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RECORDING ThffPtJLSE WAVES WITH TI 

DUFOUB CATHODE-RAY OSO ILLOGRAPH 

INTRODUCTION 

Each year the damage of electrical equipment 

due to lightning in the United States costs power coin- 

panies several million dollars. In an eÍ'rort to reduce 

this expense and to improve electrical service, light- 

ning research has been carried on for many years. 

During the period between 1914 and the early 

1920's, A. Duf our, a Frenchman, developed a cathode-ray 

oscillograph in which the photographic film could be ex- 

posed directly to the electron stream. In this period 

the first record of a single high-speed transient was 

taken. This device made possible the measurement of 

the wave form as well as the magnitude of the impulse 

wave. 

In 1924 the klydonograph, utilizing figures, dis- 

covered by Lichtenberg in 1777, was first used to 

record the magnitude, polarity and frequency of occur- 

ence of transient voltages on electrical systeni. This 

device made possible the collection of a large amount 

of data concerning lightning and other surges. These 

Lichtenberg figures did not tell a complete story, 
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however, because the crest value of voltage was recorded 

and very little information was given concerning the 

wave shape of the transient. 

During the year 1925 the lviarx circuit vas first 

used for charging impulse generators. This circuit 

makes it possible to charge the capacitors of an impulse 

generator in parallel and discharge them in series by 

using sphere gaps as high-speed switches. Utilizing this 

circuit, the impulse generator can be made much smaller 

for a given voltage and consequently, less expensive to 

construct. This development in impulse generator design 

made possible the accumulation of the impulse flashover 

ch&racteristics of the various kinds of power station and 

transxniss ion equipment. 

During this period, ïmprovements were made in 

cathode-ray osoillographs and circuits, and in 1925 the 

first oscillogram of natural lightning was obtained by 

Harold Norinder. No two lightning Impulses have the same 

characteristics; therefore, it is necessary to accumulate 

a large number of data to determine the range of the char- 

acteristics of natural lightning. 

Since 1920 a great deal of 'work has been done on 

natural lightning investigation as well as on the develop- 

ment of artificial lightning surges to simulate ntural 

lightning in testing electrical equipment. 
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Information concerning natura]. lightning is very 

valuable but difficult and expensive to obtain, requir- 

ing years of field work in its accumulation. i?or this 

reason, the electrical industry has resorted to the use 

of artificial lightning or impulse waves in the study o± 

the lightning characteristics of apparatus and circuits. 

his paper describes a method of coordinating the 

operation of the Du.foar cathode-ray oscillograph with the 

application of impulse voltage waves in impulse testing. 

IMPULSE TESTS 

Purpose of Tests 

Impulse tests are applied to apparatus to give rea- 

sonable demonstration that it will withstand the light- 

ning voltages to which it may be subjected in service. 

3qu.ipment Required for Testing 

The impulse testing euipment must be designed to 

give the reuired impulse wave for testing. Impulse 

generator circuits should, therefore, be such that the 

constants can be readily aetermined. he effect of 

the capacitance and inuuctance of the equipment to be 

tested mast be conidered and, if practical, the impulse 

generator should be designea so that t1ii effect can 



easily enter into the wave shape calculations. 
The apparatus under test should be located as close 

as possible to the testing equipment, since it is a well- 

Imown fact that if a long line is used, the impulse does 

not appear along the entire length in the same ngnitude 

or at the same time. The American Engineering and In- 

dustrial Standards recoinxends that the apparatus terminals, 

test gaps, and measuring equioment be within a rance of 

less tbn 150 clrôuit feet. 

Method f Applying Tests 

The following is taken from the American Engineering 

and Industrial Standards: "Constants of the surge gen- 

erator should be adjusted so that the specified wave shape 

is obtained with the transformer connected. After the 

proper adjustments for the transfonner under test are corn- 

pleted, changes in the test voltage can be made by vary- 

Ing the voltage applied to the surge generator, without 

additional demonstration in regard to wave shape. Should 

the voltage ap1ied to the trnsfoiier be changed by 

changing the constants of the circuit, it will be necessary 

of course, to demonstrate the wave shape and magnitude 

for the changed conditions." 

Time of Application 

"The impulse tests should 'be aìplied with the 
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transformer excited and with the impulse wave synchron- 

izeci at or wiihin 30 electrical degrees oI the crest of 

tb.e excitation voltage. he two voltage waves shall 

be of opposite polarity at the time of synchronization 

since this constitutes the most severo test condition." 

