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1 INTRODUCTION

Nuclear weapons detonated under certain conditions can give rise

--to large radiated electromagnetic fields (EMP). Tall metallic

structures, such as traunsmitter aerials, can pick up this EMP and
give rise to very large voltages at their bases. In a calculation
kindly supplied by Roger Oats of SWLR, a maximum voltage of some
4 MV, rising at a rate of 20 kV/ns, was estimated to be produced
under worst circumstances. Transmitter aerials are provided with
lightning-diverting ball spark gaps but, irradiated, these would

- break at 400 kV in the case of the tallest mast. Unirradiated,

these gaps would close with a large variation or voltage Jltter

.. but on occasions, it is estimated, could break at up To 2 MV.

Indeed, because the RF is contlnually on these ball gaps, it is

to be expected that any small whiskers or other protuberances
would be removed, so while the gaps might look rather scrofulous,
electrically they would be very smooth and well ceonditioned. Thus
the unirradiated EMP breakdown of the lightning arrestor gaps
would be expected to be between 1 and 2 MV for the largest aerial.

While the base insulator would not be expected to flash over,

“because of the relatively short duration of the pulse and its

massive construction, some significant fraction of this voltage

. would feed through into the transmltter and probably do it no
. good at all. y

While it would be possible to use a radioactive-source to irradi-

" ate continuously the ball gaps, this would need to be a fairly
substantial one and would represent a possible hazard as well as-
‘causing enhanced metal rot. It is also true that the nuclear

weapon itself might provide adequate ionisation in the gaps to _
prevent the ball gap breakdown voltage from rising to these large

~values; however, in general, there is too much attenuatlon in the
.atmosphere for thls to be relied upon.

- When this problem was suggested we proposed that it might be
"possible to use the large frequency difference between the fast

EMP signal and the relatively slow RF signal to overvolt an auxil-

~iary gap and so uv-irradiate the main gap before the volts on this

had risen to breakdown levels. It was estimated that breakdown

" voltages of no more than 300 to 400 kV might then be assurable and
‘the resultant voltage pulse would have a time width of some 10 ns

or so (F.W.H.H). Such a pulse, while still large, would not propa-
gate very well into the transmitter house and in any case would

-~ not reach important and wvulnerable components w1th an amplltude
" big enough to damage these. :

This note summarises some rough quick work to investigate one

'.form such a self-irradiated gap can take. The total time that
. could be devoted to this work has been about four man-weeks and
- quite a lot of that time has had to be spent in building test -



generators, test rigs, and monitors, so the quantity of data is

~not large and the results obtained not of great accuracy. How-
“ever, it is felt that the performance of gap to EMP can now be

" guaranteed to an adequate accuracy and that a properly engineered

~version of it should now be made by others and tested in situ to
ensure its survival during lightning strokes, RF breakdowns, etc.

2 POSSIBLE GAP DESIGNS

Because the clipped EMP has frequencies of around 50 MHz or so in
it, while the RF of the transmitter is more like 1 MHz, it is
‘possible to include a filter in the gap design so that the auxil~
iary uv-producing gap operates with the EMP pulse but does not
‘have any ionisation occurring in it during the trillions of RF
pulses applied to it during normal usage. Figure 1A shows the
~basic arrangement for this, 81 being the auxiliary uv gap. (an
“edge/plane or edge/edge one), Sy being the main gap. The capaci-.

. tors-are built in as the stray capacities of the gap and it is

obviously desirable to.make Cq comparable to or greater than Co.
The value of the inductance is chosen so that only a few hundred
“volts appear across Sp during the normal operation of the trans-
mitter, while during the fast rising EMP pulse its impedance is

large compared with that of Ci1 and Cg. ST

The first arrangement considered is shown schematically in Figuré

"~ 1B. In this, 81 is an edge/plane gap and would have a spacing of.

the order of 1 cm, while Sg, the main gap, would be about 6 em ' Y
- maximum. In order to have Cg less than C; the diameter of the R T
electrodes needs to be around 20 cm, or so.  The disadvantage of

. this arrangement is that any lightning strokes. would pass through

‘the edge/plane gap and might erode and condition :this so that it
- loses its sharpness. Under these circumstances it was thought -
‘possible, though unlikely, that, with use, the pulse breakdown -

"__voltage of S; might rise to0 become significant with that of Sa..

