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Surge Voltage Breakdown of Air In a 
Nonuniform Field 
1. H. Fark and H. N. Cones 

The discharge and breakdown phenomena in air when a surge vol tage is applied to 
sphere-pla ne elect rodes were investigated. A st eeply rising surge of 145 ki lovol ts peak 
vaLu e was applied to the plane placed 86 centimeters above t h e laboratory floor . A 1.6-
cen t imeter di a meter sphere, mounted an adjust a ble dist ance below the plane, was connected 
to ground through the surge impedance of a coaxial ca ble. Experimental dat a consist ed 
of oscillogra ms of th e current to the sphere and pictures of the discharge between the elec­
trod es. A method for chopping the applied voltage surge at an accura tely con trollable 
time was used to study the discharge at gap spacings for which a full-wave appli ed surge 
would ca use breakdown. 

Complete breakdown did not occur for gap spacings greater t ha n 28 cent imet ers, 
sphere positive. or 20 cen t imeters, sphere negative. But at ga p spacings Lip t o 56 cent i­
meters, sphere posit ive, a nd 46 cent imeters, sphere negative, discha rge streamers (corona) 
did develop from t he sphere and t hey were accompanied by shor t pulses of current to t he 
sphere. At gap sp acings near those giving breakdown. t hese ini t ial streamers spa n the gap 
wit h out yie lding breakdown. Measured speeds of form ation of t hese ini tia l streamers 
were found to be 500 cent imeters per mi crosecond for t he sphere negative and 800 cent i­
meters per microsecond for t he sphere posit ive. 

For shorter gap spacings the discharge leading to bread own is illustrated by t he data 
obtained wi t h the appJied voltage chopped . Bright conducting channels d evelop between 
the sphere and plane. At t he sa me time t he current Lo t he sphere starts t o rise again 
fa irly slowly at first and t hen at an increasing rate up to breakd own . The mechanism 
leading to breakdown is n ot t he same for t he sphere negati ve as for t he sphere posit ive, and 
it is differen t for very shor t gaps which corresp ond t o high overvoltage. An attempt is 
mad e t o explain how t he ini t ia l streamers form and how t he cha nnels leading t o breakdown 
develop . 

1. Introduction 

Electrical breakdown in air has been extensively 
studied by a large number of investigators and the 
many papers and books already published on this 
subj ect have contributed gr eatly toward an under­
standing of the mechanism of breakdown. The 
parameters most likely to affec t breakdown mecha­
nism are (1 ) gas pressure, (2) size, shape, and sepa­
ration of electrod es, and (3) waveform of the applied 
voltage. N o single simple theory can be expected 
to explain breakdown of a gas under all possible 
experimental conditions. The original Townsend 
theory with some modifications [1,2]1 is well estab­
lished as giving the breakdown mechanism of gases 
at pressUTes much below atmospheric, and in some 
recent theoretical analyses [3,4] the Townsend theory 
is extended to include breakdown at amospheric 
pressures. However, the streamer theory of Loeb 
and M eek [5] or some modification of it appears 
most likely to account for the short formative time 
lags experienced in uniform field breakdown at at­
mospheric pressure. Breakdown studies at high 
frequencies appear to require an entirely different 
theory Lo adequately explain th e results, and a theory 
that seems adequate has been proposed [6 ,7,8]. 

The theories r eferred to above are based mainly 
on uniform field breakdown, largely because this has 
seemed the simpler case. For the same reason, most 
of the experimental data already published have 
been for gaps giving a uniform or nearly uniform 

1 Figures in brackets indicate the li terature references at the end of this paper 

field. At the higher voltages almost all of these 
data have been obtained wi th sph ere gaps because 
such gaps are used as primary reference standards 
in the field of high voltage measurements. For the 
design of high voltage electrical equipmen t and in 
the developmen t of methods for measurin g steeply 
rising voltage surges, a knowledge of just how 
breakdown occurs when a voltage is suddenly ap­
plied to electrodes producing a nonuniform field is 
of primary importance. R esults ob tained by N orin­
del' and others [9,10,11 ,] 2,13] indicate that the 
mechanism of breakdown for nonuniform field gaps 
is quite different from that for uniform field gaps. 
The work described in this paper was undertaken in 
order to gain a better understanding of the mecha­
nism of breakdown for nonuniform fields. 

2. Scope of the Experimental Work 

The present work is limited to discharge phe­
nomena and breakdown in au', under the usuallabora­
tory conditions of pressure and humidity, when volt­
age is suddenly applied and the electrode geometry 
is such that a nonuniform electric fi eld is produced 
in the gap. The laboratory floor which has a 
grounded metal grid imbedded in its SUTface was used 
as a semi-infinite ground plane. The upp er or high­
voltage electrode consisted of a large cu'eular plan e, 
84 em (33 in.) in diameter, made of an aluminum 
alloy, placed 86.4 cm (34 in .) above and parallel to 
the ground plane. Th e ground electrode was a 
1.6-cm (%-in.) diameter sphere mounted at the end 
of a conductor centered inside a 0.635-em (X-in.) 
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diameter metal tube and insulated from it. The 
sphere was located at an adjustable distance L 
beneath the center of the high-voltage plane elec­
trode as indicated schematically in figure l. A metal­
covere? trench in the fI<?Ol' permitted the sphere 
mountmg tube to extend mto the trench thl'ouo'h a 
hole in the covel'. The tube was grounded at the 
metal trench cover, and in the trench below its covel' 
the tube and its center conductor were connected to ~ 
coaxial cable. This cable ran in the trench to a 
cathode ray oscillograph (eRO) where it was termi­
nated by its characteristic impedance of 50 ohms. 
Thus the sphere was "in effect" connected directly 
to ground thl'ough a 50-ohm r esistance and any 
current from the sphere to the high-voltage plane 
electrode could be measured by the IR drop it pro­
duced at the oscillograph. In addition to permitting 
an accurate measw'ement of prebreakdown current 
between the sphere and the plane when voltage is 
suddenly applied to tllP plane, this electrode arrange­
ment 2 also makes it possible to compute the initial 
electric field at various distances from the sphere 
toward the plan.e (see the appendix for a summary of 
such computatlOns). The voltage gradient is of 
~our~e ~aximum at.the s~rface of the sphere, allow­
mg slgmficant polanty effects to be studied. 

The main purpose of the present investigation was 
to obtain data indicating the mechanism of break­
down. A study of discharge phenomena could bp 
approached in two ways: (1) by holding the peak 
voltage of the applied surge constant and changing 
the gap spacing or. (2) by holding the gap spacing 
constant and changmg the peak voltage. Since it is 
experimentally quite troublesome to · maintain the 
same rise time for various values of peak voltage, 
method (1) above was used. Voltage surges of fairly 
short duration and of the following wave shapes were 
applied to the gap: (1) a surge that rose to a peak 
valu~ of 145 lev in about 0.07 J.Lsec (as rapidly as 
posslble with the setup used) and maintained this 
peak valu~ fairly constant, gradually decreasing to 
half value m about 100 J.Lsec (designated as 0.07 X 100 
145-kv surge) ; (2) a surge similar to (1) except that 
it rose to peak value in about 1 J.Lsec (designated as 
1 X 100, 145-kv surge); (3) surges similar to either 
(1) or (2) except that the voltage was chopped off at. 
various times after reaching peak value (designated 
as 0.07 X tc, 145-kv or 1 X t" 145-kv surge). 

The sphere-plane electrode system was enclosed 
in a light-tight fiberboard box 3 ~ by 3 by 10 ft 
(106 X 9I X 305 cm). A 35-mm camera with an f/ l.9 
coated lens was placed inside this enclosure at a dis­
tance of 30 in. (76 cm) from the gap for taking 
photographic records of the discharge between elec­
trodes. This box also provided shielding for the 
test gap against any extraneous radiation. The 
effect of an increased ion and electron density at the 
gap before applying voltage was determined by 
placing a radioactive source near the sphere elec­
trode. 

2 The idea of puttiug high voltage on the plane electrode and grounding the 
smaller electrode through a resistance so that current could be measured was also 
used by Saxe and Meek [13] in their recent work on this subject. The present 
paper was completed but not published at the time the Saxe and Meek paper was 
published. 
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FIGURE 1. Schematic diagTam of sphere-plane electrodes 
showmg the voltage supply and measuring circuits 

At the two pOints marked "CV," one p osit ive and the other n egative, JOO-k v 
chargmg voltages were Introdueed_ C, =,3 "f, lOO-kv capacitor. R o = 3,OOO 
ohms. R,=2,500 ohms. R.= 165 ohms. Cp = 0.003"f ca pacitor. R3= 500 ohms 
R,=40,000 ohms. 0 , =0.002"f capaci tor . RIf ' and R LS form voltage divider .. 