Type o1 Wave 

"A nominal l.b x 40 mic:'osecond positive wave shall 

be used and the full wave will be satisfactory if the 

time on the front from virtual time zero to the actual 

crest shall be within 0.5 to 2.5 microseconds and the 

tise on the point of haif-orost voltage shall be between 

40 and 50 microseconds from the virtual time zero." 

Classification of Wave Types 

The l.b x 40 microsecond wave does not give an 

indication of the ability of a transformer to iithstand 

steep waves resulting from direct strokes on or near 

its terminals. For this reason, two general types of 

waves have been adopted. 

Lon Wave Tests 

In 1933 the Â. J. E. E. implse test code vzas set 

up on the basis o the 1.5 x 40 osiive ful1 wave. '1ie 

measurement of the impulse test voltage was determined 



by a rod 'ap or test ap vith standardized spaoings ror 

the var1ois iow-frecjuene tests. inoe the standr.s 

were not too clearly definei, cjuite a discrepancy in test 

conditions arose among tus manufacturers. For th1s rea- 

son, during 1937 a corn:ittee or the Aiierican Standards 

Association recommended the impulse testìnt; of transformers 

using the 1.5 x 40 wave with the test levels expressed 

in ternis 01 volta:e. 

Front or :ave ests 

These are also rererrd to as "steep wavet' or 

'ohopped wavett tests. The wave is "choppedT' off soon 

after the maximum voltaje is reached so the duration 

is much shortened. The tchopping' is accomplished by 

means of a rod gap. Since the tise or application is 

much less, the voltac cn be much higher. This simulates 

more nearly the condition of a direet11ghtning stroke. 

The specificstions or this type or wave are difficult 

to define, since it appears that the wave front should 

be changed for ecuipment of difterent voltage ratings. 



NEED FOR A FAST,R2JIABLE INITIATING CIRCUIT 

Since 1933 it hs become standard practice to test 
i'er equipîent with both comolete imm1se and. "chopped" 

waves. Since the normal operating voltage on the equip- 

ment will increase the dielectric stressed ir the tim- 

Ing is sucìi that the Instantaneous polarities are 

opposite, this timing is a very importmnt factol'. The 

A. I. E. E. standards now call for the impulse to be 

applied within 30 electrical degrees of the crest of 

the 60-cycle voltaLe on the ejuip:.ent. This means 

that the alternating current voltage is at least 86.6 per 

cent of the peak value. 

The usual method of initiating an impulse requires 

the use of a three-electrode sphere gap. The spheres 

are adjusted so that the potential between each outide 
sphera and the middle one is not sufficient to cause 

spark-ove:. The potential of the middle sphere is held 

at a value which insures maintaining the above condi- 

tions. One method tat hes been used ror oangig the 

potential or tue nid11e sptiere of the three-electrode 

initiating gap is the use or a solenoid-operated high 

voltage switch. This switch caused the potential be- 

tween one outside sphere and the midäle sphere to be 

increased instantaneously above the maxirauiii dielectric 



strength of the air between the spheres causin. a flash- 

over bet?eeri these two Since the voltage drop 

of the discharge is very low, the greater oart of the 

total gap voltage appears between the niiddle sphere and 

the other outside sphere. This causes the other portion 

of the three electrode gap to fir and the breakdown of 

the three-electrode gap is completed. 

The tine of operation of the solenoid switch is 

controj..ied by means of an operating switch in series 

with a rotary switch driven by a synchronous motor. 

The time of initiation relative to the 60-cycle wave is 

selected by shifting the position of the brushes on the 

rotary swtich. The synchronous switch used in the 

laboratory consisted of two rotary sv:ltehes in series. 

The first wwitcii. consisted essentially of two segments 

rotatin 1300 r.p.m. ho brushes contacting these 

segments are adjustable so that contact can be niade at 

any point on the 30-cycle wave. !he other rotary 

switch has a single segment which otates at one-tenth 

the speed of the former, so that contact is .iade every 20 

electrical cycles. This gives thé operator ti::e to 

control the operating switch so that only one impulse 

will beinitiated and one oscillogram recorded. 
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TELORY OJ? OPER.T ION 0F I!H.E Ii!PTILS GNERTQR 

The iznpu.lse circuit is of the capacitance-inductance- 

resistance type, the fundamental circuit of which is 

shown in figure 1. Yrom the mathematical standpoint, this 

circuit contains two energy storage regions, i.e., the 

inductance and the capacitance. 