.- Consequently the version shown in Figure 1C was devised. This
' has the advantage that any lightning strokes will either close

;’fsl'(an edge/edge gap) and so operate the main gap, or, if very’
" slow rising, will close directly, between the raised main elec—
- trodes. - In.addition, RF breakdowns will, in general, directly

close S5, or, on the few occasiouns when they fail to do this, will
' not seriously erode S;, which takes the form of three separate
E/E gaps, each of significant width. DGk adhg

‘A further version was considered and this ' is shown schematically
.in Figure 1D. In this, 81 has been transferred to the ground
"electrode and the outer parts of the upper electrode are also
‘isolated by an‘inductance. -This inductance should be around a
~ third of the lower one and the stray capacities are arranged so
-~ ~that Cg < Cg < Cq. As the EMP pulse arrives, Sq closes, but this
still ?eaveS“the outer part of the upper electrode. at about hali
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the voltage of the top electrode of S,. Such a situation distorts
the field around this electrode very considerably, leading to a
large increase in the field on the outer parts of the upper main

‘gap electrode. For pulses with a rise time of tens of nanoseconds

a spark gap breaks down when the field reaches a critical value
on either of the electrodes. Hence increasing the electrode field

‘by a factor which might be as much as 1.5 times as big as that
_applicable to version 1C would lower the breakdown voltage by

roughly this factor. However, for few ns breakdown times the

- situation is more complicated as there is now a finite plasma

channel closure transit time. Since these channels would be
expected to follow the dotted line shown in Figure 1D, this phase

- would take longer and there might well not be the expected drop

in breakdown voltage for very fast pulses.

In view of the limited time available and because of the possibile

- ity that there might not be much advantage in version 1D over 1C
~Tfor EMP breakdown, it was decided to investigate the latter in
the first instance. ' The authors regret this, as 1D is rather a
‘nice concept and might well be con81derab1y better in other,
_sllghtly slower, appllcatlons

3 . PEYSICAL DESCRIPTION OF INITIAL TEST GAP

This was made in a couple of days from bits and pieces which were
to hand; consequently some aspects of its construction were dic-
tated by chance rather than choice. Figure 2 gives a sketch of
the gap as first built for the DC breakdown tests and slower
pulse breakdown experiments. The main on-axis central electrodes
were made of brass and roughly contoured as shown. The outer

electrodes were made of polyurethane foam covered with .005 cm

aluminum foil (see Ref. 1). The aluminum foil in the outer
regions of the top electrode was slit, and the slits recessed so
as to reduce its effect on the inductance of the coil. This was

- almost certainly unnecessary, but as it was easy to . do with a
foam electrode, it was done. The coil was 25 cm long and wound .

out of PVC-insulated wire. As the gap was to be tested DC to
over 140 kV, aluminum covered foam grading toroids were prov1ded

at both ends of the gaps.

The edge/edge gaps Were-made out of .005 cm thick steel shim
which was smoothed with emery paper to avoid the sharp cut edges
and so simulate some degree of erosion. There were three edge/
edge gaps symmetrically located around the central electrode,

_only one of which is shown in Figure 2. These gaps were inten-

tionally located out near the edge of the hole in the outer
electrode to ensure good irradiation of the bottom volume of the
gap and in. partlcular the bottom electrode. :

.. In the first version of ‘the gap the aluminum of the bottom elec~
‘trode was not joined to the 15 cm diameter bottom stalk, the



-“ecurrent path from the bottom brass electrode being taken through
- the foam and then out to the stalk. This was done so that there
- would be no danger of erosion and later sparking at the aluminum-
‘brass contact joint, which might accidentally illuminate the main

The in1t1a1 gap .was subsequently modified to reduce its inductance
. for the fast high voltage tests and its second form W111 be
jdescrlbed in a later sectlon . :

4 EXPECTED SPACINGS AND DC BREAKDOWN CHARACTERISTICS

“For two cases of 1nterest existing lightning ball gap spacings
were known which hold ‘off the RF satisfactorily. The DC break-
~down voltages of these were calculated, that of gap A being 75 kV
"~ and gap B being 140 kV. While it is possible that the ratio of

RF breakdown voltage to DC breakdown voltage might be dependent

on the exact geometry of the gap, it was ‘assumed that to -the
first approximation it does not change between gaps.  This assump-

tion is almost certainly true of gap A, where the balls are.close

C‘together and the gap is a reasonably unlform field one; however,
it may not be so true of gap B where the balls are separated by
~their. dlameter : :

In order to decide the equivalent spacings for the auto irradi-
.ated gaps, the DC breakdown voltage of the new gap as a function
of the spacing was measured. This was done in two sets of tests.
'In one, a flat plane electrode was placed halfway across the gap

'C-Thls enabled the breakdown voltages to be extended to larger -

voltages than was the case with the  full gap. Also the effect
of the degree of stick out of'the central-brass in the top elec- -

.'t trode could be investigated. *These experiments showed that the

stlck out' could be as 1ow as 4 mm without sparking taking place.
to the outer electrode. - In the full gap DC breakdown tests and
all other tests this stlck out was fixed at 1.0 cm.

'tFlgure 3 shows the DC breakdown voltages both for the full gap

- and also the breakdown voltages doubled for the half gap measure-
‘ments. From this curve the following equlvalent spa01ngs to the

”ex1st1ng llghtnlng gaps are taken as
Gap A -*_ 2 8 cm
Gap B B s 0 em

‘The full gap tests were only taken to 145 kV, although the power

'~ 'pack has given over 200 kV (100 kV). Thls_was because the pack

‘had not been dusted for a long time and some -0f the pasticine

‘bits had fallen off. Consequently it was not thought worthwhlie w

_to push it, in its slightly dilapidated state. The accuracy -of
- the voltage measurements is about *2%. A S
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Also shown in Figure 3 is the field enhancement factor (FEF) of
the gap. This is obtained by dividing the calculated uniform
field breakdown voltage by the observed value. Multiplying the
average field by the FEF gives the maximum field on the electrodes.