3. Experimental Setup and Procedure 
The arrangement of the sphere-plane electrodes is 

shown schematically in figure 1. The divider for 
measuring the .voltage applied to the plane is also 
shown. The hIgh voltage part of this divider con­
sists of a I,OOO-ohm noninductive wire wound 
resistor, RHS , placed vertically to the floor at about 
2 ft from the edge of the plane electrode. The 
divider low side, R L S , is a specially constructed 5-ohm 
noninductive resistor, arranged to produce minimum 
inductive effects from ground currents when it is 
connected to the coaxial c~ble to the ~RO. A high­
voltage cold-cathode oscillograph With beam in­
tensification [14] was used to record the voltaO'e 
waveform and to measure peak values. By connecti~g 
the CRO cable at (2) in figure 1 the same oscillograph 
was used to obtain a record of prebreakdown current. 
~his. arrangement of . electrodes and measuring 
ClrcUlts was used throughout our experiments. 

The circuit. us~d for producing the surge voltage 
~illd for applymg I t to the plane-sphere gap is shown 
m figure 1 at the left. Capacitors, C, are 2 units 
from a 20-unit 2,000-kv surge voltage generator. 
They are each charged to 100 kv by the full-wave 
ken.o~ron rectifier of the surge voltage generator, one 
posltlve and the other negative with respect to 
ground. By applying a tripping pulse to the middle 
ball of the three-ball gap, the two capacitors C 
are connected in series to the discharge circuit.' T~ 
obtai~ a full-wave. voltage. surge at the test gap, 
choppmg gap (1) IS set wlde and (2) is shorted. 
!,hus the two c~pacitors, Cs in series, start discharg­
mg throu~h Rl 111 paraDel with R s and Cp in series. 
If gap D IS shorted, the slowly rising voltage surge 
(1 X 100, 145-kv surge) is applied to the plane­
sphere gap. To obtain the fast-rising surge (0.07X 
lOq, 145-kv surge), gap D is set at 5-cm spacing. 
Thl~ k~eps the vo.l~age off . the plane-sphere gap 
durmg ltS slowly I'lsmg portlOn. The oscillograph 
records reproduced in figures 2 and 3 show the wave­
form of the steeply and slowly rising voltage surges 
respectively. Details of the wave front are show~ 
by the records obtained using a fast sweep. 
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FIGU R E 2. Oscillograms of 0.07 X 100, 145-kv voltage surge. 
A , Slow sweep showing wave tai l; H, fast sweep showin g wave front. 

The chopping gaps (1 ) and (2) Logether with R l , 

R z, R 3, and C1 are used to chop the vol tage applied 
to the plane electrode at a definite time after it is 
applied. This chopping circuit is similar to one 
described by G . H . Johnso n [15]. As noted from 
the values of circuit constants given in figure 1, the 
time constant R s C ll is about 0. 5 jlsec and the time 
constant (R 1 + R S) C1 is about 5 jlsec. Thus gap D 
fires very SOOIl after the supply circuit is triggered 
and this puts vol tage on the plane electrode. At 
t he same time the voltage across chopping gap (2) 
begins to rise, and by adj usting gap (2) it can be 
set to fire from 1 to 6 jlsec after voltage is applied to 
the plane electrode. Before chopping gap (2) fires, 
t he two halls of chopping gap (1) have voltages of the 
sanie polarity applied to them ; thus gap (1) will no t 
fire. But when gap (2) fir es, the full voltage applied 
to the plane will appear across gap (1) and it will 
fire, thus chopping the supply voltage. 

The procedure consisted, in general, of choosing 
a parti cular wave shape and polarity and then 
obtaining (1) CRO records of the sphere current 
and (2) photographs of the discharge beLween sphere 
and plane, for various values of gap spacing L. At 
values of L for which the full voltage wave would 
cause complete breakdown between the sphere and 
plane, a series of pictures and CRO records of cur­
rent were also taken wi th the applied voltages 
chopped at various times before complete breakdown. 

R ecord s of ligh t outpu t from the prebreakdown 
discharge were also obtain ed in some cases by using 
a photomultipli er tube and a high-speed oscilloscope 
with amplifier . Th e variations in light output 
followed the same pattern as the records of current 
to the sphere, bu t because this scheme is much more 
subject to extraneous pickup and calibration errors, 
the CUlTent records are considered to be more 
significan t . 
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FIe URE 3. Oscillograms oj 1 X 100, 145-kv voltage sUTge. 
A, Slow sweep show ing wave tail. B , Past sweep showing wave front. 

4. Experimental Results 

4 .1. Full·Wave 145·kv Surge 

Sets of da ta were obtained under four different 
condi tions of applied voltage: (1) s teeply I'lsmg 
surge (,07 X 100), sphere positive, (2) slowly rising 
surge (1 X 100), spher e pOi"itive, (3) s teeply rising 
surge, sphere negative, and (4) slowly rising surge, 
sph ere negative. For each condi tion of applied 
voltage, the test data included CRO records of the 
current to the sphere and corre ponding photographs 
of tbe discharge, at various values of gap spacing L. 

Typical resul ts arc shown in figures 4, 5, 6, and 7. 
The first small wiggles on the cW'l'ent records are 
caused by eapacitance CUlTent Lo the sphere when 
voltage is suddenly applied. Th ey are useful as 
r efer ence points to show the exact time at which 
voltage is applied. Following the capacitance CUl'­
r ent wiggles there is a sudden r ise in current followed 
by an approximately exponential decrease to zero. 
This will be called the "first discharge pip" because 
it occms only on shots causing a visihle discharge 
from the sphere. I t does no t constitute a complete 
breakdown of the gap. The first discharge pip is 
definitely not associated with capacitance pickup 
b ecause on some sho ts it occm s when the rate of 
change of applied voltage is n early zero as shown, for 
example, in figure 5A. 

For gap spacings less than 28 cm (sphere positive) 
or 15 cm (spbere negative), complete breakdown 
between sphere and plane takes place on at least 
some of the shots. Complete breakdown is indicated 
on the current r ecord (see figUl'es 4F, 5E, 6F, and 
7C) b,v a second and roughly exponential increase in 
current to la rge values. This current rise follows 
the first discharge pip and will be referred to as the 
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FIGURE 4. Oscillograms of pre breakdown current and discharge pictw'es taken on the same shots. 

CI 

F 

L=20em 

G 

Sphere positive, O.07XIOO, 145·kv surge. Oap spacings L as noted. F is current oscillogram lor complete breakdown of gap. 0 is oscillogram of applied voltage. 
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A 
L=4lcm 

8 
L=36 cm 

C 
L=30cm 

D 
L=25 cm 

E 
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FIG URE 5. Oscillogmms of prebl'eakdown C1trreni and discharge pictures taken on the same shots. 
S ph~r e positive , l X 1OO, 145-kv surge. Gap spacings L as noted . E is ourrent oscillogram for complete breakdown of gap. F is oscillogram of applied voltage. 
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FIG URE 6. Oscillograms of prebreakdown current and discharge pictures taken on the same shots. 

C' 

E 
L= 15 em 

F 
L= 13 em 

G 

phere negative, O.07 X1OO, 145-kv surge. Gap spacings L as noted. F is curren t oscillogram for complete breakdown of gap. G is oscillogram of applied voltage_ 
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FIGURE 7. OsciLlograms of prebreakdown CWTent and discharge pictw·es taken on the same shots. 
Sphere ncgath·e, I X lOO , 145·:';,· s'-' rge. Gap spacings L as notcd. C is current oseillogram for complete brcakdown of gap. D is osci llogram of appli ed voltage. 

"second disch~rge rise. " When the second di s~ 
charge rise reaches a value of abou t 40 amp, a safety 
gap between the sphere a nd its grounded mounting 
tube flashes over, t hus cu tting off the voltage ap­
plied to the eRO cabl e. The corresponding dis­
charge photographs are not induded because they 
show only a large dense streak on the film. Every 
time the second discharge rise starts, completc 
breakdown follows unl ess the voltage wave is 
chopp ed. Thus the discharge photographs shown 
in figures 4, 5, 6, and 7 arc all associated with the 
first discharge pip only. It, should be noted that 
although the "streamers" shown in these pictures 
completely bridge 3 the gap for spacings of 25 cm 
(sphere positive) and 15 em (sphere negative) they 
do not co nstitute complete breakdown , because 
after the first discharge pip, tbe current becomes too 
low to be m efl,sured al though the voltage remains 
high for a much longer time. 

, Oomplete bridging of the gap was demonstrated by superposing n negative 
showing the discharge streamers over a negative taken under the same conditions 
of gap spacing and camcra positioning wHh lights on. Streamers that bridge the 
gap have a bright spol at their upper ii p cnd as illustrated in figures 4E' and 6E'. 

A large amo un t of data similar to Lhose illustrated 
in figures 4 to 7 was accumulated to determine the 
repeatabil ity of results. The following quantities 
were tabulated: (1) time dela~· from start of voltage 
surge to first discharge pip, (2) peak CLUTent value of 
first discharge pip , (:3) percentage of flashovers or 
breakdowns for a given gap spacing, and (4) time 
delay from first disc harge pip to breakdown. All 
of these quantities were fOllnd to vary from shot to 
shot and/or to some exLent from day Lo day, some 
more than others. Th e various factors that might 
affect r epe:1tability of r es ults will be considered. 

