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INTRODUCTION

The aim of this short series of experiments was to show the
feasibility of a generator providing a current of about 300 ka
with a maximum rate of rise of about 8 x 1013 amps per second,
by means of a cheap, simple system. In addition, it was desir-
able that the generator should use gas switches, so that the
rate of firing could be a few a minute. The above reguirements
meant that the approach used by John Shipman of NRL (which uses
triggered solid dielectric switiches) would not be satisfactory.
John Shipman's elegant system provides a short circuit current
of 500 kA and a slightly faster rise to the current pulse, but
it was felt that even though the performance of the new system
was going to be poorer, its speed of operation and cheapness
would compensate for this.

There was not time in the 6 weeks available to build a full
system (whose width of lines would be about 1.4 metres) so a 60
cm wide strip of it was built, mainly to test the multichannel
operation of the start and pulse sharpening gaps and to check
out other features of tne construction of the lines. Two peo-
ple were engaged on the building and testing of the sub system
and the work was terminated a little prematurely by one of them
(JCM) getting plastered {(the right leg). However, it was felt
that demonstration of all the main points had been achieved and
that with only a modest amount of further development the full
system could be made to work.

. OUTLINE OF SYSTEM

The basic generator is a strip line Blumlein circuit. The
Blumlein circuit is normally shown with 2 equal impedance lines
{(z) and when charged to Vo and switched with an ideal gap,
provides an output voltage of Vo into the matching impedance
of 2Z. The duration of the pulse is the two-way pulse transit
time. However, there is no need for the lines to be of equal
impedance: they can be unequal and in this case it is desir-
able that they should be. Neither need they be of equal length
and again, in this application it is functionally desirable to
make the unswitched line significantly shorter.

Fig. 1 shows the schematic of the Blumlein employed and the
equivalent circuit. Switched with an ideal gap, the first

pulse duration is now that of the two-way transit of the shorter
line. Thus, if the load R approximates to a short-circuit,
the current provided will reach a value of 2Vg/%Z1 + Zp , with
ideal switching. In practice, if the start switch has a rather
slow rise, the pulse voltage across R will have a poor rise
and also not reach the ideal switch voltage value in a finite
length line. The second point is not as serious as the first
from a laser application point,of view.




The rise time of the start gap was expected to be 30 ns or so,
far too slow to provide good laser pumping. However, this dif-
ficulty was to be circumvented by providing a pulse sharpening
gap to the left of the load. This gap would be much more
quickly charged than the start gap and hence would be more com-
pact and could be operated at higher fields and with many more
channels than the very much mors slowly charged start gap.
However, the use of a pulsed sharpening gap throws away the
first 20 ns or so of the rise of the pulse before it closes,
providing the fast rising pulse to the load. However, the gas
in the lasing cell only provides an output for a few ns, so the
length of the right hand part of the Blumlein needs only be
some 10 ns in electrical length, while the left hand line needs
to be some 30 ns.

Figure 2 shows the circuit with the pulse sharpening gap in it
and also gives representative wave forms.

A major objective of the experiments described here was to show
that the pulse sharpening gap would go into proper plasma con-
duction channels quickly, since recent Russian work has shown
that uniform field unpressurised gaps had a fairly long (~ 10
ns) phase when current is carried in broad columns of ionised
gas before the thin plasma channels form. This gives a poor
rise to the output pulse. This phenomenon had been seen in
edge plane gaps charged in times like 100 ns, when significant
current occurred before the rapid voltage collapse phase took
place ('fizzle'). It was known that this phase got much
shorter as the gas was pressurised: however, it was not cer-
tain that in terms of a few ns the phenomenon had disappeared
with pressurised edge plane gaps. Indeed, with carbon dioxide
it was found that the fizzle phase was significant at quite
high gas pressures.

CHOICE OF START GAP

While it was clear that the sharpening gap should be a pressur-.
ised edge plane gap, there were two choices as to what the
start gap should be. The two distinct systems would have been
a DC charged Blumlein system with a triggered uniform field
rail gap, or a pulse charged line with an edge plane gap. For
the DC approach, the uniform field gap would still have to be
operated multichannel and this would have required a fast trig-
ger pulse and, even with this, multichannel ocperation of a DC
gap at 70 kV has not been demonstrated with an adequate number
of channels, to my knowledge. However, edge plane gaps have
been operated with an adequate number of channels. (Multichan-
nel Gaps, J. C. Martin, Switching Note 10, referred to in future
as 'The MC Note'). The use of edge plane gaps, however, meant
that the Blumlein would have to be pulse-charged quickly and
this would require the addition of a low inductance small bank
to the system. A secondary advantage of this approach was that
tracking problems would be much eased by pulse charging. A DC




charged 70 kV line can bé run in air, but very considerable

care is needed to prevent tracking around the line and the : .<;3
start gap. However, a pulse charged line can easily be made =
and indeed during all the tests no tracking arocund the line was
observed at any time, desplte the edge grading getting pretty

grotty at tlmes.

Thus, to enable an edge plane start gap to be used and to ease
tracking problems, a pulse charged Blumlein approach was se-
lected. In retrospect I think the decision was a good one.
However, a DC charged system with a multichannel uniform trig-
gered gap would be simpler (once the development work had been.
done} and almost certainly is feas;ble, but would require 51g-.
nificantly more development work, in my opinion.

Thus the final schematic of the system is as shown in Figure'3;

The inductances L , and Ly , are selected so that the two
roughly equal capacities of the two parts of the Blumlein _
charge at the same rate, preventing a significant prepulse ap-
pearing across the pulse sharpening gap.

The 60 cm wide system will now be described and the results ob-
tained with it given The full system will then be outlined
and some comments given about its testing and expected opera-
tlon

60 CM WIDE LINE

N
H k]

1. BANK

The small bank consisted of two AWRE-made 100 kV condensers in
parallel with a rail gap at one end and the pulse output at the
other - see Figure 4. The capacitors are low inductance and
have a value of 70 nF each, The tabs of each winding in them
are brought out on one face and form a low inductance line when
the return conductor is placed close to this face. The spark
gap is a pressurised rail gap in a 2" OD perspex cylinder with
0.5 cm wall thickness. The rods which form the two electrodes
are 5/8" OD brass rod, 6" long, and are spaced 0.60 cm apart in
this gap (which is not optimum but just one that happened to be
available). The ends of the brass rods are shaped as shown in
Figure 5 and rounded in all dimensions, so that the field de-
creases away from the maximum value it has in the central por-
tion of the rail gap. This shaping is not critical and after
carving off the brass bits indicated can be done with a corase
file in about half an hour for a pair of electrodes. No very
perfect finish is required, but a rough polish with one grade
of sandpaper is used after a smooth contour has been filed.