It is perhaps interesting to note that to give the same breakdown-

voltage at 6 cm spa01ng, 2 ball gap would have to have spheres of
27 cm diameter.

5 . CAPACITY RATIOS AND PREDICTED VOLTAGE DURING A PULSE ON THE

OUTER ' ELECTRODE -

In order to estimate the voltage appe&ring on the outer electrode

during a pulse and hence that appearing on the edge/edge gaps,
the various capacities of the components have to be known. These
measurements were not made with great accuracy but are believed

te be good to some :10%.

In order to 31mu1ate_the~capacity effect of the inductance (Which
was assumed to have a linear voltage gradient down it), a metal
cylinder of height equal to one-third of the coil length was

“placed on the outer upper electrode. In addition dummy edge/edge

gaps were put in the gap. Figure 4 shows the various capac1t1es
measured and gives their variation as a function of gap spa01ng

“Table I summarises the data for the spacings 2.8 cm and 6 cm.

 TABLE I

Gap Spacing
2.8 em 6.0 cm
Cl_ 4.7 - _.8‘3_
'C_2 ‘3.9 : ) e4.5
€3 o R “0.9 | "0.5
C, +1.5 . | 5.4 . | 8.0
R ' T :
C1 + C + 1.5 (A) : .73 o .58
'Cl + C2 + 1 5 (B) - E ZQ : e 14
Cy * Gy © s M
Resonant Frequency : = :
(L = 240 pH) . ] 2.3 MH=z 277 MHZ
Transformer Frequenecy | =~ 5.6 MHz | 5.6 MHz




- TABLE I (Cont'd.)

'Notes‘

(A) is the voltage ratio appearlng across theV
‘ E/E gaps at high frequen01es o

(B) is the capa01ty the inductance is feedlngli
before the E/E gaps break '

(C) . is approximately the capaclty belng fed
- after E/E closure . - :

In order to check these values the gap was fed Wlth a rather un-
;ffrellable variable frequency oscillator whose top frequency was
12-MHz., The voltage on the outer top electrode was measured with
“a Tektronlx oscllloscope with a probe with internal capacity-of

about 4.4 pF. This value changed on some of the amplifier ranges - .

and this- restrlcted the  ranges of gain that could be used. The -
- tests were done with a spacing of 2.5 cm, where the resonatlng
capa01ty,_1nclud1ng that of the probe, was a. total 25 pF.

- The 0011 (42 turns wound on a former of 22 cm dlameter and of .

- length 25 cm) was measured to be 260 uH at 1.60 kHz. When a -

" . slotted thick metal plate was added to. simulate the effect of the .
foil-covered electrodes at the relevant frequencies, ‘the coil

" inductance was measured to be nearer 240 upH. Using the value of

240 uwH, which applles to these tests; a resonant frequency of
© 2,05 MHz is calculated, to be compared with a measured one of -

.2.,12 MHz. For this arrangement a voltage ratio across the E/E .
gaps of about 0.76 is also calculated for frequencies much hlgher
- than the resonant one .

The coil inductance was made lntentlonally big because the initial .
‘pulse tests were to be made with a pulse transformer (whose output -
approximates to 1 - cos nt for the first pulse) w1th a frequency '
of only 5.6 MHz . o :

:--jMeasurlng the fractional voltage appearlng across the E/E gap as

~ the frequency was’ scanned, various other minor resonances were
found, but these are not plotted in Figure 5, which shows omnly

.‘a;the smooth response.  The solid line is the calculated one. At

-the high frequency 11m1t an experimental 1imit of about 0.65 was
_found, to be compared with a calculated one of 0.76, in ‘reasonable

.'._but not excellent agreement. The experimental poants below the.

- resonant frequency fell significantly below the ‘calculated curve,
" but because the gain could not be increased on the oscilloscope
“the measured amplitudes were becoming very small, However,’ the

discrepancy was: con51stent and unexplalned apart from measurlng o

" . errors.
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' The dotted curve in Figure 5 is the calculated peak amplitude of

the first cycle of the waveform across the E/E gap, which occurs
close to the first peak of the applied waveform. At 5.6 MHz it
is seen that the voltage on the E/E gap is about 0.5 of the peak
applied voltage with a 2.5 cm spacing. As the E/E gaps were
found to 'close' rather early in the waveform, this is a lower
1imit to this ratio. - Indeed to an adequate accuracy (+10%) for

both gap spacings, the voltage appearing across the E/E gaps -is

0.5 of the applied voltage at the time of their closure.

In choosing the inductance for a given set of conditions, the RF
voltage appearing across the E/E gaps is selected at some value
(provisionally around 500 volts). This, with the value of the RF

~ applied to the gap, then allows the resonant frequency to be spe-

cified. Using the values of Table I, the inductance can then be.