Â detailed derivation of the eouation for the 

instantaneous voltage across the resistance will not be 

given, but the fundamental method of approach will be 

indicated. 7hen the sphere gap in figure 1 is dis- 

charged, the sum of the instantaneous voltages is equal 

to zero. 

here: 

O Ri + L di 4 1 /idt 

R resistance in ohms 

C Capacitance in 

L : inductance in henries 

i z instantaneous current in amperes 

t = time in seconds 

.2he above differential equation is of the second 

order involving energy storage in two regions: the in- 

ductance and the capacitance. 1or the general case, the 

solution of the eivation for the instantaneous voltage 
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across the resistance is quite involved. h special form 

of this voltage equation applicable to the case of non- 

oscillatory impulse testing is as follows: 

)t )t 

e= -E J 

Where: 

e = instantaneous voltage across the 
resistance in volts 

base of natural logarithms 

t time in seconds 

= a constant of integration 

a constant R 
2L 

'13 a constant 7f2 
V4LE - 

initial voltage of capacitor 

In the laboratory the value of capacitance is 

generally fixed by the unite which are available there- 

fore, the resistance and inductance are so designed that 

the desired wave shape is obtained. ho resistance mast 

be as non-inauctive as possible. 

Sinceoc.and o are fixea for a given value of ca- 

pacitance and wave form, much calculating time will be 

saved if tables and carves coLnbiiea r or this purpose 
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are used. in determinin the values o: - ajd 1'3 . These 

data have been calnulated by J. R. Eaton and J. Pi 

Gebelein.4 oC andß are used in the above equations 

to simplify calouJ: tiens ±1 »re 2 illustrates, the 

fact that the impulso "iave is the resultant of Dvo 

exponential waves. If the circuit is to be non-oscilla- 
tory, the value oflf must be real, there- 

for, must be eiva1 to or reator than 4L 
C 

?PÀRA'itJ3 

Â detailed description of the apparatus used in 

each part or the circuit vill 'De included und.er separate 

headings. Only a general description of the eçuipnient 

will be given at this time. In general, the equipment 

is divided into five grous 

1. The impulse generator 

2. The cathode-ray oscillograph 

3. The anode-o hìJü voltage supply 

4. The sweep circuit 

5. The initiating circuit for the cathode-ray 

oscillograph and impulse generator. 
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Th.. u1se Generator 

The impulse generator is of the resistance-inductance- 
capacitance type. The &citors are charged in parallel 
by means of a h1h voltae transrormer and a kei iCC 

tiiler. This euinent is shovn in the foreground of 
Fiure 3; the capacitors ae on the special rack to 
the left of the main table. The capacitors are discharged 
in series throuh an inductance and a resistance by means 
of a Ma ireuit. The oaplete wiring diarani of this 
circuit is shown In Fiu 4. 

he capacitors C1, C, C, and. C4, in the impulse 
generator were 3iiar.d in series parallel through the 
resistances R, R2 R3, and n4, by rreans o the 50 kv 
kenotron K1. The resistance R5 and the sphere gap G3 

we:e used to protect the kenotron. The primary voltaLe 
on the hih volta,.e transformer T1, was regulated by 
meens of the induction regulator T2. 

The resistances R and R,7 were ludie ink lines on 

drawing paper. Their function was to hold the middle 
sphere of the initiating gap G1 at Liü-potential until ai 
ftpulse was desired. 

Then this middle sphere was shifted electrically by 

a voltage front the cathode circuit (described later) this 
entire gap breaks down causing the full impulse voltage 
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to appear across the sphere gap G2 , so that the capaci- 

tors discharge the impulse current through the inductance 

L1 in FIgure 4 and the resistance R21 in Figure 7. The 

impulse voltage then appears across R21. 

The Ose illograph 

TIie cathode-ray oscillograph used is a General Electric 

model 11G-2. Being of the Dufour type, the photographic 

filin is introduced into the vacuum chamber. The eledtron 

beam is supplied from a cold cathode and the oscillograph 

is designed to operate with approximately 50,000 volts 

anode-cathode potential. It is equipped with two pairs 

of electrostatic defl&etion plates at right angles to 

each other and a magnetic sweep coil, for use when a 

magnetic sweep is desired. 

The vacuum in the oscillograph bell is maintained 

by a rotary backing pump used in conjunction with a 

condensation pump using aplezon oil. The vacuum is 

measured by means of a thermocouple-type gage. 