The low inductance connections between the spark gap and the
capacitor are shown in Figure 6. There is a flux excluding
prism which also stabilises the voltage at the mid plane of the
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gap at V/2. Where the gap is charged 0 , V_  this metal 1nsert_
is allowed to float at V/2. Where plus and minus charging is.
used (which is the preferred arrangement, but was not used in
the 60 cm tests), the metal flux excluder is earthed via a few -
kilohm resistor chain. The fact that the surface voltage gra-
dient is divided into two half voltage gains because surface
tracking goes at V2 or higher. There are also ~ 1/16" flat

- sheet perspex guards 51mplexed onto the perspex tube and the

mylar insulation of the main line is twin stuck against the
spark gap body. Additional sheets of mylar are included around
the main feeds. The flux excluder (which lowers the inductance
of the gap significantly) is made by Wrapplng ~ 4 thou copper
around a wooden triangular cross-section prism. This in turn
is covered with double-sided sticky tape holding a mylar wrap
down and the smallest face is then twin stuck to mid plane thin
perspex sheet. The construction and insulation external to the
gap is very similar to that of the start gap, whlch will be
sent to the builders of the 140 cm line. .

The DC'breakdOwn of the gap can be calculated to a couple of
percent, using the treatment given in DC Breakdown Voltages of
Non Uniform Gaps in Air, Dielectric Strength Note 16.

The,calculated and. experimental breakdown values for air are
given below. These values apply after the gap has been fired a
few times initially to condition off projections and whiskers.
The breakdown channels should be distributed over the central
region of the rods and not occur frequently (if at all) at the
curved ends, 1f their shaping has been done correctly.

TABLE I _
DC BREAKDOWN OF THE RATIL GAP

PAbsolute | VBreakdown vBreakdoWn
(atmospheres Calculated Observed
~of air) (kV) (kV)
1 21 20
37.5 37
54.5 52.5

It might be as well to insert a word of explanation about all
the calculations in this note. These are essentially designer's
calculations and are only good to 10 per cent, or even poorer. :
In other words, these are designed to act as good estimates be-
fore manufacture and as a check that operation is as intended,
as the system is made. The only real test of the system is

that it performs as required at the end of the day: however,




it is useful to c¢heck numerlcally ‘that everythlng is roughly

- going according to plan at each stage, so rather crude calcula- SR
tions of expected performance are made before testing each . _/
stage and it is ensured that these agree tolerably, but . not
slav1shly, well before proceedlng to the: next one,

The calculatlon of the 1nductance of the bank and sw1tch up. to
the output strip transmission line is given below, as an ex~
ample of how i€t is treated._ Agaln, only crude approximations
are used because this is all that is justlflable without a
great deal of work whlch would be a waste 6f time and uneco~
nomical.

INDUCTANCE OF SPARK GAP
SPARK CHANNEL

The plasma column expands at the rate of ~ 3 x 105 cm/sec and
hence at ~ 50 ns the chanrel radius is ~ .0l5 . cm and the radius
of the rod is ~ .4 ¢m. Hence the 1nductance of the plasma
channel ‘at the time of Lnterest is given by

L ~21 1n b/a

where 1 'is channel length; b rod radiug and a Channel
radius. L
LSPafk .2 % 0.6 x lnhISO' _ _ Ce L)

So

~ 4 nH.

The rail feeds to the channel have an indiuetance along them of
about 4 nH/cm. The channel is fed from two directions and as=
suming the rails (width w ) arg fed unlformly alehg their
length, the inductance : -

o 4 x W
Lfeea ® ~12 .nH
i.e. L ~ 5 nH.

feed

There is then the fact that the rails are fed ohly in three
places (4 cm apart) by short connectors through the perspéx
spark gap wall., Each of these stubs has an inductance of about

2 x 0.7 x 2 ~ 3 nH and hence Lgiykg ~ 2 nH. The copper
-feeds widen as they leave the spark dap to lower the "indictance,
but -taking them as still being !~ 15 cm wideé, the inductance of
the area inside and just outside of. the spark gap - shaded in-
Figure & is glven by

L
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_ . 12,6 Area
Lgap body W nH
12.6 x 14

i.e. Lgap body ~ e ~ 12 nH.

Thus the spark gap induétance ~ 23 nH.

In addition to this there is inductance of the short feed be-
tween the spark gap and the condenser ~ 2 nH, giving an induc-

. tance up to condenser ~ 25 nH.

The capacitors each have an inductance of ~ 25 nH, giving 12 nH
in parallel. There is ~ 3-4 nH in the low. inductance beyond
the capacitors, giving a value all up of ~ 40 nH. (Which, by
experience, 1s usually a little bit on the low side).

The measured value was obtained by firing the bank into a short
circuit at ~ 25 kV and was found to be about 45 nH and also
gave an internal resistance of 0.2 ohm approximately from the
damping. The capacitor internal resistance depends a bit on
frequency but is of the order 0.4 ohm each from previous deter-
minations, in good agreement with the above.

Thus the bank basic characteristics are as given in Figure 7.
The bank should not be rung repeatedly at high volts into a
short without any extra damping, as this reduces the capacitor
life: however, at 70 kV it would give 90 kiloamps approximately
into a short, The bank is simply fired by Jjust reducing the
gap pressure by venting the compressed air. The air flow is
arranged so that the fresh air is introduced at the bottom of
the gap and exhausted at the top of the cylinder and the rate
of change in general for gaps should be about once every shot,
but this is not at all critical and can be much lower for this
gap which can be over-pressurised. The gap body can take well
over 100 psig and is tested to.this value after construction,
while wrapped in waste cloth, in case it were to blow up. It
is normally run at 30 per cent over the breakdown pressiure and
is automatically flushed when the pressure is lowered to fire
it.

THE LINES

The lines shown diagrammatically in Figure 2 were made 250 cm
long from the start gap to the pulse sharpening gap and 110 cm
beyond to the end of the system. 1Initially the insulation of
the LHS line was a total of 2 x 1/32" polythene and 4 x 2 thou
mylar. The RHS was insulated by 4 x 2 thou and 3 x 5 thou my-
lar. The impedances 0f these (if perfectly assembled) would
have been about 0.76 and 0.20 ohms respectively for a 60 cm
width, giving a total Blumlein output impedance of 0,96 ohm.
However, life is not quite that simple, because in a practical
assembly there are thin films of air between the dielectric




sheets. This has two effects: <firstly these air films may in-
crease the impedance somewhat {(up to 10 per cent}), and secondly
{and more importantly) these air films break down during the
pulse charging of the lines, increasing the capacity of the.
lines v1ewed as a "lumped constant” capacity. This introduces
a (dc/dt)=l term into the charging circuit of the low induc-
tance bank causing increased -dumping and :reducing the ringing
gain from the bank to the lines. Thus it is desirable to as-
semble the lines in such a way that these air films are as thin
as it is practically possible to achieve.