' obtained, allowing for the shorted turn effects of any metal

plates on the ends_of the coil at the frequencies of interest. .

The results of this section.are not of high accuracy. However,

. fortunately they do not have to be, as it was found that the E/E

gap 'closed' at a voltage of around 25 kV for a separation of

0.7 em. This corresponds to 40 to 50 kV on the gap, the pulse
closure voltage of which was about 160 and 280 kV for the cases

of interest. In practical terms, it is the possibility of a _
factor of 3 or 4 increase in prolonged use of the value of 25 kV
(which is possible, but unlikely) rather than +20% variations in

- the value of voltage ratio appearing across the gap that is .

importantﬂ

6  TRANSFORMER BREAKDOWN TESTS = ..

6.1 Definition of Effective Pulse Time T

in the time range of interésf here for both uniform field gaps

" and edge/plane or edge/edge gaps, the breakdown voltages and,

more fundamentally, fields have a functional dependency on the

. time, which approximates to Ftl/6 being a constant. Assuming
this relationship for pulses which are not square, the effective

pulse duration T that applies is the time width of the pulse at

'88% of the peak voltage. Of course the 'scope measurements have

to be corrected for the various integrating effects present and
for T values of a few ns its value may be up to 30% in error.
However, because the sixth power of the time is what is used,
this only corresponds to some 5% error in the final answer. It
should be stressed that the sixth power dependency is only an

' approximation and applies only over a reasonable range of times.

Typically, for the gaps of interest, the time dependency'dis—

~appears for T values of around 100 ns, while at the other end of

the range the time dependency has not been experimentally well

‘ ‘established for T values under a ns or so. However, to the accur-

acy to which this note aspires, the relationship was_foupd to

apply in essentially all the results obtained.



- In the rest of this note times are given in nanoseconds, dis-
tances in centimetres and voltages in kilovolts, where these are.
.not otherwise specified. - - : - S

6.2 Dulsed Gap Breakdown Voltages

In these experiments two air cored pulsed transformers were used

to give breakdown voltages up to 200 kV with values of .t warying

between 8 and 80 ns or so. A short series of unirradiated break-

down tests were run where the voltages scattered up to about a

. factor of 2 above the irradiated values. This factor is lower
.than the one suggested earlier in this note, for two reasons.

. Firstly and most importantly, the eleéctrodes were freshly made,

" erudely turned, rather ineffectually polished, and essentially
unconditioned. All these factors tend to mean that -initiating
electrons are emitted at quite low fields on the electrodes com- -
pared with those that would be expected to apply to well condi-
tioned or RF 'smoothed' electrodes. Of secondary importance is

‘the fact that thesé tests were done with t values an order of

. magnitude and more greater than those that would apply to opera-
_tion of the gap with the worst case EMP transient. o

'When the E/E irradiating gaps were operated, the gap breakdown.
dropped substantially and became very reproduceable. No direct .
measurements were made of the voltage jitter of the irradiated
- gap breakdown, but it was certainly under 1% and other evidence -
. suggested it was around 1/3% or less. EE S S . '

' The discharge was straight between the centres of the brass elec-
‘trodes and this was slightly surprising at first, because only
- the outer regions of the top negative electrode were illuminated,

- s0 looping discharges might have been expected. However, experi-

- ence from CO9 laser pumping suggests that the worst way to obtain
a uniform glow discharge is non-umiform uv irradiation. That is,
non-uniform irradiation. is best from a sparking point of view.
~In the present gap about two-thirds of the column of air on axis
is illuminated and this may well be a good thing to do in- the
~present application. : Lol : : S

In all the pulse tests done negative volts were applied to the

" upper E/E‘gap containing electrode, although, from other work, it
is not expected that there would be any difference in behaviour

- if the polarity were reversed. - = R R 3 R

- Breakdown voltage runs were made at 1.2, 1.8, 2.4, 3.0, 4.2 and

6 cm spacings, with varying values of 1. The observed voltages

- were converted to a uniform field by dividing by the gap spacing .
- 'and then, using the FEF given in Figu£7'3, the maximum field on:
.the electrode (F) was calculated.  Fr 6 was then obtained and
this proved to be sensibly constant, so the average of the read-
" ings was used, with T in ns. For all the gaps but the 1.2 . cm.



A . - one, the average value was 62 nsl/6 kV/em., ‘For the 1.2 cm gap

N . - the value was slightly higher at 64, but this difference may not
be a real one. The relative accuracy of these answers was about

- #2%, but theilr absolute accuracy could be more like #4%. 1In

these tests the smallest values of T were around 10 ns for the
larger gaps, so for these an extrapolation of a factor of 1.47
was involved in the time dependency of the field. In later tests
with a faster set up this extrapolation was 51gn1flcant1y reduced.

6. 3 Edge/Edge Gap Breakdown Voltages

By u51ng the fact that there were 3 E/E gaps in the assembly,

- three sets of tests were run without disassembly of the spark
gap. The gaps were set at about 0.48, 0.82, and 1.15 cm and
after the data on the smallest gap had been obtained this was

~bent back to enable tests to he done on the next gap, and so on.