Also incorporated in the oscillograph unit is a 

high voltage variable frequency oscillator used for 

determining the tL :e scale of the oscillograms. The 

cathode-ray oscillograph Is shown in the foreground of 

Figure 5. The oscillator control panel Is visible 

just below the top of the oscillograph table. The 



Figure 3. View of Apparatus Showing High-Voltage Transformer, Keno- 
tron, and Other Elements Composing the Impulse Generator. H 
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Pigure 5. View of Apparatus Showing the Cathode- 
Ray Uscillograph in the Foreground. H 



CATHODE CIRCUIT 

Figure 6 
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rotary vacuum pump is mounted on a separate truck to- 

aether with a synchronous switch that makes it possible 

to syiehronize the impulse test-voltage and the oscil- 

lograph with the 60-cycle voltage impressed pon the 

apparatus being tested. 

The Cathode Circuit 
The osoillograph was originally designee to operate 

from a high-voltage transfornier excited by means of a 

synchronous switch to control the polarity and durat4Q 

of the anod-oathode voltage. This limited the use of 

the equipment to 4ienomena which could be initiated when 

the cathode voltae reached its peak value. Because of 

this limitation, a direct current voltae supply was 

designed to rlace the alternating current source. The 

complete wiring diagram of the anode-cathode circuit is 

shown in Figure 6. The details of operation will be 

more fully described later. 

The sweep Circuit 

The voitae for the oscillograph electrostatic sweep 

plate.s is obtained from the cathode supply circuit b 

means of a rs.jstance voltage divider. The sweep plates 

were connected in parallel with a capacitor which is 

charged throngh a athurated series kenotron. The wiring 

diagram for this circuit is shown in FIgure 7. This 



SWEEP CIRCUIT 

'igure 
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equipment Is shovn in Fiiire 8 on the left end of the 

main table. A more complete description of the oper- 

ation of this circuit will be given later. 

The Initiating Circuit 

The initiating circuit is incorporated as pert 

of the cathode circuit shown In Figure 6. When the cir 

cult is to be initiated, the switch across the grid 

bias battery of' the triode K4 is closed causing this 

tube to conduct. This unbalences the three-electrode 

gap G4 causing it to spark-over and. thus discharge the 

capacitors 5 C, and C7. The cathode voltage then 

appears across the resistors R18_19. This same 

voltage appears between the anode and the cathode of 

the oscillograph. The sweep voltage appears at the 

same time, since its voltage is taken off of the 

cathod supply. The impulse circuit is fired a few 

microseconds later by charging the capacitors C8 and 

and C9 through the resistor R17. This unbalanoes 

the three-electrode gap G1 in Figure 4 causing the 

impulse circuit to discharge. 



Figure 8. View of Apparatus Showing the Sweep Circuit, Cathode 
Supply Kenotrons, and Rear of the Oscillograph. 
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DESIGN OP THE 1PLRATTS 
USED Ii THE LJBORT0RY 

Desii oi the Imu1se Generator 

For the design o± the impulse generator used Íor 

the tests herein described, the equation or the cur- 

rent rather thsn the voltage was used. The desired 

wave was a standard 1.5 x 40 microsecond impulse. The 

general equation ior t1e instantaneous value oí current 

using the capacitance-reistance-inducince circuit 

ras derived and ±ounö. to be: 

where: 

j: 
l(e 2f- :i:) (I) 

j: the instantaneous viue o1 current in amperes. 

t z the tine in seconds. 

the initial value oí voltage across the 

capacitors. 

: the base of natural logarithms 

R the resistance in ohms 

L z the inductance in henries 

C z the capacitance in farads 

E z -11r;2_ 

(2) 
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Equation )l) may be Siín1ified by expressing it 

in the hyperbolic form which is as follows: 

- 

# E sinh! (3) 

For the following equations, the time required 

for the current to reach maximum value will be signi- 

fled by t1 and the time required for the current to 

reach one-half value will be signified by t2. In 

this case 

t 1.5 microseconds 

t2 40 microseconds 

Equation (1) is differentiated with respect to t 

and the derivative is set equal to zero. The resulting 

eouation is simplified by replacing the indicated values 

by B (Equation 2.) giving the final form 

E L C(R B)2 (4) 

Since the magnitude of the current at time t2 is 

one-half the magnitude of the curreiat at time t1, the 

expressions for this value o± current given in quatioi: 