The method used to achieve a good assembly is to put the dielec-
tric layers between fairly thin copper sheets (3 to 4 thou) and
then push them together with a steady DC pressure. This is
achieved by placing the lines between two 1/2" plywood sheets
which are faced on the inside with spongy 1/4" sheets of rubber.
This rubber needs to be pretty compressible (~ 70-80 per cent
“air). and when localised loads are placed on top of the sandwich,
the plywood acts as a stiff member, flexing only a little under
them,_and the spongy rubber applies essentially uniform pres-
sure all over the coppe. dielectric line. 1In actual practice,
6" concrete cubes were available to load :the line (weighing
about 20 1b . each) and some 25 of these were distributed over

the top of the sandwich, giving a pressure of about 10—2 of an
atmosphere to assemble the lines, :

After the line has been fired a number of times, charge separa-
tion occurs inside the .line and this leads to additional elec~
trostatic assembly forces which help to compact the line. As
an example of what can be achieved, the capacity of the LHS was
calculated to be 15-1/2 nF with no air present and the measured
capacity was 12.6 nF after a fair number of firings. Thus, in
addition to the 70 thou or so insulation, there was only some 6
thou of air. For the RHS the calculated capacity {(allowing for
extra insulation under the load and near the peaking gap) was
about 26 nF, while the measured capacity was 17-1/2 nF, This
indicates that in addition to 21 thou of mylar there was some 3
thou of air, on the average. There are as many .interfaces -on
the RHS as on the LHS, but the mylar here is thinner and lies
flatter than the dielectric on the LHS.

Figure 8 gives a sketch of the cross-section of the line near
the edge of the copper, showing the details of the edge control
as well as those of the llne construction. .

A few notes about the construction of the line follow. = The
sponge rubber is Evo-stuck to the plywood (Evostik is an impact
adhesive). A layer of 2 thou mylar is then stuck to the rubber
face. The copper line is stuck to this mylar with two lengths
of 3" Twin stick double-sided tape. The edge tracking control
blotting paper is then stuck outside the edge of the copper
with Twin-stick. The dielectric layers are then placed in po-
sition and the top assembly then placed above and weighted down.




DG CONTROL

As the line 1s pulse charged, very blg stresses are generated
to the edge of the copper lines and in the absence of tricks to
smear out these in a controlled way, flash round may occur. '
The tricks used in this-line are threefold. Firstly the copper
is bent back on itself (1/2" or so), giving a smooth edge of
twice the thickness of the main copper. 1In addition, the space
between the mylar sheets stuck to the sponge rubber immediately
adjacent to the copper edge is filled by blotting paper or fil-
ter paper for a width of about 1-1/2". This edging can be con-
veniently made by sticking lengths of the paper to 3" twinstick
and cutting this up the middle. It is very desirable to use a
porous paper for the edge control and not to fill up the space
with solid material, otherwise the necessary grading at the
edge will not occur by coronoring and edge puncture of the main
dielectric may well take place. The third trick is to fold the
top and bottom 2 thou mylar up and down over the plywood/rubber,
so that any tracking that does get as far as the edge of the
wood is forced to move away from the final edge of the dielec-
tric, breaking the field here into a series of disconnected re-
gions, each holding only a fraction of the voltage.

GAIN FROM THE BANK TO THE LINE

In theory, it is a simple matter to calculate the rlnglng gain

of the Bank/line when the latter is viewed as a "lumped con-
stant" capacity. Figure 9 gives the relation for a loss- less
circuit and also a reasonable approximate gain for a circuit
with a series and parallel re51stance, valid when the damplng
is not too large. The difficulty in applying this relation is
in defining what R should be. BAny real resistances can ob=-
viously be allowed %or, but there are two additional effects
which decrease Rp . One is the air breakdown within the lines,
mentioned above, for which an estimation can be made. Cer-—
tainly the value of Cl1 to be used is near the theoretical or
no-air one, as the air must break down at operating voltages on
the lines. This is because the field in the air reaches values
of 1 MV/cm or higher. The air when it breaks may not becone
totally conducting when looked at from the point of view of a
pulse travelling up the line, but during the relatively slow
charging phase, the capacity must rise to close to the theoret-
ical value. Another dc/dt term arrives from corona moving out
from the edges of the line. This effect is minimised by the
edge control techniques mentioned above (sealing the edges of-
the copper completely will just lead to main dielectric break-
down, a phenomenon exploited in solid dielectric switches), but
it still exists and it, too, causes a reduction in Rp .

An estimation of the ringing galn to be expected will be given
later in this note, as an example.




After the line had been used for a while to do various tests
and to make some edge plane breakdown measurements, its imped-
ance was reduced by removing one of the 1/32" polythene sheets
from the LHS, this giving an impedance (complete air breakdown)
of 0.42 ohm and a generator internal 1mpedance of 0.62 ohm,
with air breakdown, and 0.72 ohm if the air did not .break down
completely. To cover the two possibilities, the line impedance
would be taken as 0.65 ohm which probably closely corresponds
to the impedance of the second version of the line.

There is an effect due to the fast rate of charging of the line.
Typically the vLC of the bank charging is of the order of 40 ns.
The "effective" /ILC of the LHS line, the longest, is about 8 ns,
thus there is a significant voltage drop down the line, if it
is fed at the sharpening gap, and the voltage at the start gap
may be ~ 10 per cent lower, since it fires before peak volts.
However, this is only of real importance in measuring the
breakdown voltage of the gap; the pulse travelling up the line
is, of course, the voltage across the start gap when this fires.
This effect is minimised by taking a little care about the lo-
cation of the feed point of the lines from the bank. The start
gap is arranged to fire near, but before, peak volts on the
charging wavéform, in order to achieve multichannel operation,
and it is the time of this breakdown on the waveform which de-
cides the actual difference between start gap volts and feed
point volts. '

START GAP

The actual start gap will. be sent to those intending to. build
the large system, so that an extensive description of the gap
and its insulation can be avoided. However, Figure 10 gives a
sketch of the gap. The perspex body is 1-~1/2" OD, with 3 mm
wall thickness, and the "plane" electrode .is made from 1/2"
brass rod. The edge is made frbom 1/32" thick strip, which is
1.1 cm wide. The gap between the edge and the rod is 0.70 cm
and is uniform to about .005 ¢m. The length of the rod and
edge are about 8" and the uniform length some 16 cm, the ends
of both rod and edge being curved back as in the bank gap, but
done rather crudely in this .case. The brass strip is sharpened,
rather poorly, by filing at an angle of about 20° and with a
final edge radius of about 0.0l cm. The overall length of the
gap ‘is about 15", including the demountable pressure caps at
either end. -

The two electrodes are fed in four places each along their
length, brass fittings on the ocutside of the gap containing
small O rings and also pressing down onto the 3 thou copper of
the output feeds to make electrical contact, as well as gas
sealing. The inside of these stubs are fitted to the edge by
slotting and then soft soldering. This method is fundamentally
sound, but hard soldering should have been used instead of soft,
as the stubs could be torn off by the over-enthusiastic use of
the spanner.
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The line tapers from the 20 cm or so of the switeh out to the
60 cm of the line over a distance of some 30 cm and the insula-
tion thickness is reduced over this region to a little under a
half of what it is in the main line, in order to keep a roughly
constant impedance. The insulation in this region is quite
tricky and the use of Twinstick has been minimised, because it
has an appreciable thickness in its own right.