Once the circuit constants were properly adjusted, 
both the steeply and slowly rising voltage surges 
repeated very well in waveform from shot to shot 
and day to day . By careful control of charging 
voltage, peak values were repeated on successive 
shots (the meas ured variations being within 2 
percent). Air density and humidity could not be 
controlled but records were kept of pressure, tem­
perature, and humidity. No attempt "vas made to 
determine or apply a correction for a ir density, but 
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for all data used, the relative air density was within 
2 percent of that for standard laboratory conditions 
of 760 mm of H g pressure and 25° C temperature. 
The relative humidity varied from 20 to 75 percent 
during the period data were being accumulated. The 
nonrepeatability of experimental results could not 
be correlated with or accounted for by the small 
variations in peak magnitude of the appliei voltage 
from shot to shot or by the small changes in relative 
3,ir density from day to day. There was an indica­
tion that changes in relative humidity affected some 
of the measured quantities. 

The surface condition of the spherical electrode 
and the kind of metal of which the sphere was made 
may have affected repeatability of results. Most 
of the data were obtained using a 1.6-cm diameter 
silver sphere, but data were also obtained using 
zinc, copper, brass, aluminum, and magnesium 
!Spheres of the same diameter. Originally all spheres 
were given a smooth polish and wiped with a dry 
chamois, but after even one flashover the surface 
became quite discolored and after a large number of 
flashovers the smooth . surface was somewhat rough­
ened . Experimental results did not appear to be 
affected by the condition of the surface of the sphere, 
but some of the measured quantities appeared to 
vary slightly with the kind of metal used for the 
sphere. 

Another factor that would be expected to affect 
repeatability of results is the particular distribution 
of ions and electrons in the air between the electrodes 
at the instant voltage is applied. This factor should 
be of special importance when measuring the time 
delay from application of voltage to first discharge 
pip. The conditions prevailing during the experi­
mental observations were intended to approximate 
average laboratory conditions with each shot being 
unaffected by previous shots. However, as the gap 
was located inside a light-tight enclosure so that 
good pictures of the discharge could be taken, 
precautions were necessary to insure that the ion 
distribution was representative of that in free air. 

This enclosure had sliding doors at each end. 
It was found that on the first application of vol tage 
after closing these doors, a discharge pip almost 
always appeared before peak voltage was reached. 
It was observed that on succeeding applications of 
voltage with the doors left closed, either no discharge 
pip occurred or it was delayed. This can be explained 
if, during the first application of voltage, a large 
percentage of the ions inside the enclosure are 
swept out of the air; because, with the dOOTS closed, 
there is little chance for new ions to leak into the 
enclosure before the next application of voltage 30 
sec later. VVhen the doors were opened between 
shots or when a weak gamma-ray source of ioniza­
tion (C0 60 giving 0.05 millireontgen (mr) per hour 
at a distance of 1 m) was placed inside the enclosure 
a discharge pip was always obtained. In order to 
check the effect of sweeping ions out of the air inside 
the enclosure, for one series of tests a d-c source of 
7,000 v was applied to the upper plane except for 
the duration of the high-voltage pulse. This sweep 
voltage effectively prevented a discharge pip wi th 
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FIGURE 8. Oscillograms of first discharge CUlnnt pip on fast 
sweep. 

A, sphere positive L =23 em. B . sphere negative L=15 em. 

the doors closed and the weak ionizing source inside 
the enclosure. ~W·ith the doors open the sweep 
voltage did not prevent the discharge pip, apparently 
because ions could diffuse into the space between the 
electrodes faster than they ,vere removed. Most of 
the experimental results were obtained with the weak 
C0 60 source inside the enclosure, which it was thought 
would keep ion density inside about equal to that 
prevailing in the laboratory provided the 7,000 v 
was not applied. During some of the experiments 
stronger ionizing sources were used to study the effect 
of increasing the ion density in the gap. 

A summary of the various quantities that could be 
tabulated after analyzing the data from over 1,000 
shots will now be given. As a start, characteristics 
associated with the first discharge pip will be de­
scribed. This discharge appears at gap spacings up 
to 56 cm (sphere positive) and 46 cm (sphere nega­
tive), but at the large spacings there is no discharge 
pip on some of the shots and the time delay values 
as measured from the initial application of voltage 
are quite erratic (up to 20 J.Lsec). At gap spacing 
less than 46 cm (sphere positive) and 30 cm (sphere 
negative) a discharge occurs for nearly every shot, 
and although the time delay is erratic on an occa­
sional shot it is almost always quite small- less 
than 0.1 J.Lsec for the steeply rising surge and less 
than 1 J.Lsec for the slowly rising surge. 

The wave shape of the first discharge pip is quite 
repeatable for the sphere positive and somewhat 
less repeatable for the sphere negative. Typical 
CRO records of this waveform taken on a fast sweep 
are shown in figure 8. In general, an average wave 
shape can be described which holds for both polar­
ities of the sphere and for both steeply and slowly 
rising surges. It rises to peak value in about 0.008 
J.Lsec and decays approximately exponentially to half 
value in about 0.08 J.Lsec. This pip-wave shape stays 
essentially the same for all values of gap spacing 
but its peak value increases as gap spacing is de­
creased. 
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FIGURE 9. Curves of peak value oJ fiTS t current pip plotted 
against gap spacing. 

0.07 X]OO, 145·k v surge. Plotted pa in ts are eaeh tlw average of]O to ]00 shots 
and tbe vcrticallincs indicate the spread from minim um to maximum valu es. 
• rrhis point is low because 011 all 10 shots the rela tive humidity was 75 percent 
or higber. 

The curves in figure 9 are drawn through points of 
average valu e of peak curren t at various gap spac­
ings for the steeply rising surge. Each plotted point 
is the average of 10 to 100 shots and the spread 
from th e average is indicated by the vertical line 
through each point. For the sph ere positive th e 
points fall quite ni cely on a smooth curve, but the 
spread in values for each point is fairly large- no 
effect was detected due to ch anges in relative 
humidity or the kind of metal used for the spher e. 
For the sphere negative th e spread in values for 
each point is extremely large, making it difficult 
to draw definite conclu sions; but with the rela tive 
humidity above 70 percen t, b etter repeatability and 
lower values of average current wer e obtained . Also 
it was found that zinc or brass spheres gave some­
what higher currents than silver , copper , or mag­
nesium spheres . 

R esults using the slowly rising surge are not 
plotted in figure 9. The actual values varied from 
1 to 8 amp and could not be correlated with gap 
spacing. The lower values obtained with slowly 
rising surges can be accounted for by the fact 
that the first discharge pip usually starts on th e 
rising front of the surge, frequently at less than half 
peak value. An analysis of a large number of 
records obtained with slowly rising surges indicated 
that the peak current was approximately proportional 
to the actual value of voltage at the instant the 
discharge s tarted . Even for the steeply rising 
surges it is possible that on some shots the discharge 
started on th e rising front of the voltage, thus 
partially accounting for th e spread in values obtained 
on successive shots. Examination of a large number 
of pictures of the discharge, such as those shown in 
figures 4, 5, 6, and 7, indicates a different pattern of 
tree-like streamers on each shot but in general the 
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percentage of the total nwnber oJ shots at each gap spacing 
plotted agains t gap spacing . 

length of these streamers increases in proportion to 
the peak discharge current. These prebreakdown 
streamers completely bridge th e gap for spacings at 
which breakdown is likely. 

For gap spacings less than 28 cm (sphere positive) 
or 20 cm (sph ere nega tive), complete breakdown 
occurs for at least some shots and tbere is a time 
delay from the first discharge pip to breakdown as 
indicat.ed in figures 4F, 5E, 6F, and 7C . A large 
number of shots at gap spacings giving breakdown 
were taken using silver, zinc, and copper spheres. 
The kind of metal used for the sphere and its surface 
condition may have had an effect ,but because of the 
statistical nature of tb e results this effect could not 
be definitely established and. the data on silver, zinc, 
and copper sphercs were all averaged together. 

The curves in figure 10 show th e number of 
breakdowns as a percentage of the total number of 
shots at each gap spacing plotted against gap 
spacing. Each plotted point represents the results 
of at least 50 sho ts. For the sphere positive the 
increase in gap spacing in going from 100 to 0 
percen t flashover is 30 percen t for th e steeply 
rising surge and 25 percent for the slowly rising 
surge. For the sphere n egative this increase is 120 
percent for the steeply rising surge and 90 percent for 
the slowly rising surge. Also, for sphere positive 
th e gap spacing giving 100 percent flashover is very 
nearly the same for both the steeply and slowly 
rising surges, but for sphere negative the gap spacing 
is 9.6 cm for the steeply rising surge and R. 1 cm for 
th e slowly rising surge. Thus breakdown occurs 
over a wider range of gap se tting for the sphere 
negative than for the sphere positive and a steeply 
rising surge increases this range for both polarities. 

A plot of time delay from start of first discharge 
pip to breakdown, against gap spacing is given in 

209 



~ 5 

"-- 4 
~ 
-' w 
o 3 
w 

" ;:: 2 

o 

I 
SPHERE NEGA~ 

T 
10 

---

/' 
~/ 

I ./ .~ 

x ,1 ~, 
!,-t'" I 

....-1 t- I SPHERE POSITIVE 

/" 

12 20 22 24 26 
GA P SPACING l, em 

FIG U RE 11. Curves of time delay from start of first r1l1'1'Cnt pip 
to breakdown plotted against gap s pa cing. 