(3) may be set equal to each other: 
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-Rt -Rt 

I - sinh Bt - 2 Sinh Bt (5) 
. -- I. 

where: 

= the crest value of current 

Neglecting the values o± E , in equation 5, when raised 

to large negative powers and taking the natural iogi- 

rithrns of both sides of the eauation, it is rediced to 

the following form: 

R - B = log0 2 18,026 (6) 
2L t2-t1 

Since C is fixed and equal to 0.125 x iO6 farads, 

therefore: 

R18,026L443.8 (7) 

BJ25L2_16L0.197x103 (8) 

Trial solutions of equation (4) using the fixed 

value of capacitance, letting L equal various values 

and substituting equations (7) and (8) finally resulted 

in a equality. This indicated that the proper values 

of L and R had been determined. These values were: 

L = 1.254 x henrios 

R 446.3 ohms 

An inductance and resistance of these resective 
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values were constructed in the laboratory and the com- 

plete impulse generator as shown in figure 4 was 

assembled. 

DESIGN OF THE idODE-CATH0DE VOLTAGE SUPPLY 

The anode-cathode voltage sujly must be designed 

to fill the following requirements: 

1. The voltage must be approximately 50 kv. 

2. The positive side must be grounded. 

3. The voltage must reach the maximum value one 

or two microseconds after the initiating gap 

discharges. 

4. The voltage must be essentially constant for 

the duration of the transient 

Because of the limitations of the alternating 

current method of supiy, previously described, a dir- 

ect current source was designed. The circuit used is 

shown on figure 6. Since the wave form the rectifier 

output was not important, the half-wave system of recti- 

fication was used. Vith this t3rpe of circuit, the 

rectifier tube is subjected to a peak inverse voltage 

durin the non-conducting hslf-cycle which is approxi- 

mately twice the direct current voltage output. Since 

the anode-cathode potential must be approximately 



27 

50kv, the rectifier tube would be su.bjected to 100 

kv peak inverse voltage during the non-conducting 

half-cycle. The kenotrons available for this circuit 

were rated at 50 kv peak inverse voltage, so it was 

neceEsary to use two in series. 
Referring to fiires 6 anö. 7, the kenotrons Y2 

and K. rectify the secondary voltage of the trans- 
t) 

±orrner T5 and charge the capacitors C5, C,., and C7 

through the resistors R, R11, and R1819. This 

circuit arrangement charges the capacitors to 50 kv. 

When the potential of the middle sphere of the three- 

electrode sphere gapG4 is chaziged by means of the 

initiating circuit, the entire gap flashes over and 

grounds the positive terminal of the capacitor 

his raises the voltage of the cthod of the oscillo- 

gra)h shown in Figure 7 to a negative potential of 

50 kv above ground. 

The voltage on the cathods rises extrere1y 

rapidly when the initiating gap flashes over because 

the values of the capacitances C8 and C9 are rela- 

tively low. 



Then the anode-cathode circuit is energized, the 

current from the capacitors C, C,, and C divides and 
b 7 

flows into three principal circuits, namely: 

1. To the cathode-ray tube. 

2. To the capacitors C8 and 09 which constitute 

the voltage divider for initiating the impulse 

circuit. 

3. To the resistors R18 and that constitute a 

voltage divider from which the eode-cathod.e 

voltage nd the sweep voltage are obtained. 

The current drawn by each circuit may be calcu- 

lated, but since the greater part of the current flows 

through the resistors R18 and. R19, the other circuits 

may be iaore. for approximate calculations. 

The voltage 0± the capacitor at ay time t after 

the initiating gap G4 discharges is given by the follow- 

ing equation: 
t 

a0 = - 

Where: 

e0 : the instantaneous voltaae across the capa- 

in volts t any time t 

E the initial voltage across the capacitor. 
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in volts 

C the base o:f natural logariths 

t the time in seconds 

R the circuit resistance in ohms 

C = the capacitance in farads 

Assuming a sweeping time of 500 microseconds, the 

ratio of the final voltage to the initial voltage was 

calculated as shown below. 

t 0.0005 seconds 

100,000 ohms 

C 0.000000166 farads 

t - 0.0005 - 0.0301 
RC. - [1000,000) (0.000000166) - 

0 .0301 
e 
o 

log10 
= 0.0301 = 0.0131 

00 2.30 

E0 
= 1.03 

00 

e0 
- 0.972 

-ç- 
These calculations reveal the fact that, for sweep 
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speeds ordinarily used with the osoillograph, the 

cathode voltage does not drop appreciably during 

the transient, and. therefore the calibration will 

remain constant. 