In retrospect, the start gap was made too narrow and it would
have been better to have electrodes some 35-40 cm wide. It was
the first small pressurised E/P gap I had made and T was not
sure how difficult it was going to be to fabricate it, when
made by largely unskilled labour. As it turned out, it proved
quite easy to make and a very fair uniformity of gap was ob-
tained even when made by an amateur in a couple of days. The
consequence of making it too small in length was that even when
it operated multichannel (which it did with delightful regular-
ity}, its inductance was quite big and the resulting pulse
travelling up the line had a poor rise (e folding ~ 25 ns at
best}.

THE SHARPENING GAP

Figure 11 gives a sketch of the gap. The electrodes are 55 cm
long and the overall length of the gap about 85 cm. The "plane"
electrode was made from 1/4" OD brass rod, while the edge elec-
trode was made of strip 0.6 cm wide. The edge of this was

filed down to a 15° angle and the final radius was about .005
cm. The gap was 0.61 cm, but the variation in this was up to
0.02 cm. This came about from over-confidence, leading to
failure to drill the holes in the perspex tube at regular

enough intervals. Despite this big variation in gap width, up
to 40 channels were observed, although there was a definite
series of bald patches where the gap was bigger than average.
There should be no difficulty in holding the spacing constant

to .005 cm when the gap is made properly. It may pay to thicken -
up the strip slightly to, say, 50 thou, to get extra stiffness.

Both electrodes are fed every Z" by stubs through the tube wall
and make contact electrically to a square section brass bar
which has O ring cones drilled in it at each stub point. The
pressure scaling was quite satisfactory up to 80 psig, except
when a stub was pulled off the edge strip by over-enthusiastic
use of the spanner and/or poor soldering.

The bottom of the gap is sealed to a 3" wide, approximately 2
mm thick, perspex sheet by some careful simplexing. The bottom
of this perspex sheet is twinstuck to the insulation of the
line and at up to voltages of 90 kV across the gap, no tracking
at all was observed. The pulse volts are on for an effective
time of only a few ns, of course, which helps enormously in
easing tracking at this point.




In the real application the start gap will be lncllned across

the strip line at an angle to the voltage front, but in these - '('* """
tests it was at right angles to the long length of the lines. - e
The ‘length of the sharpenlng gap in the full system will be

some 200 cm and while it can be made in one piece I am sure,.

there is no reason why the electrodes cannot be made in, say,

60 cm lengths, or even three gaps can be made and simplexed énd

to end without degradlng its performance significantly, provid-

ing the edge plane spacing is maintained constant throughOut

should a single gap prove difficult to make.

ThlS'completes the description of the major items in the system.
It is worth giving a few general remarks about the accuracy
with which everything is made. In general, the assembly can be
very poorly toleranced. Very little in the system need be
carefully made and great care does not have to be taken over
any part of it, with the exception of the gaps. Here there are
three regions where some care has to be exercised., PFirstly the
insulation wrapping to prevent tracking should be done with
some care. Secondly the gaps have to be pressure tight.
Thirdly the gap in the <dge plane should be held constant to
better than 1 per cent. This will mean over a considerable
length the standard deviation of the gap will be some + 0.2 per
cent. The absolute value of the gap is not too important,

since this can be corrected for by changing its operating pres-
sure, but it should be within, say, 10 per cent of the ones
built for the 60 cm line tests.

In addition to the fact that the’ system can be fairly crudely
made ({except where noted), the numbers glven in this note may
not be exact and errors may have crept in on occasions; again,
this is not of major importance. So the. calculations given, ‘
while in the correct ball park, may not be exact to a few per
cent; even so, they are probably better than the theory justi-.
fies. ' o

" ARRANGEMENTS OF EXPERIMENTS AND MONITORING

Initially, as was mentioned above, the bank characteristics
were measured and checked against theory. The next set of ex-
periments were carrled out with the LHS line only in place, but
with the start gap in position. This was over-pressurised so
that it did not break. Some 30 ohms were placed across the
line at the end remote from the start gap, in the form of 3
parallel chains of 8 resistors each. A signal was tapped off
one resistor in one chain to monitor the waveforms. The ring-
ing gain was then obtained and the operation of the start gap
investigated for a range of gases at different pressutres and
for each polarity on the sharp edge. The ringing period of the
line was investigated and also the rise time of the pulse from

the start gap.:
[
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- The sharpening gap was then built and placed in position and

the line on the RHS of the system finished. The charging rates
of the two bits of line were then balanced to give as small a
brepulse as possible. The main monitor at this time was a
chain across the LHS line just before the sharpening gap. This
consisted of a chain of ten 10 Q resistors tapping off one or
two into the 100 Q cable of the 'scope. To measure the out-of-
balance signal, the 'scope cable was placed straight across the
sharpening gap. In addition to these monitoring points, the
load had been represented by 100 10 Q resistors in parallel
across the width of the line, giving a nominal 0.1 @ series re-
sistor. These were mounted in the line in a low inductance way
and acted as a current monitor. The resistors used in this
monitor were not the same as those used elsewhere in the monj -
toring, being physically rather smaller.

The system earth was arranged to be at the top line, just be-
fore the sharpening gap. In order to reduce earth currents, a
600 2 approx resistor was placed in the earth line from the
bank, comprising 8 large 1 watt resistors, 2 in parallel, 4 in
series. There was also, of course, a resistor in the charging
lead from the power pack (2 megohms). Thus the system was DC
earthed in two places (three when the safety dumps were down on

the power pack) but had only one earth (that of the signal

cable) from a pulsed point of view. Even this was not a direct
earth for the medium-high frequencies, because of another pick
up suppression technique we employ. This consists of winding
some 30 yards of mains lead on a cardboard or plastic drum to
form an inductance of the order of a millihenry. This acts as
& choke for the high frequencies (of impedance of the order of
kiloohms or greater) and limits the current flowing in the
earth conductor of the coax to tens of amps rather than kilo-
amps. For low frequencies and DC, of course, the 'scope is
still earthed. When this trick is used it is necessary to put
0.1 uF bypass condensers between both live and neutral to earth
at both ends of the mains inductor. This is because equal:
pulse currents flow down the three cores of the mains lead.

For very high frequencies, the earth of the system is not de-
finable anyway, and it radiates in a more or less balanced way
before settling down with something tending to zero on the top
plate.