O.07X100, 145-kv surge. Plotted points are each the average of 10 to 30 shots 
and the vertical lines indicat(' tho spread from minimum to maximum values. 

figure 11 for a stecply rising surge. Each of the 
plotted points through which the curves are drawn 
is the average of 10 to 30 shots and the vertical line 
through each point shows the spread from minimum 
to maximum time delay at that spacing. The time 
delay increases on the average with gap spacing but 
the variation from shot to shot at each gap spacing 
is quite large, especially with the sphere negative. 
Time delays for the slowly rising surge are not 
plotted, bu t the average values follow about the 
same curves as plotted in figure 11 and the variations 
from shot to shot at each gap spacing are abou t the 
same. 

The statistical nature of the experimental results 
might be caused by variations in the distribution of 
frce electrons and ions in the gap from shot to shot. 
As already mentioned, a weak ionizing source was 
used while obtaining the above data in order to give 
an average ion density inside the gap enclosure that 
would correspond to average laboratory conditions 
outside of such an enclosure. However, the ion 
distribution still varied from instant to instant and 
it would be very difficult, if not impossible, to control 
the instantaneous distribution. 

The distribution can be grcatly modified by using 
a strong artificial source of ionization. This was 
done in two ways : (1 ) by placing a strong gamma-ray 
source (C060 giving 50 mr/hr at 1 m ) about 46 cm 
below the sphere with its beam aimed at the sphere, 
or (2) by placing a weaker source (C0 60 giving 0.5 
mr/hr at 1 m) inside the sphere and near its upper 
surface. 

Data similar to those described above were taken 
with either one or the other of these gamma-ray 
sources in place. The following results were noted : 
(1) the first discharge pip appeared on every shot, 
even at gap spacings up to 56 cm (sphere positive), 
and its time delay even at the long gap spacings was 
always less than 0.2 Msec ; (2) the value of peak 
current of the first discharge pip was much more 
repeatable from shot to shot, the gain in repeatability 
being very pronounced for a steeply rising surge and 
sphere negative; (3) the average value of peak currcnt 

was less- down to about one-third its valuc without 
the strong source for sphere negative at gap spacing 
10 em; (4) the gamma-ray sourcc had little or no 
effect on the time lag of breakdown versus gap­
spacing curves; (5) the only noticeable effect on the 
percent breakdown versus gap-spaeing curves was 
that for the slowly rising surge and sphere ncgative 
no breakdown occurred at gap spacings greater than 
1l.4 cm. 

From these results it is coneluded that variations 
from shot to sho t, (1) in the time dclay to start of 
first discharge pip and (2) in the peak value of cur­
rent of first discharge pip, arise from the random 
distributions of charges in the gap at the instant 
voltage is applied. Once the first discharge pip has 
occurred, however, the subsequent mechanism of 
breakdown is not affected to any grcat extcnt by 
this initial charge distribu tion . 

4.2 . Chopped-Wave 145-kv Surge 

Further investigation of the discharge that occurs 
during the first discharge pip was carried out by 
chopping the voltage very quickly after the first 
discharge pip starts. A large number of oscillograms 
of the current showing the first discharge pip, and 
corresponding pictures of the discharge, were taken 
with chopping time from 0.005 to 0.02 Msec after 
start of first discharge pip. Typical examples of 
these records are shown in figure 12 for sphere posi­
tive and figure 13 for sphere negative . Some 
branches of the streamers propagate across the gap 
very quickly (in about 0.01 Msec), and their appear­
ance is very nearly the same as those obtained with­
out chopping the voltage wave but at greater gap 
spacings. An approximate value for the velocity of 
propagation of these streamers was obtained by de­
termining the actual length of the streamers from a 
discharge picture, and taking the time of formation 
from the corresponding current oscillogram as the 
time from start of discharge pip to time voltage was 
chopped. This was done for 10 sets of records for 
each polarity (similar to those shown in figs. 12 and 
13). The mean streamer propagation velocity was 
found to be 500 cm/ Msec for sphere negative and 800 
cm/ Msec for sphere positive, the average deviations 
being 90 for sphere negative and 100 for sphere 
positive. 

The experimental resul ts ob tained using a full-wave 
surge voltage indicate that the discharge is initiated 
by a sudden burst of current, which is quickly re­
duced to a low value and remains near zero unless 
complete breakdown is to occur. When and only 
when breakdown is to occur, the discharge current 
begins to increase again (the "second discharge rise"), 
rather slowly at first and then at an ever increasing 
rate up to breakdown. If breakdown is complete, a 
picture of the discharge is of little value because the 
film is greatly overexposed by the intense light from 
the high current arc. If, however, the voltage wave 
is chopped off at some time before complete break­
down would have occurred, a photograph of the dis­
charge should b e indicative of mueh of the ionization 
phenomena taking place up to the time of chopping. 
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FIGUHE 12. Oscillograms of fi rst current pip (A , B , and G) and discharge pictures (A', B ' , and G') on the same shots with voltage 
wave chopped quickly af ter start oj fi rst wnent pip . 

0.07Xt " 145·kv sur ge, sphere positive. Gap spaeing= J8 ero for A and B and 20 em for C. 
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FIG U RE 13. Oscillograms of fir st current pi p (A, B , and G) and discharge pictw'es (A' , B' , and G') on the same shots with voltage 
wave chopped quickly after start of fir st C1irrent pip . 

0.07 Xl,. 145-surge, sphere negative. Gap spacing L~15 eIll. 

Such records were obtained by using the chopping 
circuit described in section 3. Oscillograms of dis­
charge current and pictures of the discharge on the 
corresponding shot were taken at various chopping 
times_ For these test,s, the gap spacing L was held 
constant at a value that would nearly always give 
complete breakdown for a full-wave applied surge. 
R esults were obtained for both polarities of the 
sphere and for both steeply and slowly rising surges. 
Because sphere polarity had a marked effect, a 

descrip tion of results for each polarity will be given 
separately. 

The oscillograms of discharge currents (figs. 14A 
to 14F) and the corresponding pictures of the dis­
charge (figs. 14A' to 14F') were obtained using 
O.07 X te , 145-kv surges with the sphere positive and a 
gap spacing of 20 cm . Each picture is, of course, of a 
separate shot, so that the streamer pattern should not 
be expected to repeat in exact detail from picture to 
picture. Rather , this series of pictures has been 
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FIGURE 14. Oscillograms oj prebreakdown current and discharge pictures taken on the same shots with applied voltage chopped at 
various times afler the first CU1'1'ent pip . 

O.07Xt" 145-k v surge (see fi g'lIre 40 ) , sphere posit ive. Gap spacing 20 em- breakdown would be comple te if voltage \\'0re not chopped. 
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FIGURE 15. Plot of channel length against ti me f rom fi rst 
current pip to chopping. 

O.07 Xt" 145·kv surge. Sphere positive. L=20 em . 

chosen to show the discharge as nearly as possible as 
it would appear at successive intervals after the first 
current pip . The initial streamer patterns that form 
during the first discharge pip and before the second 
discharge rise starts (see figs. 14A and 14A' ) are very 
similar in appearance to those previously obtained 
when the voltage was not chopped and breakdown 
did not occur (see figs. 4E and 4E'). The appear­
ance of the discharge begins to change after the 
second discharge rise starts. This change consists of 
one or more bright discharge channels starting at or 
near the sphere. As the discharge current increases, 
these brilliant channels appear to extend in a rather 
tortuous path toward the plane electrode. Each 
bright tufted channel appears to be fed by a multi­
tude of very fine hair-like filaments. These hair-like 
filaments are continuously developed from the lead­
ing fingers or branches of the growing channel and 
many appear to extend all the way to the plane 
electrode very early in the channel growth. 

Approximate values for the rate of channel growth 
were obtained by measuring (1) the channel length 
on a discharge picture and (2) the time from first 
discharge pip to the chopping of the voltage wave on 

the corresponding current oscillogram. This was 
done for 18 sets of records similar to those shown in 
figure 14. A plot was then made of channel length 
against time to chopping of the voltage wave, and a 
smooth curve drawn through the plotted points as 
shown in figure 15. The slope of this curve gives 
approximate values for the instan taneous rate of 
channel growth. The channel starts to grow at a 
fairly slow and uniform rate of 3 cm! fJ.sec. After it 
has reached a length of 3 cm it grows at an increasing 
rate. At midgap (10 cm ) its rate of growth is about 
20 cm! fJ.sec. Beyond midgap it appears to grow 
much faster, and quickly reaches the plane electrode, 
causin g complete breakdown. 

Current oscillograms and discharge pictures shown 
in figure 16 were obtained in the same manner as 
those in figure 14, except that the slowly rising surge 
voltage (1 X tc, 145-kv) was used. Breakdown 
occurs in essentially the same way, but the initial 
streamers that develop during the first current pip 
vary greatly in pattern and magnitude from sho t to 
shot. As seen from figures 16A, 16B, and 16D, 
when the first discharge pip appears after the applied 
voltage has risen to a fairly large value, its magnitude 
is quite large and the initial streamers are fully de­
veloped and similar to those in figure 14. As seen 
from figures 16C, 16E, and 16F, when the first dis­
charge pip appears before the applied voltage has 
reached a high value its magnitude is mu ch less and 
the initial streamers do not extend very far from the 
sphere. However, the growth of the channel which 
leads to breakdown does not appear to be greatly 
affected by the magnitude or pattern of the initial 
streamers. 