. The voltage across the edge/plane gap could not be easily moni-

~-tored directly, but on the voltage waveform across the entire

' .gap a slight hesitation in the rise could be seen as the E/E gap

' 'closed' and switched more capacity into the main circuit. The
‘location of the start of this inflection was not accurately
measurable but was determlnable to +10% absolutely and maybe +3%
relatlvely : . . _ .

By operating the gap at voltages where the main spark between the
- brass electrodes did not occur, it was shown that the E/E gap
- .'closure' was not a fully developed plasma column breakdown, but
: rather a uniform glow type of breakdown. This was established
et - by noting that the inflection occurred on the back side of the
: . first pulse at approximately the same difference in the voltage
. from the peak ag it had in the first instance on the initial rise
. of the pulse. TFigure 6A shows a sketch of what the 'scope records
-showed. The interpretation is that at peak voltage the current
- through the E/E gap goes to zero and attachment and recombination
lead to a rapid loss of electrons and the glow discharge resis-
. tance rises very rapidly to a large value. When the voltage
- difference across the gap approximately regains its previous.
- value on the back side of the pulse, the residual icnisation re-
avalanches and again creates a glow discharge gap closure. - This
“. view was reinforced by the fact that the voltages were a little
- under a half of those necessary to close an edge/plane gap with
-a proper plasma column. These latter voltages were calculated
. from relationships found to apply in previous experiments and
" which had been used to provide a prediction of the necessary
voltages before the gap was built. : .

SN
S

Visibly there was a plasma column spark between the two edges,
-~ but it is very likely that this closed later on after some cycles_
._of the transformer rlnglng waveform

10 .




‘Such a- glow closure is perfectly suitable for uv-irradiating

the main gap and calculations using the Townsend coefficient of
- donisation indicated that the fields were just adequate to pro-
vide the required multiplication. The reason the glow closure
was readily apparent and well separated from the plasma column

spark closure voltage was the high impedance of-the circuit driv-

~~ing it (~ 10 pF), the fast nature of.the applied waveform, and
':the low current the dlscharge had to take (v 100 amps)

. In order to distinguish the mean fields (voltage d1v1ded by edge/

edge spacing) for the two types of closure, the symbols F and
Fq w1ll be used. . _ g

The closure voltages of the E/E gaps were shown to be a function
of the mean field over the limited range of gaps stud1ed and
L also approx1mately obeyed a relatlon : -

g L1/8
. g :

1/6. kv/cm

v 35.'n5.-
" The conStant in fhis'relafion is_only good to=120% because;(a)j :
.+ the fraction of the applied voltage appearing across the E/E was

~only approximately known; and (b) the closure VOltage was only i

o 'roughly determlnable from the waveform.

lFrom other work (ma1n1y edge/plane data but some edge/edge
- results), the corresponding: prompt sparklng relatlon for air at
atmospherlc pressure 1s_--' : . .

F _Tl_/.ﬁmvo'
5. . - .
It was also observed that even when there was no- 51gn of gloW

closure on the first: pulse of the waveform chain of oscillations,
weak plasma channel. closure (i.e., sparking) could still occur,

~ at mean fields down to 15 kV/cm, presumably very late on in -the

-waveform. -Such sparks were 1ong looplng ones - and very weak in:
appearance o _ :

Returning to the- E/E glow closure cond1t10ns the values of T

'_'estlmated from the waveforms went down to about 2 ns in the tests.j

For an EMP waveform the relevant values are more like O. 3 ns, but
‘consideration of the Townsend coefficient suggests that the 1/

'_'time scaling should apply well for this time difference.

As a. result of these tests and other considevations, such as the :

gap capacity, the E/E gaps were all set at approximately 0.7 cm

-.:H'spac1ng For T values of 1 ns or so, the mean voltage. in the
- E/E gap reaches around 24 kV. From some other work, the FEF for

' the metal ‘edges (assumed smooth) -is around 8, so that the smooth
electrode field had a maximum value of some 200 kV/cm From_

11



other work, the field necessary to give the emission of a few
electrons is very approximately 50 kV/cm for the relevant areas, .
providing the edges have not been well conditioned. Thus, even

"with conditioning, it is not expected that the E/E gap glow field

will increase significantly and in any case the gap is designed
to keep the mean RF field on the edge/edge gaps down to around
0.7 kV/em, so there should be no conditioning. However, as men-—

“tioned towards the end of the note, this is a point that should
'be checked with a properly built gap when it has been in service
.for a reasonable tlme, if one is bullt

T MODIFICATIONS TO GAP FOR HIGHER SPEED TESTS

While the authors had little doubt about the valldlty of the

" sixth power scaling of the time, it was considered desirable to

test the larger of the gaps with a somewhat faster pulse. In

addition it was felt that the inductance of the gap after closure
~could also be reduced below. that of the original version without

sacrificing anything. It was originally proposed to test the .