The 'scope used in the experiments has a number of unusual
characteristics and is a home~built system. The tube is an old
Ferranti tube (made in limited numbers and no longer available)
which has an accelerating potential of 20 kV, magnetic focus+
sing and a twin line x deflection system consisting of two rods
crossing the tube with the beam passing between them. The de-
flection sensitivity is very low (5-1/2 kV/cm on the £film)
which is a very useful characteristic when measuring high volt~-
age pulses, because it makes the attenuators simple to build.
This tube was the first one to write faster than the velocity
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of light about 15 years ago. The active electronics in the

'scope is a single spark gap which provides the deflection
sweep and brightening pulse. The sweep is approximately expo-
nential, which we have found to be a useful feature in most of
our work. The. whole system is remarkably dmmune to pickup and,
indeed, on one occasion we- floated one of .these 'scopes up ‘to l
million volts on a microsecond -pulse and -then recorded a ‘high
speed pulse, a 51tuat10n that most 'scopes would not be happy
in.

With the particular version of the 'scope we were using, the
tube HT voltage was quite stable and hence the X deflection
~constant, but the sweep deflection system was somewhat time-
.dependent However, whenever the time measurements were impor-
tant, a calibration was done before and after the shots. The
exponentlal nature of the sweep was also a minor inconvenience
in some of this work, but, in general, the very fast response
time of the 'scope (see the later section on output pulse rise
time) and its immunity to pick up were very considerable advan-
tages. The only reason that a brief descrlptlon of the 'scope
has been included is th.t it explains various unusual features
of the waveforms obtained.

Any fast 'scope (better than or equal to 100 megacycles response)
should be able to perform quite well, but more care will be
needed with the attenuation, and w1th pick up suppression, than
we had to use.

There was one additional feature added to the bank which has
not been mentioned to date and that is the location of a 40 ohm
resistor acrossg the pulse output of the condensers. This con-
sisted of some 40 large 1 watt resistors in a series parallel
arrangement and had two functions. PFirstly it provided a load
to discharge the system, if the bank were fired and the start
gap did not break, thus dlscharglng the lines in a few micro-
seconds and so av01d1ng a late time track around the edges of
the lines. Secondly it added to the damping of the oscilla-
tions in the bank circuit in such circumstances to prevent it
ringing on too long. This is not very important but as a gen- -
eral policy we do not like capacitors and gaps to ring through
too many cycles, The re31st1ve load across the capac1tor could
not be too low in value, as it would affect the ringing gain of
the charging circuit, so that the value chosen was a compromise,
on the high Slde.

The last item to be mentioned in this section is the resistors
used in the system. Except for the 0il Blumlein output load/
current monitor, these were old-fashioned 1 watt ceramic cased
composition carbon resistors (size 3 cm long by 1 cm in diam-
eter). These resistors can be used as delivered up to 15 kV
per resistance, for high speed pulses such as those encountered
in these experiments. They will absorb up to 2 joules without '
any significant change in resistance, either pulse or DC, and
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can be used up to about 5 joules with some slight drift, which,
however, can be cancelled out in a potential divider arrange-
ment. Around 8 joules per pulse they blow up. Unfortunately,
our Stores no longer stock these, but now use physically much
smaller resistors and while we have some stocks of the old type,
when we had to make up the 0.1 ohm resistor we had to use the
more modern type. These we have not tested for high voltage
pulse operation, but we have looked at a range of American re- .

~sistors in the past, of very similar size. These all showed DC

changes at significantly lower overall voltages and energy de-
positions (reasonable because of the small length and lower
volume) and in general if a 10 per cent DC drop in resistance
was found after a number of pulses, then the impedance was down
30 to 40 per cent during the high voltage pulse. This is in-
deed what happened to the output load and is discussed further

towards the end of this note. Such resistors would still be

useable in a voltage monitor providing the signal is taken off
one of a chain via a high impedance feed, so the tap off resis-
tance had essentially the same voltage pulse on it as would the
others in the chain.

Figure 12 shows how the voltage monitor was attached to the
line. An essentially similar method of construction was used
to make the attachment between the bank and the two lines.
This attachment also formed the two inductors, but because it
was required that these feeds should not have more than 40 nH
or so, the feeds were 8" wide and were attached to the lines
through long slots in the plywood. The feeds were also only
about 1 cm apart over most of their length and were wrapped in
sheets of mylar and had curved up edges, .to prevent flash-over

'durlng the charging pulse.

60 CM LINE RESULTS
RINGING GAIN

The ringing gain results will be given for the second version
of the line, where the calculated capacity of the LHS was 30 nF
and the observed 24 nF, while those of the RHS were 26 and
17-1/2 nF respectively. This version was the one with only one
sheet of 1/32" polythene in the LHS line. Figure 14 gives a
tracing of the waveform for bank volts of 30 kV and gives a
first peak gain of 1,13 and a half period of 150 ns. The rea-
son tracings are given of the records is that it was intended
to take a series of good records for this note at the end of
the experiments, but this was not done as I had to go into hos-
pltal and was relatlvely immobile for a period of 5 weeks. Dur-
ing this time, various parts of the system had to be used for
another investigation. This left only the records in the book
and these were working records usually containing 4 or 5 traces
on each print in order to save Polaroid film. As such, they
are rather confusing and it was decided to trace representative
records rather than have a lot of photographic reproductions

|
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done which would ‘not have been of high quallty and would also .
have been rather confusing.

The value of the total load capacity being rung from the bank
was bounded by the values of 41 nF (no air breakdown) and 56 nfF
(total air breakdown). The voltage on the bank was not very
high (it could not be raised much higher because the start E/P
would have broken later on in the wave form) and hence complete
breakdown was unlikely and in addition the fact that some
charge separation existed in the line after a series of flrlngs,
both suggest that the total air breakdown value would be too
high. Thus a value about 50 nF for the load capacity is taken.
This gives a value for the bank plus feed inductance of around
62 nH, based on a value of Cgff. of 37 nF. This is reasonable,
but perhaps a little low, since the bank inductance was 45 nH
and the value for each feed inductance was estimated at about

45 nH, giving an estimated total inductance of around 67 nH.
However, neither of the above numbers is better than about 10
per cent, nor is there much point in obtalnlng greater accu-
racy, as was mentioned earlier.