W'ith the sphere negative, current oscillograms 
and discharge pictures for the voltage chopped at 
various times are shown in figures 17 and 18. The 
time delay from first discharge pip to breakdown 
varies more from shot t o shot than with the sphere 
positive, and this increased the experimental diffi­
culty in obtaining a set of illustrative records with 
the voltage chopped at various stages in the break­
down process. However, fairly satisfactory sets of 
records were obtained by taking a large number of 
shots. The initial discharge streamers bridge the gap 
on all shots for a steeply rising voltage (fig. ] 7), and 
on some shots for the slower rising voltage (fig . 18). 
Breakdown begins with the second discharge rise, 
and the increase in this current is no t as gradual as 
for sphere positive. At about the same time as the 
second discharge rise starts, t.he discharge pictures 
show positive chann els (plasma) beginning from the 
plane. These were noted by N orinder [10, fig. 16, 
p. 510] and referred to as "plate stems." These 
plane or anode channels grow toward the sphere in 
much the same way that a channel st.art.ing from the 
sphere grows toward the plane with sphere positive. 
As the channel approaches the sphere, breakdown 
occurs very rapidly, when the channel either con­
tacts the sphere or connects wit.h a channel develop­
ing from the sphere. 
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FIG H E 16. Oscillograms of prebreakdown current and discharge pictures taken on the same shots with applied voltage chopped at 
various times aftel' fir st current pip . 

l Xt" 145 kv sorge (sec fi gure 5Fl, sphere positive. Gap Sl)acing 20 em- ·breakdown would be complete if voltage were llot chopped. 
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FIGURE 17. Oscillograms of pre breakdown curTent and discharge pictures taken on the same shots with applied voltage chopped at 
various times after first current pip. 
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FIGUHE 18. Osci llogmms of pj'ebTeakdown CUTTent and discharge p ictu res Laken on the same shots wiLh applied voltage chopped at 
var-ious times af tej' fir st CUTTe nL pip. 

I Xt " 145-kv surge (sec fi gure 7])), sphere negali ve. Ga p spacing 7. 5 cm- breakdown would be complete if voltage wave were 110t chopped , 

5. Analysis of Experimental Results 

The reader may feel the need of refening to par­
ticular diseharge pictures and eurrent oscillograms 
while going over this last section . Table 1 summa­
rizes these records and gives the corr esponding figure 
numbers. 

TABLE 1. S u mmary refennce tabu lation of discharge pictuTe an 
C1l1'Tent oscillogram figures 

Spbere polarity I Wave front 

Positi ve _____ ____ _ 
Do __________ . __ 
Do _________ ___ _ 
Do ____________ _ 
Do ___________ . 

Negative ________ _ 
Do ____________ _ 
Do ____________ _ 
Do ____________ _ 
Do __________ _ 

}-tsec 
0,07 

,07 
,07 

1.0 
1.0 

,07 
07 
.07 

1.0 
1.0 

Wave tail Figure 
No, 

--------,------------1-----
100 " sec . __ ___________ _______ __ _ 
ChOI)ped very quiekl y __ ___ __ _ _ 
C hopped after 0.5 "sec ______ ___ _ 
IO~ " sec __ _________________ _ _ 
Chopped after 1 " sec __ ___ _ __ _ _ 
100 "sec ____________________ _ 
Chopped very quickl y _____ __ _ 
C hopped after 0,5 "soe ___ . _____ _ 
100 " sec _. _____________ ___ _ 
Choppecl after I " see __ ________ _ 1 

4 
12 
14 
5 

16 
6 

13 
17 

7 
18 

5.1 . First Discharge Pip 

In order to explain the initial discharge streamers 
and the current pip associated with them, it is nec­
essary to make some additions and modifications to 

theories already postulated. Because of the ir high 
velocity of formation and the fact that they follow 
the lines of force of the applied field , these streamers 
can no t be compared to the pilot streamer 0]' stepped 
leader stroke observed in lightning. Becfl use they 
can travel across the gap without leading to break­
down thcy cannot be completely expla in ed by Loeb 
and M eek's streamer theory [5), al though this theory 
will be used here as the basis for their explanation. 
A brief summary of the proposed explanation will be 
given first, followed by details of various phases of 
the mechanism involved afld correlation with the 
experimental data. 

The term "streamer s" is used because of their 
appearance on the discharge pictures, Actually 
these photographic traces (which will still be called 
streamers) are produced by balls or regions of high 
space-charge density with high ion ization and ex­
citation activity at their leading surface, b eing pro­
jected from the sphere toward the plan e along lines 
of force of the applied field. If moving pictures at a 
speed of 1010 frames per second could be taken , each 
frame would presumably show a small localized 
bright area somewhere between the sphere and the 
plane, while regions outside the ball would give very 
little light. The ball does not consist of a group of 
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electrons or ions moving outward from the sphere,4 
bu t should ~e tho~ght.of as a traveling wave of high 
charge density w111ch IS propagated by a process in 
whi~h new charges are continually produced at the 
leadmg surface of the ball by the high gradient there. 
In the path behiDd the ball there is left a high con­
centration of both positive and negative ions with 
an excess of positive ions in case the sphere is p~sitive 
and a.n excess of negative ions in case the sphere is 
nega~lVe. The net space charge left by the moving 
ball ~s enough to markedly reduce the original high 
gradient near the sphere, and thus inhibit for a short 
time further ionization activity in t he path behind 
the ball. The streamers do not form conducting 
paths from the sphere to the plane because after the 
ball has crossed the gap the residual gradients are so 
low that no more ions are produced. 

To explain the formation and propagation of the 
~all. of high charge density, a process is suggested 
similar to that used by Loeb and Meek [5] in their 
streamer theory for uniform fields, which starts wi th 
the familiar electron avalanche. The chance of a 
free electron being correctly positioned with respect 
to the sphere to start an avalanche at the instant at 
which voltage is applied is quite small. But it has 
been demonstrated that the streamer s do start at or 
very nearly at this instant for a gap out in the open 
under laboratory conditions, giving an average back­
ground density of ions in the air between the elec­
trodes. H ence a free electron for avalanche initia­
tion is probably produced from a negative ion by the 
high voltage gradient (90 kv/cm or more) near the 
sph~l:e wh en volta~e. is applied. W~th the sphere 
posItIve a ball of p<?sl tlVe space charge IS tormed by an 
avalanche, and with the sphere negatIve a ball of 
negative space charge . The two cases will be 
considered separately. 

With the sphere positive, a negative ion situated 
in the high-field r egion near the sphere supplies a 
free electron, which starts ionizing neutral molecules 
and quicldy forms an avalanch e. As soon as this 
iOllization process starts, it furnishes a plentiful 
supply of photons which liberate electrons in the 
nearby high field , where they, too, can rcadily start 
new avalanches. By means of this speedy relay of 
photons over the entire high-field region adjacent 
to the sphere, its upper half b ecomes rapidly " pep­
pel'ed" with avalanches. 

The electrons are drawn out of the avalanches 
into the sphere, leaving balls of high positive space­
charge density near the surface of the sphere. These 
balls will, of course, vary in size and charge density, 
but at least some of them will be capable of initiating 
positive streamers.5 The space-charge balls enhance 

• The ex periments show that initial streamers travel the entire gap length in 
times of about 10-8 seconds (measured velocities of propagation being from 500 
to 1,000 cml!,sec). As the drift velocity of electrons in a region of high gradient 
(100 k v/cm) is only ahout 20 cm/!,see, and that of ions less than 0. 2 cm/!,sec the 
process of streamer formation cannot he explained by ions or electrons mo'ving 
along its entire length . 

5 'l'he first current I~i p is caused not by one or a few initial streamers but by a 
large number . An e,tlmate of the total number of streamers that bridge the gap 
on a given shot can be obtained by counting the bright spots at the plane end of 
the gap on the discharge picture and multiplying by three, the factor three enter· 
ing because of the depth of focus of the lens. (T be lens bas a focal length of 58 mm 
and the maximum aperture of f/1.9 was used wi th tbe camera at a distance of 76 
em from the gap, the depth of focus thus bei ng 2.5 cm.) The number of streamers 
and thcir patterns vary greatly from shot to shot but in genera. I for a given applied 
voltage the shorter the gap the more streamers. For the sphere positive, 11 gap 
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Potential distribution along a streamer fr" om the 
sphere to the plane. 

Curvle A- as computed neglecting space cbarge. Ourve B- as cstimated after 
space C large ball has reached plane. 

~he ficldI?-ear: them so that photo electrons liberated 
lt1 ~he regIOn] ust ahead of a ball form new avalanches 
v;~hlch are at~racted to the ball , leaving a volume of 
hIgh net POSItive space charge just in fron t of the 
sphere. The flow of electrons throuo·h the ball and 
bac~(. toward the sphere tends to ~educe the net 
posItIve space-charge density in the path left behind 
the ~all . T~lUs the ball of high positive space-charge 
densIty, .whl.ch also .a~ts as a cel?-ter of high ionization 
an~ eXCItatIOn actlVlty, remall1s small bu t moves 
rapidly away from the sphere, creating the positive 
streamer trace on the film . 
Dur~ng this process the positive ions do not move 

appreCiably, but remain essentially where they are 
produced, and the electrons move only short dis­
t~nces toward the sp~ere . The high speed of forma­
tIOn of the stre~mers IS ac~<?unted for by the mo tion 
of ~he ba.ll of high net posltlVe space-charge densi ty, 
wInch plOcl.uces a momen tary lugh voltage gradient 
at each. POll1 t along the streamer path as it passes 
that pom t. 