" modified gap on one of the test rigs in CPA and an offer was

kindly made by them to do this. However, partly because the CPA
pulser was rather booked up, and partly because its output was a

- little marginal, it'was‘decided to lash up a test rig out of

bits available in SSWA _So, in the event, the extra tests were

done 1n-house

Because of the inductance of the stalk feedlng the brass elec—

trode and the capacity of the gap after the E/E closure, the

" voltage between the electrodes is less than the voltage across .
~the ends, for very fast pulses. In order (a) to get as much of
" the available volts onto the gap as possible, and (b) to reduce

this extra correction to the minimum, the inductance of. the’
stalk and the body of the gap was reduced to a minimum. Figure
7A shows a sketch of the gap in its second configuration.

' The major changes were: .firstIY'to reduce the length of the coil

to about 17 cm. As the coil only has to hold off about 30 kV
for a very short pulse during the EMP waveform it could have

. been made about 2 cm long, from the point of view of flashover
‘However, from a capacity ratio point of view and also because
occasionally the RF might appear across it briefly before the

E/E gaps close, the longer length was chosen. Secondly the

27 1.25 cm diameter feed stalk had a metal cone added to it, to
- reduce its inductance substantially, as well, of course, as being

shorter than previously. Thirdly the alumlnlum foil of the

- bottom electrode was now connected to the out81de of the 15 cm
-dlameter stalk. : . :

:f_These changes were crudely calculated to glve an inductance

(before main gap breakdown) of about 110 nH with the E/E-gap

.conducting. Measurements -of the gap 1nductance w1th a short of

12



about 15 cm diameter across it gave a value of around 100 nH,
with an error of *15% or so. This error occurs because the moni-
" toring loop did not couple all the flux associated with the gap
..and hence had to be corrected up significantly from the raw
" measurement value of 70 nH. ' . S :

Taking a value of 110 nH for the inductance and an effective
capacity of 8 pF after E/E gap closure, a resonant. frequency of
2170 MHz is calculated. The effective capacity of 8 pF is a '
little lower than the total capacity because the E/E gap does

not close in a plasma channel but has a relatively small voltage
across it after the glow discharge closure. The fastest 10% to
' 90% rise time used in the high speed tests was 7 ns and this
corresponds to a frequency of about 42 MHz. At this frequency
the voltage across the gap is 5% lower than that applied to the
feed pcints. TFor all slower waveforms the correction is smaller.

While the gap was being rebuilt the coil was changed to 27 turns .

H;.on a length of approximately 17 cm. This gave an inductance,

_measured at 1.60 kHz of 137 uH. With thick walled metal plates
and a cone to represent the feeds and end plates this fell to

108 uH. At the resonant frequency it is estimated that the coil

Cinductance with the foil electrode cover would be about 115 uH.

" 'With the probe attached, the resonance frequency measured with a

* 5.4 cm spacing was as 3.20 MHz, in good agreement with a calcu-
lated value of 3.25 MHz. Without the probe on, the resonant
frequency would be 3.7 MHz, which was little less than the design
objective of 4 MHz. However, with the gap at 6 cm, the resonant

3'.frequency would have been 3.95 MHz. The reason why the gap could

‘not be opened to the ‘intended spacing was that one of the authors
(JCM) had mislaid a centimetre in making the space frame that
-supported the halves of the gap and it did not seem worthwhile

to tear it apart and rebuild it. ' - S

At 12 MHz 0.42 of the applied voltage appeared on the outer elec-
trode. For much higher frequencies this fraction would be about.
0.45. This is significantly lower than the calculated value of
0.6, but these calculations were made with the capacities which
applied to the gap in its original form and the modifications '
will have reduced this ratio somewhat. .So the .agreement is
adequate and -again suggests that at E/E plane closure time the

 ratio is 0.5, within 10%. _
'8 FAST PULSE BREAKDOWN VOLTAGES

: Photograph 1 sdeS-thé;high'speed test pulse'aSSembly. On the
right hand side of the photograph is the condenser bank with its

. gspark gap. Next to this is the air cored transformer, which is

" charginga 0.6 pF low inductance capacitor. This capacitor is
very considerably larger than it need have been, but was con- -
. .veniently to hand. - T e S o
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To the left of the pulse charged capacitor is a rail spark gap,
which again was far larger than it need have been, but had the
great virtue that it existed. - The electrode spacing in this gap
was 3 cm. The output of this self-closing gap is fed into a 210
ohm transmission line which is joined to the gap by a2 30 ohm, '
15 cm diameter annular copper sulphate solution resistor wh1ch
damps the output after gap closure : -

'Beyond this and tapping off the 40 cm tall gap is'a'small tapered-

strip line which links it to a copper sulphate/resistor chain

combination terminator and attenuator. The attenuator is made

out of 32 cld-fashioned 1 watt, 33 ohm resistors, while this in
parallel with two copper sulphate resistors gives an impedance of
290 ohms. For a frequency of about 50 MHz the impedance of the
gap before it switches, but after the E/E gap has closed, is

-zbout. 460 ohms. These two impedances in parallel equal about

180 ohms which, with the 30 ohm low inductance resistance, ter-
minates the line at high frequencies with 210 ohms. : '

" The exact frequency response of the monitor is very complicated,

but to an adequate accuracy was estimated to be about 1 ns. The
step response of the oscilloscope is closely approximated to by

~.a linear rise to 0.8 of the low frequency sensitivity in about

2 ns, followed by a very much slower rise. The combination of
the monitor response the the 'scope response is thus a rise to

~the 0.8 level in 3 ns, followed by a longer rise. The observed

waveforms were corrected for this response. The 10% to 90% rise

‘time measured with the gap in position was 8 ns, which on correc-

tion gives a rise tlme of about 7 ns.

