while for the lower trace the chamber contained argon

at 22 1bs/sq. in. The noise signal is thus largely due to the main

spark gap switch and is greatly reduced by oﬁerating the spark gap

switch in an argon atmosphere. (It was found, however, that pressurizing
the spark gap chamber with argon has a serious disadvantage; namely, the

breakdown potential of the spark gap becomes erratic).

Figure 26: Noise Signal from Main Spark Gap Switch
Upper trace: 33 v/cm vertical, 0.2_ssec/cm horizontal;
dI/dt waveform from Rogowski coil taken operating
main spark gap switch in open air.
Lower trace: 33 v/cm vertical, 0.35;4sec/cm horizontal;
go

dI/dt waveform from wski coil taken operating
the main spark gap switch in argon at 22 1lbs./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 suitable design of the electrode system of the spark gap switch.
Attempts by the author to duplicate their results has met with only
partial success in that while noise free breakdown of the spark gap
switch, under conditions specified by them, was observed occasionally,
the effect was not reproducible.

It was found that only one.other significant source of noise exists
in the discharge circuit; namely, the trigger generator. The signal
shown in figure 27 was obtained by overvolting the trigger generator
spark gap (S7 of figure 3, page 6) but not allowing the main spark gap
switch to break down: The 15 Mc/s frequency which dominates this signal

is simply the natural ringing frequency < = _L.\of the trigger

JLC
generator circuit (see page 13).

Figure 27: Noise Signal Produced by Trigger
Generator

Time base: O.%/;(sec/cm.

In conclusion, the important results of this subsection are that
1) the principal source of noise in the discharge apparatus is the main
spark gap switch.- the noise from this switch is greatly reduced by
operating it in an argon atmosphere; and 2) the trigger generator

produces a noise signal whose frequency is predominantly 15 Mc/s.

i
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5.0 .CONCLUSIONS
The Rogowski coil has been found to be an excellent device for the
. measuremént of current in a pulsed discharge circuit, due to its
favourable signal to noise ratic. “

Normally, a noise signal is coincident with the imitial rise of the
current waveform obtained with the Rogowski coil., However, it has been
shown that this_signal is not the result of voltages induced in the
Rogowski ‘coil by.flﬁctuations in the current being measured, It is,
insﬁead,’a spﬁfious noise:signal which appears on the current_waveform
because of straé‘coupling between the measuring system and the discharge
apparatus, | |

Part of the ﬁoise signal enters the measuring circuit by way of
capacitéﬁive cbupling between the Rogowéki coil and upper electrode of
the discharge vessel. (The Rogowski coil encircles thislelectrode.).

.The remainder of the noise signal is the result of radiative coﬁpling
between thé chassis and power.lines of the oscilloscope and the discharge
apparétus;

The portion of the noise signal which is picked up capacitatively
by?thajRégbwski 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 O.g/p(secAwas 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 features. The current waveform rises cleanly‘O;g/AJSee after

the appearance of the noise signal,

Figure 28: Clean Current Waveform
Current waveform obtained by delaying signal from balanced

Rogowski coil measuring system 0,54 sec before displaying
on oscilloscope: 2 v/cm vertical, 1)/4sec/cm horizontal.

Most of the noise signal in question is produced by the spark gap
switch of the main condenser bank. The trigger generator, however,
produces ‘a 15 Mc/s noise signal due to natural ringing after the
generator is triggered. This result agrees with the explanation of
Curzon and Daughney (1963) where the noise signal coincident with the
initial rise of the discharge current is attributed to noise generated
by the spark gap switch of the discharge circuit.

The noise signal generated by the main spark gap switch is greatly
reduced in amplitude by operating the spark gap in an argon atmosphere,
However, this has a disadvaﬁtage in that the breakdown potential of the
spark gap becomes erratic.

The investigation presented in this thesis can be extended in two

ways. Firstly, the design of the trigger generator can be improved in



wb0-

: ordgr 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

All of the apparatus used in the noise investigation has been
described in the main body of the thesis (see page L ), except for
the high voltage power supply (F) of figure 3, page 6. For complete-
ness, the circuit diagram for the power supply is included here.
Also, some photographs of the discharge apparatus and measuring

system are presented.

Figure 29: Photograph of Discharge Apparatus
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Figure 30: Photograph of Faraday Cage

]
2
]

Figure 31: Photograph of Measuring Circuit
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| It has been found that the frequency response of the integrator
is strongly influenced by the manner in which the components of the
integrator are comnected. In order to obtain an integrator which has
the frequency response shown in curve ¢) on page 33, it is important
that the leads which join the components of the integrator be kept as
short as possible. Also, the leads should be squeezed together in order
to minimize the area of the loops formed by the leads. The integrator
which was used in obtaining the frequency response curve c) on page 33
is shown below. The capacitor which was used in the integrator'is

manufactured by Cornell Dubilier.

Figure 32: Photograph of Integrating Network
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APPENDIX 2. FREQUENCY RESPONSE DATA

The data used in slottlng the frequency response curves of figure

13, page 33, are presented below.

_presented to the output terminals of the Rogowski coil.

 a) Rogowski coil with matching network and signal cable

"R" denotes the impedance which is

'R = 1300 ohms

R = 1700 ohms

R = 2100 ohms

' ”Attenuation , Attenuatién*"i“ 4 Attemation
f (Mc/s) (Normalized) |f (Mc/s) (Normalized) |f(Mc/s) ~ (Normalized)

.05 1,00 .08 1,000 | .08 1.00
TN .5 1,00 .5 1.00

1 L7 1 100 | 1 1.00

3 ey 2 - 1.0 2 1,02
6 .78 b 1.00 L 1.06

9 <66 6 93 6 1.09
15 .5 8 .87 8 1.04
18 57 9 .83 10 .93
20 6 10 .80 - 12 .80
22 N 15 .63 15 .68
2l 87 20 .65 20 6l
26 1.16 25 .93 28 91
28 1.61 30 1.48 27 1.27
30 1,73 32 .52 30 1.92
B .9 35 .15 32 77
3k 2 Lo o - 35 2,00
36 o2l 37 1.13
Lo 0 4o o
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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 (O.S}qsec)
f (Mé/s) A('Egze-mn:iﬁgg) £ (Mc/s) ?ﬁiﬁ?ﬁl’i‘é%
.05 1.00 .05 1.00
5 .95 o5 : .97
1 95 1 97
L 95 2 97
6 .93 3 o7
8 8L L 092
10 .76 5 .80
15 .63 6 .70
18 061 7 .59
20 63 8 L9
25 .95 10 .38
30 1.26 15 012
32 oL0 - 20 .08
35 1.47 25 0
37 1.32
o] ‘ 0
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c) Freque_ncy Response of Integrator

E Attemuation x frequency (f)
f (Mc/s) -+ (Normalized)

s05 : 1.00
035 ) 1008
05- - 1007

1 1,07

N

1.09
1,15
1.20
1.27
1.31
1.37

- 1.09

AVl o =~ o it oW

093
i 10 .69

12 - . 0
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d)_Frequenqy‘Response of Rogowski coil with matching network
(R = 1700 ohms), signal cable, delay lines and integrator

Attermation x frequency (f)
f (Me/s) - (Normalized)
| ‘ Zero Delay Oagj{sec Deiay‘

005 1.00 1,00
.08 1.02 S1.02

ol 1,02 1.02.
.2 1,02 1.02

- 1,02 1.03
b 1,02 1.03
.8 1.02 1,03
1 1.02 1.03
2 1.bh 1.06
L 1.14 1.10
26 1.22 .92
8 092 53
10 52 26
L o 1é : 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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