To get the calculated first peak gain, using the approximate
relation given in Figure 9, a value of R is needed as well
as the value of Rg , which is 0.2 @ approx. There is besides
the dt/dc term, a 100 Q monitor and 40 @ across the bank.
The dt/dc¢ 1is estimated to be a time of 2/ICeff equal to 100
ns and a capacity change of about 10 nF giving about 10 ohms.
Thus Rp ~ 7= 1/2 ohms, most of whlch comes from the dt/dc
term (which cannot strictly be treated as a plain resistance, e
anyway). The first peak gain becomes 0.74 (0.74 + 0.76) which

comes out very fortuitously as 1.12. This degree of agreement

is highly accidental and an agreement to 5 per cent would be

much more usual, and worse would not worry me much. The main

virtue of these calculations is to suggest how improvements can

be made. TFor instance, if the damping had mainly been in the

series resistor, efforts might have been made to decrease this.
Alternatively it is seen that the 40 ohmé across the bank out-

put was not contributing much to the loss of ringing gain. Al-

so, if more detailed analysis of the waveform is made (allowing

for the RC drop), a damping factor of about 0.67 per half cycle

is obtained, compared with the one suggested by the above cal-
culation of 0.75. However, this too has its errors, both in
measurement and theory, so the disagreement may not be real.

The treatment also suggests that at much higher voltages the

gain may drop to only a few percent over one, as the air in the

line breaks down more completely.

.

OUT OF BALANCE SIGNAL

Figure 14 shows a tracing of the out of balance signal across
the sharpening gap, measured directly with the 'scope. The am-
plitude is about + 1.6 kV for 30 kV on the bank, ie about + 5
per cent. The record was the best obtained after a small amount
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of fiddling, this being done by changing the spacing of one of

" the feeds, ie altering the inductance. I do not know what pre-

pulse voltage can be applied to the E/P gap without altering
its performance, but I would not think that a 5 per cent pre-
pulse would have much effect. However, this can easily be
tested, although we did not have time to do this.

START E/P GAP

Figure 15 is a tracing of a record of the operation of the
start gap without the sharpening gap going. From this the
breakdown field can be obtained for wvarious gases and pressures.
Most of the work so6 done was obtained with version A of the LHS
and no RHS line, fairly early in the programme. This data, and
also some derived from the sharpening gap, have been written up
in "Results from Two Pressurised Edge Plane Gaps", J. C. Martin;
I. Grimson; Switching Note 20. These results will not be covered
again in this note. However, two points will be briefly cov-
ered. One is the apparent electrical length of the line and
the degree of overswing shown in Figure 15; the other is the
number of channels.

The apparent electrical length of the line deduced from Figure
15 is about 40 ns, considerably longer than the expected time
of 25 ns. The explanation for this lies in the finite rise of
the pulse from the start gap. The calculated rise time is
dealt with more fully below, but can be taken as about 23 ns
(maximum slope parameter) for the start gap working with about
10f15'channels in it. This pulse reaching the sharpening gap,
which is open circuit, is reflected and returns to the start
gap, at which it again reflects with a change of polarity, but
in addition it is 1ntegrated by the inductance of the start gap,

.glVlng a pulse whose maximum slope is now about 40 ns, and this

is delayed by about 10 ns more than the two-way transit time of
25 ns. The process repeats itself each time the maximum slope
increases, the time at which this occurs being delayed as well.
Flgure 16 shows three successive pulses and the resultant wave-
form is sketched. The effect in the case shown is to increase
the apparent two-way transit to about 42 ns and also the first
peak voltage, instead of doubling, rises only to 78 per cent or
so of this.

To check the real electrical length of the line, a solid gap
was substituted for the start gap and this gave a two way
transit of 25 ns. The rise time of this pulse here was about 7
ns (maximum slope). Even in this case (which was done with
version A of the LHS line) the overswing was about 90 per cent
of voltage doubling. The two causes of this were the fact that
the voltage at the gap was less than at the monitoring point,
as mentioned early. This was the major effect, but there was
still a residual effect of the finite rise of the pulse from
the gap.. In the record shown in Figure 15, the lower impedance,
ver51on B, LHS lines were used and the rate of charge of the
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line was significantly less and about 5 per cent of the failure:
to double is due to this effect. Thus the first reflected
pulse would be expected to be about 73 per cent of voltage
doubling; alternatively the overswing is 50 per cent of the in-
itial switching amplitude, as the record: shows.

As the maximum current the sharpening gap can drive is directly
related to this peak to peak vcltage, the poor rise time of- the
switch has a significant effect on the short circuit current
after sharpening., In addition, the rate of rise of voltage on
the sharpening gap is directly related to that of the start gap
output pulse and this is one of the factors which controls the
number of channels in the sharpening gap, and hence the rise

time of the sharpened pulse. The major factor in the rise time-

from the start gap is the "external" inductance of the spark
gap body and if this had been made twice as long, the start gap
rise time would have been 31gn1f1cant1y improved, leading to
more oversw1ng and more channels in the sharpening gap.

The start gap inductive and re51st1ve phases are not the only
things which can give r.or pulse rise times, as some gases show
frizzle at pressures not much over one atmosphere. This is
covered in the edge plane note and, for instance, carbon di-
oxide is particularly bad in this respect. As a result of the
data obtained in that note, it was decided to use nitrogen of
the gases tested, although air was not much inferior. In addi-
tion, the best number of channels was obtained from both the
edge plane gaps with the edges being driven negative. But,
again, the results with the edges positive were scarcely infer-
ior. However, the data to be covered from now on will be given
for nitrogen and negative edge polarity.

The number of channels in the start gap depends on the point on
the waveform at which it is arranged to fire. In order to get
as much volts on the line as possible, while still having a
reasonable rate of change of voltage at the time of gap firing,
it was arranged for the start gap to operate at about 90 per
cent of the peak line volts. In fact, the number of channels
was not a very rapidly varying function of thlS flrlng voltage,
provided the gap closed before peak.

When the start gap closed at 90 per cent of peak volts, the num-
ber of channels was about 16, on average. An open photograph

of two of the start gap firings is shown (Fig. 16A) on the page
of photographs. The camera is simply tilted between records

and some additional, rather faint, channels can be seen in the
original Polar01d prlnts, which- have been lost in the reproduc-
tlon.

An approximate calculation of the number of channels to be ex-
pected will now be given. Familiarity with the multichannel
note will be assumed. The inductance of the wvarious parts of
the gap will now be considered, as was done for the bank gap.

{
f

18

s




| L -3 . .
Spark chapnel radius 3lx 10 Lspark .2 0.7x5

~ 7 nH/channel .

.InductanCe of feed to channel (w = 15 cm) at 6 nH/cm

- 15 X 6
Lfeed ‘""Tf—“ 7 1/2 nH for 1 channel .

Stub Induétance (4 stubs) ~ 1.5 nH
{(each side)

Gap body.Indﬁctande ~.12.6 x é%- ~ 4,5 nH.

The first two terms'depehd on the humber-of channels and give

' 16
Lin ® w D"H.

The second two terms have to be added when deriving the output
rise time of the pulse but are treated as part of the feed cir-
cuit when calculating the likely number of channels.

Louwt = 6 nH.