Photograph P2 shows a. close-up of the gap, looking upwards, and

in the background can be seen the combined termlnatlng—cum-

“monitor resistor assembly

Electrically the system operated in the following manner for the
highest voltage shots. The capacitors were DC charged to 25 kV

and the transformer charged the 0.6 nF capacitor to 320 kV. At

about 280 kV the output gap (working at 21 psig) closed and

delivered a pulse rlslng to about 240 kV across the gap plus
. monltor . _ S )

Table II lists the results obtained on the breakdown voltage at
5.4 cm spacing, for various. values of t. : :

14



TABLE II

BREAKDOWN VOLTAGES - : : o o
AFTER CORRECTION FOR 'SCOPE AND ATTENUATOR RESPONSE
(GAP SPACING 5.4 cm) : . et e

Breakdown Voltage T | Vt1/3.y
o (kVY | (ns) | I
143 1 70 | 290)
R )
152 -1 42 284)
B R D average 282
170 . 24 289) :
o, R )
195" .. . | 8 | 277)
224 | 3 | 270

*These results have been corrected for the lag in volts on ther}'
gap electrodes compared w1th that at the monltorlng p01nt
.'rUs1ng Flgure 3 the FEF is 1. 12 for a 5 4 cm gap, g1v1ng a value

of oo R o s . . o
¥ /8 - 59 n31/5 kV/cm
This is a- b1t lower than the value prev1ously obtalned of 62
However, now the system is an entirely different one and the
. data in Table II suggests: that, if anythlng, the above wvalue-. ..
~will slightly over~est1mate the maximum electrode breakdown e
fleld _ . .

Averaglng the two sets of values suggests that the best value 1s

F 11/6J=3605

and that thls value may sllghtly over estlmate the 1. 5 ns break-
down fleld . : :

" Using this relation; the'predicted‘breakdOWn voltages for the
two gaps are : _ ' - : :
Gap A 2.8 om 165 KV
: Gap B _ 6 cm 290 kV

o Flgure 8 plots .the predlcted breakdown voltage for other gap ‘ .
. spacings and also gives the values of t taken which are based on
La worst case pulse r1s1ng in 20 kV/ns : o g
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The edge/edge gaps are calculated to close when there is about
60 kV on the gap. :

With regard to the pulse width, the fall time was about twice
that calculated from the constants of the circuit. and gap and
this at first was a surprise. However, the explanation lies in
the observed behaviour of both the output gap of the pulse
charged capacitor and also the test gap when it is not . uv-
irradiated.  Both of these gaps exhibited a glow discharge phase
before plasma channel closure. Figure 6B shows a sketch of the

" waveform observed with the unirradiated gap closure.  After the

pulse has risen to peak volts there is a fast fall to a plateau
which is variable in length but averages about 15 ns. Then
there is a further voltage drop as the plasma channel closes.

The mean field in the gap which corresponds to the plateau volt-
ege is about 25 kV/cm, at which field the e~folding time of the -
ionisation in the discharge has risen to some tens of nanoseconds.

-The pulse charged capacitor output switch gave an output pulse
‘which again had a step part way up when operated at atmospheric
-pressure. When the pressure in this gap was raised to 15 psig

this step almost completely vanished and the rise time became

‘.that which . had been calculated.

The behav1our of the irradiated test gap was.not as clear-cut,
but again was longer than the circuit constants would indicate.

-In order to check that the same behaviour explained the slow

fall, the series copper sulphate resistance was increased from

30 ohms to 70 ohms., This should have reduced the fall time to
-about -5 ns. if the gap had closed immediately in a plasma channel.

However, the change had no effect on the fall tlme as was

'expected

Taking the measured fall time, the time w1dth of the pulse at

 half height is expected to be about 30 ns.

If the gap can be installed as is suggested in the last section

of this note, the total inductance will be about 500 nH after
the switch has closed. Using the current waveform calculated by_
Roger Oats and the above data, Figure 9 gives the predicted

- waveform across the base of the aerial with a 6 cm. gap spa01ng,_
and for a rate 0of rise of the pulse of 20 kV/ns

9 COMPARISON WITE PREVIOUS DATA

In Reference 2, which mainly deals with the,nenosecond breakdown

~of small uniform field gaps and surface tracking gaps, Figure 3
- shows the data for mm spaced gaps and also some data for 1/2 to

3 em gaps breaking with v = 2 1/2 ns. The curve suggests that
over the range 1/2 to 3 em the field increases from about 52 kV/

. em to 66 kV/em. This data was collected from a range of gaps,
only one of which was 1rrad1ated ~ The present data._scaled to
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atof 21/2 ns, gives a breakdown electrode field of 52 kV
- essentially independent of spacing from 1.2 to 6 cm.