Design of the Initiating Circuit 

The initiating circuit is so designed that the 

three-electrode sphere gap G4, figare 6, will spark 

over when the potential of the middle sphere is changed 

materially. The potential of this gap is held at about 

7 kv above ground by adjusting the grid bias of the 

high voltage triode K4. 

To initiate the anode-cathode circuit, the grid 

bias is suddenly removed by Ehorting its voltage supply 

through the resistance R1. The tube then conducts 

causing a current to flow through the resistance R13. 

Since the voltage drop across this resistor is now 

nrich greater than the drop: acros the tube, practically 

the entire 50 kv appears Ìetween the upper spheres. 

This gap is adjusted for 40 kv so breakdown occurs. 

The arc has a very low resistance so the entire voltage 

occurs between the middle sphere and ground causing 

this portion o± the gap to break down :als. For 
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practical purposes, both gaps treak down at the sme 

time csusing the voltae to appear across the resis- 

tance R1810 or from the cathode to round. 

1VUTHODS OF OBTAINING HORIZONTAL WE 

The electron stream may te swept horizontally 

either by use of the magnetic sweep coil or by means 

of a direct volta,L:;e on the vertical deflection plates. 

Magnetic Sweep 

The magnetic sweep coil creates a flux in a 

vertical direction at riait angles to the electron 

stream. This fluc acts ith the magnetic field 

around the electron stream causing the latter to be 

deflected horiontaliy. The magnetic sweep coil is 

connected in series with a variable reactance coil to 

the source of alternating current. Due to the high 

rectancè of both u:its, tue current lass the impressed 

voltage by practically 90 degrees. The initiating 

circuit is tiLec. by means of the rotary switch so that 

the entire circuit is charged when the instantaneous 

value ol voltage is zero. The speed of sweep is con- 

trolled by changing the taps on the reactance coil. 
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It was fount that the magnetic coil caused a 

decided elfect u on the ±ocus of the electron beam. 

t speed. of a1out 300 microseconds or the cornjlete 

sweej, the focus of the beam was not noticeably changed. 

.bove this speed, however, the beam diverged greLtly. 

decrease in pressure in the osci11oraph chamber 

he1ei very little, because the team became spotty 

snd finally disappeared. entirely when swept at the 

hiher speeds. hese conditions seemed to indicate 

that the cathode voltage sho:ld be increased. This 

helped conderably, but the voltage was limited by 

the rating of the cathode ìly equipment. It was 

also noticed that the magnetic sweep coil tended to 

cause the electron beam to be deflected upward on the 

intensifying screen. This is probably due to the 

fact that the core upon which the coil was wound had 

a yoke which was near one side only cl the deflector 

tube. This probably also affects the bern focus. 

It may be concluded that, while the magnetic 

sweep is simple and. reliable, its use is better adap- 

ted to transients of not less then 300 microsecond 

durat ion. 



The Use of the :lectrostatic Sweep Plates. 

In general, the change in potential requireö. 

to caase the electrostatic horizontal sweep of the 

electron stream is obtained by charging a capacitor 

through a resistance. The general equation for the 

voltage across the capacitance at any time t is 

where 

t 
CR 

e0 E0(l - 

e0 = the instantaneous voltage across the 

capacitance at any time t in volts. 
EØ : the total voltage across the capacitnce 

and the resistance in volts. 

E : the base of natural logritbxns. 

t : the elapsea tiïe in seconds. 

C : the capacitance in farads. 
P : the resistance in ohms. 

If the resistance remains constant during the 

charging proceLs, the sweep will logarithmetic in 

nature. This .ill tend to spread out the front of 

the wave and con1reEs the tail, a condition which is 

desirable for some studies. 'aless the ave is care- 

fully interpreted, however, this distortion will tend 

to give a inaccurate picture of the true phenomena. 
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For this reason, the resistance was replaced bi,r a 

kenotron wiich acted as a constant current device and 

made the sweep practically a linear function of time. 

The kenotron K5 in the swee circuit fi*ure 7 

has two distinct functions: 

1. s a constant current device causin« 

linear sweep. 

2. Ls a unilateral impedance which preve:ts 

the electron bea:L. from making s return 

trace. 