Considering first the number of channels.to be obtained,

th?s Zeff 'f Zline_+1wLout
-~ 0.4+5x10 x6x107°
~ 0.7 ohms.
: 16 _ 23 -
Therefore TL. 0T = «= ns

where -n is the number of channels,

Using representative breakdown fields, 1Tg ‘can be obtained and
is ' :
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' : R
psig , —
o - 13.6/n"’ - o |
14 10.2/nY73
22 172 s.4/0%3
" Also Teransit 15/30n = Q.S/n ns .

This, depending as it does ocn 1/n ,'can'be combined with 0.1
17, to give -

0.1 T, + 0.8 Tirans = .2;7/n
and Table II can now be obtained.
"TABLE I1
. AO.l'IR ' . o AT
n | 0.1t +0.8T _ - -
L trans | 5_o |14 1/2| 22 |p=o0f1a 1/2| 22 | - ()
l 2.‘7 1.4 1-0 0 0:8 4 .l 3-7 3-5
2 1.3 1.1 | ‘0.8 0.6 |'2.4 | 2.1 |1.9
4 0.65 0.9 | 0.6 |0.5 |1.85) 1.25 |1.15
8 0.3 0.7 0.5 0.4 | 1.0 0.8 0.7
16 0.15 0.551 0.4 |0.3 |o0.7 0.55 | 0.45
32 0.07 0.45| 0.3 -|0.25].0.521 0.37 |0.32

Now T is reguired, which is related to the rate of rise of
the pulse ‘at firing time, and for breakdown at 90 per cent .of
peak volts T ~ 2.2/LC ~ 110 ns. Also ¢ is.wanted. Fig-
ure 3 of the MC note .gives it-:as 0.25 per.cent for ‘teff ~ VIC,
which is for firing:at 90 per cent of peak volts. To this must
‘be added the jitter caused by ‘the .error in- edge plane :separa-
tion. In this gap the maximum change of gap was about 0.7 per
cent, but this was a pretty uniform slope from one end.to the
other and the transit time ‘helps to reduce the expected o ~
0.17 per cent (which would apply to a gap whose spacing varied
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randomly by up to 0.7 per cent) to more like 0.1 per cent in
this case. :

Thus 2To

12

2 x 110 x (.0025 + .001)

(I

0.77 ns.

Using this value, the values in Table II suggest that the num-
ber of channels should be about 12 and only weakly dependent on
pressure. This indeed was what was found after the gap had had'
some conditioning shots.

Cranking this number back into the earlier expressions for the
gap inductance, one gets a value for this, when feeding 1nto
the line, as being :

16/12 + 6 "nH
= 7.3 nH approximately

and not very dependent on the exact number of channels, most of
the inductance coming from the external gap body term. Thus a
two limes longer gap would halve this term and also give more
channels and thus essentially halve the above value. For the

start gap as made

T = 7.3/0,4 = 18 ns

and ?R =. 5 ns

giving an expected rise time of the order of 23 ns.

For a gaprtwice the width, the rise time (allowing for an in-
crease in number of channels to about 20) would be about 14 ns
(or a little more in real life, probably), a big improvement.

Once again the real value of the crude calculations is not to
determine the exact number of channels to be expected so much
as to locate the major terms in what controls this time, so
that it can be predicted beforehand roughly, and also to sug-
gest useful improvements in the construction of the system. 1In
this case the external gap inductance is the controlling fea-
ture and this can be improved by using a smaller cylinder for
the gap, or by increasing its length, the practically preferred
route in a rebuild or new de31gn being the latter.

The pressure in the start gap is denoted by P; and the ap-
proximate best value for this as a function of bank volts is
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given in Figure 20, which also gives the optimum chosen value

for p2 , the pressure in the sharpening gap. As such, Figure

20 is a copy of the operating conditions graph for the 60 cm
width line in its second version.

SHARPENING GAP PERFORMANCE

Once again the breakdown field data that were obtained for this
gap are summarized in the edge plane note and will not be dup-‘_ﬁ

llcated here,

Figure 16 shows tracings of a couple of records for different
values of py , the pressure in the sharpening gap. Again,
these are for nitrogen with the edge negative. As the pressure
in the gap is raised, the gap fires higher up the overswing,
but at the time it fires the rate of change of volts is lower,
hence a smaller number of channels results. Thus, while there
are more volts to drive the load current with high values of

p2z , the rise time of the resultant pulse is poorer. As the
RHS line is only some 10 ns long, the peak current reached in
the 0.1 ohm locad reache. a maximum value and then falls as the
pressure is raised over the optimum. Thus the best condition
obtained for these tests is where the sharpening gap is oper-
ating some half way down the overswing, but this is of course
determined experimentally and will depend on the constancy of
the edge plane separation, and also on the degree of overswing
achieved, which depends in turn on the rise time of the start
gap and the electrical length of the LHS line.

The second pair of photographs at the end of this note each
shows two pairs of open shutter records of the start gap opera-

ticon, the difference between the pairs in each photograph being

the pressure in the sharpening ,gap p2 . Here in particular
there has been a noticeable loss of guality in the photographic
reproduction (which was unavoidable) and many fainter channels
have been lost and some of the brighter ones have coalesced.
However, for the smaller value of p32 in each case more chan-
nels can be seen. In addition, the bald spots where the edge
plane gap was bigger, are clear, but with the greater rate of
rise of the pulse at firing time these tend to £fill in. The
photographs were obtained with the aid of a mirror at 45° over
the top of the sharpening gap and the camera was operated
around £16, plus a neutral density filter of value 2.0 with
Polaroid film speed 200. The start gap channels are signifi-
cantly brighter, as they carry more current plus the ringing
current of the bank. The aperture of the camera needs to be
opened up as the number of channels increases, in order to keep
the intensity of the brightest'one roughly constant.

On the more routine of the shots, the number of channels was -
judged from the visual after-image and this was quite good for
the start gap, but gave numbers like a half or less of the num-
ber recorded photographically in the case of the sharpening gap
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viewed at a distance of about 10 feet via the mirror. This is
due to the eye lumping together, or not recording, those chan—
nels towards the edge of the field of view, I believe.

Table III lists the number of channels in the start gap and
sharpening gap (recorded photographically) for a series of fir-
ings as functions of p] and p2 for different bank volts,
and also given is the peak deflection of the output current
measurements. N] is the number of channels in the start gap
and N2 1is the sharpenlng gap.