In the path.1eft .by the ball there is a high density 
of both poslt~v.e 1O:1S and el~ctron s, with a slight 
excess of POSItIve IOns. TIllS net positive space 
charge changes the potential distribution b etween 
the sphe~'e and plan~, as indicated in fi gure 19. 
Curve A IS. the potentIal computed from the applied 
yoltage ':V1th space charge neglected . Curve B 
IS an estimate of the potential after the ball has 
reached the plane. When the ball is at a o'iven point 
p" the potential follows curve B from th~ sphere to 
p~)lnt p. an.d CUI've ~ from. point P to the plane. The 
discontmUlty a~ pomt P IS due to the high positive 
charge densIty I~ the ball , and it produces the high 
momenta~y gradlen.t necessary to proj ec t the ball. 
The gradient as estlJ?lat.ed ~rom curve B is not high 
~nough t? produce 1011lZatlO11 or excitation except 
111 the regIOn very neal' the sphere. The bright stems 
~lefi:r t~e sphere. (see !igs. 4W and 14A') indicate 
IOUlzatlOn 111 thIS regIOn, wh10h probably persists 

spacing of 20 em, and the steeply rising surge, the average number of streamers 
per shot was about SO. 
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until the additional space cllarge it produces de- glvmg a higher velocity of st.reamer propagation. 
creases the gradient further. Thus t he path left by Also , the initiating avalaneh E's can form positive 
the rapidly moving ball will not become a highly streamers for lower applied gradients ncar the sphere 
conducting plasma unLil some other mechanism for with the sphere posit ive and thus produce streamer 
increasing io n dens ity becomes active. initiation for longer gap pacil1D's. 

Wi th Lhe spb ere negaLive, Lite electron avalanches The ques tion now arises as to how mu ch space 
formed in the region ncar Lhe sphere initiate positive charge would be required to suppress ionization , 
streamers which quickly propagate the short distan ce and wh ether the first discharge pip furnishes this 
to the sphere. As the streamers approach the sphere, amount. By applying Laplace's equation to the 
the high positive space-charge densities at their t ips case of concentric spheres it can be shown that for a 
make the already extremely high gradients near the charge density in the space between the spheres, 
sphere even higher, and, largely because of these proportional to the reciprocal of the distance from 
exceedingl~T high gradients, electrons are immediately the cen ter, the gradient will be constant at all point 
released from the sphere. between th e spheres. By assuming such a charge 

The mechanism of electron release co uld be by any distribution, and taking (1) the diameter of the inner 
one or a combination of the following : (1) positive sphere to be l.6 cm, (2) t he diameter of the outer 
ion bombardment of the sphere, (2) high-energy sphere to be 40 cm, and (3) the potential difference 
photons impinging on the sphere, (3) field emission. between the speres as 145 lev, the total space cbarge 
In any event, more than sufficient electrons will be required to give a uniform gradient was computed 
released to eq ualize the positive space-c harge density, and found to be 3.4 X 10- 6 co ulombs. The average 
and a small volume or ball of high negative space first discharge pip for a 145-kv surge (sphere positive) 
charge will form ncar th e sphere in Ii ne with each and gap spacing of 20 cm was found experimen tally 
streamer. Thi s is likely because of th e high gradient to have a peak CUl'1'ent of 19 amp ancl a time to half 
neal' the sphere du e to the applied vol tage. Each valu e of 0.07 J,Lsec. Integrating Lilis current pulse 
small ball of high negative space-charge density can to obtain the total charge supplied by it, gives 1.9 
propagate away from th e sphere b~' a mechanism X JO- 6 co ulombs. TJlis is ahout one-half Lhe value 
nearly the same as for propagation of a positive ball , compuLed for concentric spheres to give space charge 
that is, not only b~' electron motion but largely yielding a uniform gradient. The factor one-half 
because of the continuing generation of new electrons is about right to convert from the ca e of concentric 
ahead of this volume. H ere again, the ionizing and spheres to sphere-plane electrodes . 
excitation activity is largely confined to this small The a bove computation is only inLended to indi cate 
ball of high space-charge density, which propagates that the space charge is of the correct order of 
rapidly toward the plane. Thus wi th t he sphere magnitud e Lo maLel'ially redtlce the lon git udinal 
negative, negative streamers develop from th e vol tage gradient in the region neal' the sphere. The 
sphere in much the same mann er as posiLive streamers assumpLions used, which led to a. constant gradi en t 
with the sphere positive. The experimental r esults between sphere and plane, are not easily jusLified . 
indicate this to be tru e, as may be seen by comparing It could be argued tlJat the space charge per u ni t 
figures 4A' to 4E' with figures 6A' to 6D' (gap length of streamer (path left by the ball ) would be 
spacings too long to ~' ielcl breakdown ), and figures constant. For concentric spheres this would give 
12A' to 12C' with figures 13A' to 138' (gap spacings a n average charge density propol'Lional to the 
giving breakd own but voltage chopped quickly after reciprocal of the square of Lhe di stance from the 
first discharge pip starts). The negaLive streamers center. Computations based on such a charge dis­
leave numerous positive ions but a negative net space tribution yield a gradien t neal' Lhe phere aCLually 
charge, whi ch initially consists of electrons. The highCl~ t han that obtain ed neglecting space charge. 
electro ns, however, arc quickly attached to oxygen No definite statemen t as to exact charge distribution 
molecules to form negative ions. Th us a poten tial in the streamers can be made at this Lime. However, 
distributio n similar to that shown by curve B in it should be readily possible for this space charge to 
figure 19 can persist for a short time and inhibit alter the potential disLl'ibution as proposed in 
furt her ionization . figure 19. 

With the sph ere negative, however, the initiation Another complicat ion to be considered in such 
of a streamer requires a shorter gap spacing for a computations is that the space charge, just after 
given applied voltage, and the velocity of propaga- formation of the streamers, would probably be mainly 
tion is less. To acco u n t for these experimen tal concentrated inside them. This would lead to a 
results, consider the development of an electron transverse gradient, i. e. , perpendieular to Lhe direc­
avalanc he in tl1C Lwo eases: (1) sphere positive and tion of the streamers. A ro ugh computa tion of this 
(2) sphere negative. For the sphere positive, the transverse gradient can be made. The total number 
electrons move in the direction of increasing gradient, of streamers has already been esLimated to be 50 
because they travel toward the sphere or toward the (see footnote 5), and the streamer width as deLer­
ball of high positive space-charge density. For the mined from measurements on figure J4A' is 3 mm. 
sphere negative, the electro ns move in the direction By using these values and assuming the streamers 
of deCl'easing gradi ent, because they travel away to be cylinders with lengths equal to gap spacing, 
from the sp here or away from the ball of high L = 20 cm, the estimat.ed total volume of all streamers 
negative space-charge density. Thus, the electron is found to be 70.7 cm 3, giving for J.9 X ] 0- 6 coulomb 
avalanches develop faster for the sphere positive, total charge, an average charge densiLy inside the 
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streamers of 0.027 X I0- 6 coulomb/cm3• The max­
imum voltage gradient at the surface 9f a streamer 
due to this charge was approximately computed and 
found to be about 18 kv/cm, which is not sufficient 
to produce ionization. Thus, even when both longi­
tudinal and transverse gradients are considered, the 
space charge introduced by the first discharge pip 
appears adequate to suppress further ionization. 

5.2. Second Discharge Rise and Breakdown 

For gap lengths sufficiently short or (in case voltage 
magnitude had been changed) for voltages suffi­
ciently high, the first discharge pip is followed rathel' 
quickly by a second increase in current which, in 
general, rises at an increasing rate until breakdown 
occurs. As indicated in the experimental resul ts, 
the mechanism of breakdown is different for the two 
sphere polarities. 

a . Sphere Positive 

With the sphere positive, a highly conducting chan­
nel starts to form at the surface of the sphere and 
grows toward the plane in a tree-like pattern with 
one or more main arms, each with many fingers 
which are fed by a multitude of fine filaments. This 
plasma channel acts as a conducting arm reaching 
out from the sphere, and as it extends itself toward 
the plane there is an ever-increasin& gradient between 
the ends of the fingers and th e plane. Thus, once 
started, it leads to complete breakdown unless the 
voltage is chopped. 

The differences between streamers, which accom­
pany the first discharge pip, and channels, which 
lead to breakdown, must be considered. They will 
be referred to merely as streamers and channels. 
Experimental evidence indicates the following differ­
ences: (1) Streamers propagate at a very high and 
probably nearly constant velocity of from 500 to 
1,000 cm/}Josec, while channels start to grow at a 
fairly low rate (3 cm/p.sec) and theil" rate of growth 
increases as they span more of the gap, being about 
20 cm/p.sec at midgap; (2) streamers do not consti­
tute a highly conducting plasma, but channels do; 
(3) streamers seem to follow along the original geo­
metric lines of force of the electric field, but channels 
grow in a random zigzag course; (4) channels create 
a much more intense photographic record than 
streamers, suggestive of a much higher temperature 
and ion density in their core. 