A quite possible explanation for the discrepancy is that the
original measurements were in error, or were comparlng apples
with pears. That is, the breakdown data of some of the gaps was
.contamlnated by not being uv-irradiated. However, there is a

- second possible explanation and that is that the partlcular mode
of uv-irradiation employed in the gap reported in this note has

“been particularly effective in causing breakdown of the longer
gaps. As was mentioned earlier, there is a region under the top
brass electrode which is unlrradlated and thls mlght have speeded
up the breakdown processes.

10 POSSIBLE FUTURE WORK PROGRAMME
10 1 Properly Englneered Gap Constructlon

C It is suggested that the present general dimensions be used

. except that the feed cylinders should be about 20 cm in dlameter
The only slightly complex shapes involved are the two electrodes,
presently made of aluminium covered foam.. These can be fairly
~thin metal spinnings; it is quite possible that suitable car hub
caps can be found. The outer electrode with the 8 cm diameter
‘hole in it will need to be thickened over the inner part so that
“the present inner radius to the hole edge can be maintained. 1In
‘addition it is rather desirable to provide a bit of a roll over

_.where the coil starts. The stalk carrying the brass main elec-

- ‘trodes can be made 2 cm in diameter and the metal cone will help
" to stiffen this against electromagnetic impulse forces during
‘lightning strokes. The edge/edge gap electrodes should remain
.005 cm thick, but about 4 mm back from the edges they should’ be
‘clamped between tapered metal pieces to make them more robust.

' 1072 Installatlon of Gap at the Aerial Base

Flgure 7B shows a sketch of a p0851b1e method of mountlng gap B
"in a low inductance fashion to the base of the mast. It is '
‘estimated that if this method of mounting the gap is possible,
" the inductance of the gap after closure will be about 500 nH..
Some method of adjusting the gap will be necessary,; possibly a
- coarse thread cut in the base of the lower feed stalk can be
"used. The centre of the gap should be located on the half
potential line, presumably about half-way up the mast support.

10 3 Addltlonal Testlng
If and when a fully englneered gap is avallable the spaclng
- required to hold off the RF should_be measured. In addition-a

- few RF breakdowns via the outer parts of the gap should be
- intentionally produced. This. is to ensure the survival_of the
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coil and the E/E gaps under these circumstances. A possible
test would be to arrange for the gap to be exposed to simulated
lightning pulses to ensure its mechanical survival: however,
operation on the aerial for a while w111 prove this. p01nt one

way or the other, rather more cheaply.

'~ Since there are three E/E gaps, it might be worth while using

different metals in each of them in the first gap. Suggested

‘materials are steel, brass, and tantalum, each .005 cm thick.

After, say, a couple of months' operation in the field, the

_closure voltages of these gaps can be rechecked to ensure that

these have not increased greatly. Apart from testing that the
properly constructed gap survives the various high energy dis-

v ~charges it will inevitably be exposed to, checking that RF con-

ditioning of the E/E gaps does not serlously occur 1s the only

. other vital test.

.10 4 Inductance for Gap A

Gap A has a more complex waveform on it and I am not sure what
this is. However, a crude estimate suggests that the resonant.

frequency of the coil plus electrode capacity should be around

6 MHz for this gap. If this is so, the coil should have 13 to

-14 turns wound on the same former.
11 CONCLUSIONS

A possible -EMP di#ertor gap. is described and tests on a 'bread-
"board' model are given. Predicted breakdown voltage and result-

ing waveform at the base of the aerial are prov1ded While the

.work has been done ih too short a time fo ensure great accuracy,

which in any case is unnecessary, the estimates of breakdown
voltage are probably good to around 10% and, if anything, the
predictions are considered to be slight over-estimates. In the

event that it is decided to build such a gap, some suggestions

are made as to its manufacture, mode of installation and testing.

If this should be done, the authors will be dellghted to assist
- in any way . short of actual help. '
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Possible Gap Configurations

_RF, EMP

. Fig. 1A

T
/

"~ Fig. 1B

- Fig. 1C

Fig. 1D




Sketch of Gap (1/2 scale)

Figure 2.
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'E/E Gap Fractional Voltage for 2.5 cms Gap Spacing
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- E/E Gap Closure Waveform

Figure 6A. .

- Unirradiated Gap Breakdown

" Voltage

w25 kV/cm

Time
o . 'Variab1e _
alsms -
oo Figure 6B..
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Low Inductance Version
\

R (fé”—-i :.f—hh\t) | m;}4 scélé.-

CuSO4 Resistor

" Figure 7A.

- Possible Mode of Installation

26 o _-_  - Figure 7B. . .
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Spark Gap

. H.V. Output

Voltage Under Test Spark Gap Storage

Monitor Series Peaking Capacitor
Resistor Capacitor Transformer

Photo 1. General Test Layout

Photo 2. Test Gap Detail
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