The kenotron tube acts as a constant current 

device when the filament temerature is constant and 

the plate voltage is between certain limits. The 

current flow is limited by the numìer of electrons 

driven out of the surface of the filament due to its 

temperature. The plate voltage mast exceed certain 

minimum vs lue but nnist not be so high thLt electrons 

are drawn out Of the filament by a process similar 

to cold cathode emission. This was accomplished by 

means of the resistance voltage divider R1819. This 

divider was so adjusted that the total voltage across 

the kenotron K5 and the capacitor C0 was approximately 
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10 kv. curve showin the saturation plate current 

o± the kenotron as a function o± filimont current 

is given o figure 9. 

The gap C-5 is a needle gp which causes the 

cathode voltage to decay after the beari has swept 

across the film. The slow action of the needle gap 

c&uses the required delay so that the comlete sweep 

re suit s. 

Since the kenotron Y passes current in one 

direction only, the potential on the s.eep plates 

is maintained after the gap C-5 has sparked over. 

This prevents the beam from making a returi trace 

across the film. 

The resistance R2 is for the purpose of stabil- 

izin the circuit nd holding the sweep plates at 

zero potential until the sweep voltage is aplied. 

The ohmic value of tnis resistance should be as low 

as possible to decrease the effect of coupling with 

other circuits, ut it is limited by the maximara 

value of current which CLfl be passed Uy the keno- 

tron K5. 

The speed of sweep is controlled by adjusting 

the kenotron filament current by means of the rheostat 

R22, the values of the resistence R27 and the capacitor 
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C10 being constant. 

Calculation of Value of 'aacitance of the Sweep 

Circuit Capacitor. 

Using the swee circuit shown in figure 7, 

the quanity of electricity, Q,, in coulombs necessary 

to supply the reuired deflection voltage is given 

by the eçuation 

where 

Q Ce 

Q, the cuanity of electricity in coulombs. 

C = the capacitance in farads. 

e = the voltage across the capacitance in volts. 

If the current is constant, this quanity of electri- 

city in coulombs is also given by the ecuation 

where 

: It 

: the quaxiity of electricity in coulombs. 

I : the current in amperes. 

t the charging time in seconds. 

The current is limited by the filament emission of 

the kenotron in series with the cpacitance. The two 

above equations may be combined, since the value of 
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( is the sanie in either case. 

Ce : It 
This eauation gives a very simple means of cal- 

culatin, the value o± capacitance used. in the circuit. 
Lieasurements made usingseparate direct voltage source, 

showeö. that with 50 kv anode-catñode 'otentia1 ap- 

proximately 2,000 volts is necessary to cause the 

electror stream to sweep the entire width of the film. 
Since a 1.5 x 0 microsecond wave was to be photo- 

grphed, it was concluded that the duration of the 

sweeo should be aroximately 50 microseconds. 

To determine the value of current the curve 

shown on figure 9 was used. Iecause of the steepness 
of the curve at high values of filament current, the 

operation of the circuit is not consistant in this 
region. If an extremely low value is used, however, 

the sweep circuit tended. to oscillate due to coupling 
with the other circuits, It was found that the plate 
current should be approximately 30 milliamperes when 

a General Electric FP-85 kenotron is used. The follow- 

ing calculations were made on this basis: 
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C = It 
e 

C = 0.00 x O x iü° 0.0u075 x lO farads 
2000 

C = 0.00075 microf&rads 

DISCUSSIOI OF OSCILLOGRMS 

For the first tests, the ecuipment was operated 

using the circuits as shown in the wiring diagrams 

of figures 4, 5, and 7 with the exceptio'. that the 

capacitors C8_9 and the resistor R17 were omitted. 

The middle sphere of the three-electrode s here gap 

was connected to the common terminal of the resistors 

R18 and R19. 7ith this arrangement, the impulse 

wave nd zero line shown on the oscillogram of figare 

lu were taken. This oscillograr was unsatisfactory 

due to the spurious d.efleotions oC the beam on the 

front of the impulse wave. 

To investigate the causes of these diflections, 

the photograph shown on figure 11 was taken o the 

c&thoue spot with one deflecting plate of eacn pair 

grounded and with the other two plates left connected 

in the circuit but ungrounded. The impulse end sweep 
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circuits were not energized. The photograuh shown 

on figure 12 was taken of the cathode spot with 1 

four deflecting wlates grounded. study of these 

photographs seemed to indicate th.t the spurious 

deflections were caused by capacitive coupling 0±' 

both the swee circuit d the impulse measuring 

circuit with the anode-cathode poly circuit. To 

remedy this trouble, the following methods of attack 

presented themselves: 

1. Decreasing the steepness 0±' the wave front 

o± the anode-cathode voltage. 