As all'eady indicated, the streamers form quickly 
and leave behind a space-charge distribution which 
changes the original nonuniform field between sphere 
and plane to a more nearly uniform field. Thus 
immediately after the streamers have formed , the 
gradient at all points in the gap is below that required 
for ionization by collision, and if breakdown is to 
develop some other source of ionization must arise. 

Although the streamers form almost instantly, the 
channels take enough time to develop so that the 
energy fed into their leading tip produces gas tem­
peratures sufficiently high to yield a copious supply 
of ions. As the channel is formed it serves as a 
good conductor from its origin at the sphere to its 

leading end. Thus there will be a high gradient at 
the tip end of the channel, and filaments similar in 
their mechanism of formation to the initial discharge 
pip streamers will form at the tip end and feed more 
energy into the channel , causing it to propagate. 
The direction of channel formation at any instant 
depends upon the adjacent electric field strength and 
direction at that instant. The field configuration at 
any instant is fixed largely by the particular space 
charge distribution at that instant. Because the 
space charge distribution depends upon all previous 
ionization activity in the gap, it has random local 
irregularities and varies from instant to instant. 
This accounts for the random zigzag course of the 
channels. 

After a channel has started it develops (as discussed 
above) until it bridges the gap, causing breakdown. 
Just how and why a channel starts is not self-evident. 
Becallse of the inhibiting space charge left by the 
streamers, it would appear that no further discharge 
could take place until this space charge had been at 
least partially cleared from the region near the sphere. 
This is , of course, true for longer gap spacings at 
which no breakdown occurs. As gap spacing is 
decreased a value is reached where breakdown occurs 
on some shots. In these cases the small bright stem 
of an initial streamer serves as the beginning of a 
bright channel. If the initial streamer pattern is 
such as to produce a sllfficiently high gradient in a 
region near a bright stem, a channel will start to 
develop. Other streamer patterns may not produce 
a sufficiently high gradient. Thus the development 
of a channel is at least partly a matter of chance, the 
chances being greater for shorter gap spacings 
(assuming the same applied vol tage surge). The 
fact that the channel does not continue to follow the 
same path as the streamer is readily accounted for 
by remembering that the gradien t along the streamer 
(longitudinal gradient) tends to be uniform and fairly 
low because of space charge. N ear the sphere the 
transverse gradien t just ou tside a streamer should be 
much greater than the lon gitudinal gradient. Thus 
there should be more likelihood of a channel 
branching away from a streamer stem, as borne out 
by the experimental results. For the sphere positive 
(and provided not too great an overvoltage is 
applied), breakdown takes place along a zigzag 
channel that has completely spanned the gap (see 
figs. 20A and 21A). 

h. Sphere Negative 

With the sphere negative, breakdown is not 
initiated by a zigzag channel starting from the 
sphere. This would indicate that conditions in the 
region near the sphere are not propitious for channel 
development. One of these conditions is that the 
transverse gradient ad jacent to the streamers be 
very high. This would hold for positive streamers 
because positive ions would diffllse into this region 
quite slowly. It would not hold for negative 
streamers, because electrons could quickly diffuse 
into lateral regions, forming negative ions and 
thereby reducing the gradient. The fact that zigzag 
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A B c 
FIGURE 20 . Spm'k dischaTge picllu'es (filleT on camera). 

O.07XIOO, H5·kv surge , sphere positi ve. A. L = 2O em; B, L = lO em; C, L=5 em. 

channels do no t form from the spher e when it is 
negative helps to account for the observed result 
t hat, for the same volLage, a longer gap will break 
down when the sphere is positive than when it is 
negative. 

It will be r emembered that the appearance of 
negative streamers is qui te similar to that of positive 
streamers for gap spacings longer than those at 
which breakdown may occur. The change in ap­
pearance wit h fur t her decrease in gap spacing, at 
t he same applied surge voltage, is presumably du e 
to the higher gradients existing at the lower spacings. 
The most noteworthy change in appearance is the 
more intense photographic record, indicative of an 
increase in ionization acti \Tity. The increased 
brightness begins at the sphere and follows t he 
streamers, going farther out into the gap the longer 
the voltage is left on (see figs. ] 7 A', 17B' , and 17C' ). 
1' his phenomenon r eq uires a longer t ime to develop 
than the streamers, because when the voltage is 
chopped very quickly (see fig . 13) it does not occur. 
Thus it appears that the streamer itself develops 
into a straight channel as more energy is fed into it. 
Complete breakdown appears to occur in this way 
for a sufficiently short gap or sufficien t overvoltage. 

Another change in appearance is the addition of 
auxiliary streamers starting out nearly perpendic­
ularly from the initial streamers and then curving 
down toward the sphere. These are probably 
positive streamers, initiated because of the high 
transverse gradient in th e region between the initial 
streamers at a considerable distance from the sphere. 

A third change in appearance is that the initial 
streamers acquire dots or small regions of greater 
ionization activity along their length. The spacing 
of these do ts is random and some streamers show 
none. After the initial streamers have traversed the 
gap there is no t sufficient voltage to maintain 
longitudinal ionizing gTadients along the entire 
streamer. This is just barely true for the shorter 
gap spacings used with sphere negative, and if the 
gradien t i not exactly uniform along the streamers 
the e do ts could be regions of high gradient. These 

A B c 
FIG U RE 21. Spark discharge pictures (filter on camem ). 

l X lOO, 145·k\"surgc,sphcre positi\·c . At L = 15cm ; B,L = 7.5 cm ; C . L=3 .8cm. 

ehanges in a ppearance of negati ve streamers at gap 
settings leading to breakdown indicate that, for very 
short gap spacings or considera ble overvoltage, 
breakdown would occur by a streamer developing 
into a channel as more energy is fed in to it. 

Howevrr, aL gap spacings just short enough to 
give breakdown, there is another mechanism in­
volved in breakdown. Plasma channels start from 
the plane and develop outward toward the sphere 
in random paths (see figs. 17D' and 17E') similar to 
the chann els·which star t from t he sph ere with sphere 
positive. These plane ehannels are probably in­
itiated by high gradien ts at the pl ane created by the 
negative space charge of t he ini tial streamers. They 
would star t as posi tive streamers and q uicldy de­
velop into channels, which follow a path perpendic­
ular to the plane part way across the gap and develop 
further in a zigzag path by the same mechanism 
that prod uccs zigzag channels from the positive 
sph ere. Breakdown is t hen completed by these 
zigzag channels proceeding all the way to the sphere 
or meeting a chann el developing from the sphere 
along the path of an initial negative streamer. 

This explanation of breakdown wi th the sphere 
negative would predict that the mechanism of 
breakdown changes as gap spaeing is reduced (or 
overvoltage increased). With very small over­
voltage, breakdown would result from a zigzag 
channel developing from the pl an e. Wi th high 
overvoltage, the breakdown ehannel would develop 
along the same path used by an initial streamer. 
This is shown to be true by the photographs of 
complete spark breakdowns for sphere negative 
(see figs . 22 and 23) taken with a dense fi lter at 
several different gap spacings. Similar photographs 
taken with the sphere positive (see fi gs. 20 and 21) 
indicate that here also, if gap spacing is sufficiently 
redu ced, breakdown occurs by an initial s treamer 
developing into a channel. These results suggest 
that the mechanism of breakdown in a uniform 
field gap is first a rapidly forming initial streamer, 
which because of the high gradients available quickly 
ehanges into a chann el. This would account for 
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A B c 
FIGURE 22 . Spw'k dio charge pictw'es (flUel on camem). 

O.07X IOO , 14.5-kv surge, sphere negative. A, L=lO em; R , L =6.5 em; C, 
L=3.8 em. 

the straight spark paths found for uniform field 
gaps [16]. 

5.3. Effect of Rate of Voltage Rise 

The foregoing expla nation of discharge mechanism 
in a nonuniform field gap has been based largely on 
data obtained when voltage is suddenly applied to 
the gap- that is, with a voltage rise time of 0.07 
f..Lsec. Data obtained using a rise time of 1 f..Lsec 
were, in general, the same; but the magnitude of the 
first discharge pips and the size of the corresponding 
discharge patterns varied considerably from shot to 
shot. Because the first discharge pip and the 
ionization associated with it have such a short dur­
ation, they can happen on the rising front of a slowly 
rising voltage wave. The value of voltage that 
determines their magni tude is variable from shot to 
shot and is usually less than the peak value. After 
the initial discharge is formed , further discharge 
phenomena are inhibited by the space charge it 
leaves behind . Thus, unless gap spacing is such 
that compJete breakdown occurs, no further dis­
charges take place after the first discharge pip 
even though the applied surge voltage con tinues to 
rise. The magnitude of the first discharge phenom­
ena depends on the exact value of vol tage at the 
instant of discharge initiation. Consequently, any 
scattering ill "time to first discharge pip" results in 
a considerable variation in current magnitude and 
in corresponding photographic records. 