2. Ung more adequate electrostatic shielding 
of the circuits. 

3. Decreasing the impedance across each psir 

of deflecting plates. 

4. Delaying the initiation of the impulse 

circuit until after the ode-cathode sapply 

circuit became more stable. 

The steepness of the wave front of the anode- 

cathode voltage was decreased by inserting' the capaci- 

tora C8 and C9 directly between the cathode terminal 

and ground. lso the leads to the deflecting plates 
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were shielded with & grounded. netallic sheaths. The 

oscillogram o± the impulse wave and zero line shown 

on figu.re 13 was tsken after these changes were made. 

It will be noticed that the spurious deflections 

are materially decreased in magnitude but still exist. 

The beam is badly out of focus ori the front half of 

the wave due to the fact that the anode-cathode volta:e 

was started from zero an increased to maximum value. 

Durin: this transient period the electron velocity 

was not sufficient to prevent the electrois from 

diverin. 

The resistance R21 across the vertical deflect- 

ion plates could not be changed without altering the 

wave shape of the impulse generator or decreasing the 

deflection voltage, consequently a change in this 

resistance was not attempted. 

Because of the fact that the sweep current was 

limited in magnitude by the maximum current rating of 

the Kenotron K5, the value of the capacitor C10 can 

not be higher than approximately 0.001 microfareds 

if the time for the complete sweep is to be 50 micro- 

seconds. The value of the resistor R23 was decreased 

from lOO megohms to 0.50 megohms. If the resistance 
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were lowered below this value, the current drawn by 

this uuit would become an appreciable part of the 

total sweep current and the sweep time would be in- 

creased. 

To delay the application of the impulse wave 

until after the cathode voltage becomes stable, the 

resistor R17 was placed in the circuit. This resis- 

tance is 15,0CC) ohms, giving a delay of approximately 

10 microseconds The impulse wave shown on figure 

14 was taken with this delay resistance in the circuit. 

For each sweep speed used a time axis cali- 

bration oscillogram 

vertical deflection 

lator which was set 

other circuit const 

sweep is a finction 

timing wave taken 

lb. 

was taken by coinecting the 

plates to the high-voltage oscil- 

at a known frequency. if' the 

ants are unchanged, the tire o± 

of the kenotron filament current. 

in this manner is shown on figure 



CONCLUS IONS 
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CONCLUSIONS 

1. The anode-ea.thod.e voltage of the Dufour cathode- 

ray oscillograph hou1d be at least 50 kv for the 

photography of high speed transient phenomena. 

2. Using an anode-cathode voltage of 50 kv on the 

Dufour cathode-ray oscillograph, a voltage of approx- 

imately 2,000 volts is necessary for a complete sweep 

in either a vertical or a horizontal direction. 

3. If the anode-cathode voltage of the Dufoiir cathode- 

ray oscillograph is 50 kv, the pressure in the vacuum 

chamber should be from 5 to 10 microns for best oper- 

ation. 

4. If the vacuum in the vacuam chamber of the Dufour 

cathode-ruy oscillograph is too low, the electron beam 

diverges; if the vacaum is too high, the electron beam 

becomes spotty. 

5. The anode-cathode voltage of the Duour cathode- 

ray oscillograph should not vary more than 5, during the 

transient or the calibration will be materially changed. 

6. Spurious deflections during the front of the impulse 

wave on an oscillogram may be decreased by: 

(a) Decreasing the steepness of the wave front 

of the anode-cathode voltage. 
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(b) Proper shielding of all circuits. 

(e) Decreasing the impedances across the de- 

fleetion plates. 

These spu.riou.s deflections may be removed from the 

impulse wave by delaying the initiation of the impulse 

circuit. 

7. Conductors used in high voltage circuits should be 

of ample size to prevent corona discharges. 

8. Carboruridum resistors should not be used in circuits 

inwhich the resistances must be constant since these 

units have a decided negative volt-ampere characteristic. 

9. 1?Jater tube resistors are very satisfactory for use 

in high voltage circuits. 

10. Transformers used in high voltage work should be 

protected against high transient currents by means of 

adequate resistors or reactors. 
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