Experimental results showed that the later the 
first discharge pip occurred on the rising front of th.e 
voltage wave (that is, the higher the voltage at instant 
of occurrence), the larger the magnitude of first. 
discharge pip and streamer length. The transition 
from initial discharge to breakdown is probably 
very nearly the same for a I-f..Lsec front voltage as 
for the faster voltage front, as may be seen for the 
sphere positive by comparing the records shown in 
figure 16 with those in figure 14. With the sphere 
negative the initial discharges do not appear to 
extend as far into the gap (see fig. 7) , and there might 

A B c 
Fw URE 23. Spw'k discharge pictures (filter on camem ). 

l XlOO, 145-k\' surge, sphere ncgath'c. A, 1,=9 em; B,• D=6.5 em; 0 , L=3.8 em. 

be a question as to whether plate stems and channels 
can form. Ho\vever , photographic records (fig. 18) 
using chopped voltages show that they do form , and 
breakdown occurs in much the same manner as for 
the steeply rising voltage. This can be accoun ted 
for when one realizes that the streamers may extend 
farther than the pho'tographic records show. At 
the ends of these streamers a large supply of electrons 
is produced during the first discharge pip, and there 
is an interval of nearly 1 f..Lsec before initiation of 
the plate stems (as seen in fig. 18) . During this 
in terval, these electrons can drift toward the plane 
and, as a negative space charge, cause the high 
gradients necessary there to initiate positive stream­
ers and channels. 

The experimental curves shown in figure 10 indi­
cate another difference in breakdown characteristic 
depending upon the rate of voltage rise. These 
curves show that for a steeply rising surge, break­
down is more apt to occur at the greater gap spacings 
than with a slo,vly rising surge. As already men­
tioned, the particular pattern of the initial discharge 
streamers , which yaries from shot to shot, determines 
whether or not breakdown will occur. In general, 
probably, the greater the magnitude (i. e., total 
co ulombs) of the first discharge pip, the greater the 
chance for breakdown to follow. The first discharge 
pip is of high er magnitude on the average for a steeply 
rising surge, and thus breakdown is more lik:ely to de­
velop at greater gap spacings. 

6. Summary 

1. When a surge vol tage of sufficient magnitude 
and duration is applied to a sphere-plane gap (non­
uniform field) the prebreakdown discharge phenom­
ena are divided into two phases: (a) the initial stream­
ers which produce the first discharge pip and (b) the 
somewhat later development of a good conducting 
channel which causes a second rise in discharge cur­
rent. This second curren t rise increases exponen­
tially to breakdown un.less the applied voltage is 
chopped. 
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2. The statistical nature of t he experimental re­
sults is demonsLrated by summaries of the following 
measmed quanLities: (a) Lime delay from start of 
voltage SUl'ge Lo first discharge pip , (b) peak current 
value of first discharge pip, (c) percentage of complete 
breakdowns for a given gap spacing, and (d) time de­
lay from first discharge pip to breakdown. Before 
voltage is applied th e instantan eous ion pattern near 
the sphere is changing continuously, thus accounting 
for the variations in quantities (a) and (b) on succes­
sive applications of the s m ge. '1 he random natme 
of quantities (c) and (d) is accounted for by variations 
in the first discharge streamer magnitude and pat­
tern on r epeated surge applications. 

3. The initial streamers propagate from the spb ere 
toward th e pJane along lines of force of the applied 
elec tric field at very h igh velocities, 500 cm/ J.tscc for 
th e sphere negative and 800 cm / J.tsec for the sphere 
positive. During the initial discharge the surge of 
curren t th a t flows to the sphere rises to a peak value 
of 1 to 30 amp (depending on gap spacing and sphere 
polarity) in about 0.008 J.tsec and then decreases 
approximately exponentially to zero, reachin g half 
value in about 0.08 J.tsec. For gap spacings at which 
breakdown is likely to occur, th e initial str eamcrs 
bridge the entire gap from sphere to plane tvithout 
causing immediate brel1kdown. The formation of 
the initial str eamers produces a space-charge distri­
bution in the gap, which apparently inhibiLs further 
ionization unless conditions are such that breakdown 
can occur. 

4. If complete gap breakdown is to take place, a 
second rise in CUlTt'n t signifies th e developmen t of a 
conducting channel between th e electrodes. Wi th 
th e sphere positive this channel starts to form neilT 
th e surface of th e sph el'c and follows a zigzag path 
to th e plane. 'With th e sphere negative the conduct­
ing ch annel starts out p erpendicular to th e plane, 
but after a shor t distance changes its coursa and 
makes a zigzag uath to the sphere. Breakdown is 
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FIG UHE 24. Schematic diagram oj spheTe-plane electrodes as 
used to obtain expeTimental Tesu Zts. 

I II Peck's formula, eq (I) , o=d-a and y= ri-a-x. 

completed when this high ly conducting channel com­
pletely spans the gap. 

5. For gap spacings much shorter than those first 
causing breakdown, i. e., for eonsiderable overvoHage, 
the gap breakdown occurs by the development of one 
of th e initial streamers inlo a conclucLing c.hannel. 
The breakdown path is then not zigzag but mort' 
nearly straight and seemingly follows a " line of 
force" of the geometric field. It is sugges ted that 
th is is the normal type of breakdown for uniform 
field gaps. 

7 . Appendix. Computation of Voltage Gra­
dient Between a Sphere and a Plane 

For an infinite plane and sphere isolated in space 
and maintained at a constan t potential difference, 
the gradient -along th e perpendicular from the plane 
to the center of the sphere can be computed by a 
formula given by Peek [17] . In this formula: 

V= Potential difference beLween sphere and 
plane. 

a = radius of the sphere. 
0= the distance from the plane Lo Lhe surface 

of the sphere along the perpendicular 
from the plane to the center of the sphere. 

Y= the distance from the plane to the poin t:'at 
which gradient is to be determined along 
the perpendicular from the plane to th e 
center of the sphere. 

p= 1+ 8/a 
f = H(2p - l ) +-J(2 p- l )2+8] 

Ey = gradient along the perpendicular from th e 
plane to the cenLer of Lhe sphere at a 
distance y from the plane. Ey is then 
given in volts per ce ntimeter if dimensions 
are in centimeters and V is in volLs by the 
equation 

(1) 

Results obtained using eq (1) would b e correct if 
th e plane were at ground potential, located on th e 
floor , and th e sphere at th e high potential located 
above th e plane, provided the effect of thel lead 
connecting th e sphere to the high potential could b e 
neglected. In the present experiments th ese condi­
t ions were not fulfill ed and Peek's formula was not 
considered to be a sufficiently close approximation. 

Figure 24 shows the arrangement of (1) ground 
plane at potential zero, (2) high volLage plane at 
potential V, and (3) sphere at po tential zero as 
used in the present experiments. By neglecting the 
effect of th e tube supporting the sphere, a system of 
charges Ql , Q;, Q;', Q~, and Q~' can b e chosen to 
make the potential very nearly zero at every poin t 
on the surface of the sphere. The magnitude and 
position of QI is chosen so that it, togeth er with 
the surface charges on the two planes, makes the 
potential zero everywhere on the surface of the spher e. 
Charges Q; and Q;' are image charges for QI which 
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keep th e potentials of the two planes at their proper 
values. . Charges Q; and Q~' are image charges inside 
the sphere of Q~ and Q~' to k eep the sphere at zero 
potential. Further image charges were neglected. 
Using this system of charges and makini! some ap­
proximations based on a being much smaller than d 
or D, the following formula for Ex, the gradient at 
the distance x from the surface of the sphere along 
the perpendicular from the high voltage plane to the 
center of the sphere, was derived: 

(2) 

In this equation the effect of the mounting tube for 
th e sphere was neglected, which is probably justified 
if its diameter is small. To determine approximately 
how well this holds, a mor e complicated computation 
was carried out for the sp ecific case of d= 10a, 
D = 40a, and radius of the mounting tube = a/4. 
Charges along the axis of the mounting tube were 
considered with their images in addition to the 
charges used in the derivation of eq (2). They were 
chosen to make the potential at the surface of the 
mounting tube nearly zero at all points. The 
resul ts of this computation for the one specific case 
mentioned are compared with those obtained by eq 
(1) and (2) in the following table: 

Mounting Equation . tube CO Il-
sidered (2) (1) 

Gradient at surface of the sphere 
in volts pcr oontimctcr ________ O.8il5 X V O. 884X V l.061 X V 

The value obtained using eq (2) in which the mount­
ing tube was neglected is nearly the same as that 
obtained when mounting tube was considered. 
Both values are somewhat lower than that obtained 
using eq (1), Peek 's formula . Equation (2) was 
considered to be a sufficiently close approximation 
and for the actual dimensions used in the experi­
mental work and for 145 kv applied to the plane 
the values of gradient at various distances from the 
sphere are shown in figure 25 for gap spacings of 10, 
20, 30, 40, and 50 cm. 

WASHINGTON, D ecember 28, 1955. 
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FIGURE 25. Cu rves of voltage gradient as compu ted from eq (2) 
plotted against distance, x , fTom ihe surf ace of the s phere 
(see figure 24) . 
V~ H5 k v, D~86.4 em, a ~O.794 cm . 
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