TABLE III
Bank Volts = 37 kV; p, = 0 psig:; . Average Nl = 16
Py _ - Current Deflection
Nl _'(psig) | N2 N2 average (cm)
17 0 39,32 | 35 - .75
15 15 46,48 47 N E .77
15 22 38,40 39 : .76
17 29_‘_ 26,21 | 23 . .70
Bank Volts = 45 kV: p1 = 15 psig; Average Nl = lﬁ;f
14 22 37,30 33 ' .90
16 29 37,37 37 .91
20 37 26,25 25 _ .90
14 44 16,13 14 B .80 .
Bank Volts = 56 kV; p; =" 22 psig; Average N; = 15
18 | 29 38,35 | 36 - 1.10
18 37 35,32 33 1.13
10 44 29,27 : 28 1.14
16 - 52 . 18,30 24 ‘ 1.08

From this, an "optimum" operating set of conditions was obw-

- tained for this particular run, which is given in Table IV.
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 TABLE IV o
' "OPTIMUM" CONDITIONS

pBénk Vqlts- B 5 A rL --L; pz. :';‘H‘,
&v) | (esig) | N | (psig) | N2 |
37 0. ~16 | 20 | 40
45 | 15 ~16 | 30 | 37]
56 22 | ~ 15 § - 40 32

" The crude multichannel calculations will now be giveh-for these
conditions. : ‘ . ‘ o

INDUCTANCE OF A SPARK CHANNEL

The spark channel radius: is approkimately,10-3'cm,_giving

Lfeed ~ §§T§_§ ~ 27 nH for. 1 channel

Lgpark. ~ 2 X 0.6 x 6 ~ 7.2 nii/channel
giv;ng"' Ly, = -

Lggyp (10 stubs ~ 0.35 nH

each_side)

Note the. stubs were shorter  and made a lower inductance connec-
tion to the square cross-section rod than in the start gap and
bank gap cases. : '

. 12.6:x.3

Lgyap body 55

giving = L, .. #__1;0. nH. -

The impedance of the line as seen by the sharpening gap ~ 0.65

plus 0.1 load resistance ~ 0.75 ohms:. For the multichannel

calculations - wLoyt has. to. be added, where w ~ 3 x 108, ie
Zeff ~ 1.05 ohms.

- 34 _ 32
Thus T = 1.050 - o ns.
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The'transit,time is %%-ns = 1,8 ns

‘and the 0.1 T, and 0.8 Tgrang  can be combined tb'give 4.7/n
~ns.

Using the breakdown field derived from the peak to peaklvoltagé
measured, the resistive phase can be obtained and is L

p TR

(psig) - (ns)
0 ?I.2.3/nl/3
14 172 | 9.3/n1/3
22 8.3/nt/3

Using these values, Table V can be calculated.

TABLE V  (Times in ns)

u 0.1 Tr AT
"%t TL T 008 Terans P=0|14 1/2| 22 {p=0|14 1/2{ 22
10 .47 .57| .43 . |.36/1.04] .90 |.83
20 .23 .46| .34 [.31] .69| .57 |.54
30 16 .39 .30 |.26| .55| .46 |.42 .e
40 .12 .36 .27, |.24] .48} .39 |.36
50 .10 .33 .25 |.22] .43] .35 |.32

Now the values of T and o0 are required. The slope of the
voltage waveform was obtained from the records and for the opti-
mum operating conditions was about 40 ns for each pressure.

For other values of p3 this changes, of course, getting

larger the greater the pressure is. The estimation of o is
unfortunately not very good because of the variation of gap
length, which was up to 3 per cent in the sharpening gap. Judg~
ing from the distribution of the bald patches, the sparks only
occurred where this was more like 2 per cent. With something
like 40 channels this corresponds to a span of some 50, ie o ~ |
0.4 per cent due to gap variation. The intrinsic scatter from
the MC note is about 0.15 per cent for a teff ~ 15 ns. Thus
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¢ ~ 0.55 per cent, rather uncertalnly. I realise that if the
dlstrlbutlons are Gaussian, the straight addition of the two
o's is not valid, but if the distribution is otherwise (as it
may well be), stralght addition could apply. However, worries
about this are overwhelmed by the basic .assumptions as to the
effective scatter of the gap width.

Using the above values
2 To ~ 0.45 mns

and from Table V the expected number of channels is in .the
range of 30, decrea51ng slightly with pressure. The numerical
agreement here is, again, rather fortuitous and not to be taken
very seriously: however, it is obv10usly in the right ball park.
Moreover, it shows that if the gap had been better constructed
(a2 maximum dlfference in spacing of some 1 per cent with a o
of the order of 0.2 per cent of the gap length), many more
channels would have reeulted - Again, if the start gap had been
made twice as wide, T would have been considerably shorter and
again more channels would have resulted. Indeed, so many that
the impedance feedlng each channel would have risen beyond the
range of validity of the relations used in the MC note. How-
ever, it would be expected that at least 100 channels would
have been obtained with the improvements mentioned above.

The calculated rise times of the pulse from the sharpening gap
for the assumed optimum conditions are given in Table VI.

TABLE VI
°1 p’?& Ny Lgap | Tr TR | Tot | |
(psig) (psig) (nh) (ns) | (ns) (ns) |
0 20 |40 |18 | 2.4 3.6 6.0]
lia 12 30 | 37|19 | 2.5 2.90 5.4|

With the suggested 1mprovements, the: calculated rise time would
be under 3.7 ns. ThlS could: be. decreased further by reducing
the edge plane separatlon and:. runnlng at higher gas pressures:
however, this could not be done very- mach.

Table VI shows that the rise time is 1mprov1ng as. the pressure

is increased and in the later series of shots this was.done, as
the system was operated at hlgher voitages.,
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A second point that the calculations show is that providing the
sharpening gap has the same wave front impressed upon it along
its length, the standard deviation of the output wave will be
around + 1/2 ns and with improvement this will probably halve.
Indeed it may well do better than this, because with 20 chan-
nels in a length equal to the distance from start gap to load
(10 cm), averaging will smooth the ripple down to something be-
low 0.1 ns. However, there will be large~scale changes across .
the wave front on top of these small scale variations, caused
by possible variations in amplitude across the width of the
line in the wave hitting the sharpening gap. These are briefly
mentioned again towards the end of this note. ‘

OUTPUT PULSE

The output pulse was monitored by attaching the 'scope cable
directly across the resistors that formed the nominal 0.1 ohm
load. There is some small inductance in this load and this was"
cancelled out to the first order by arranging the length of the
stripped inner of coax to have an inductance such that the in-
tegrating effect of this was approximately equal to the 1nduc—
tive spike time of the load resistor array.

Figure 17 gives a tracing of a typical output pulse. This is
shown in more detail in Figure 19. The observed waveform from
the 'scope has to be corrected for the 'scope response. This
is given in Figure 18. Most of the late rise time is in the
delay cable, which allows the 'scope to trip before the signal
is displayed and hence accounts for the shape of the ‘'scope re-
sponse, Shown in Figure 18 is the calculated response to a ‘
step waveform and also the observed one, which was measured
with a strip line generator switched by a tin tack driven solid
gap. The agreement is amply good enough for the present pur-
poses.,

Figure 19 also gives the pulse front corrected for the 'scope
response. In addition to decreasing the rise time, the correc-
tion for the 'scope response also raises the peak voltage that
an infinite bandwidth 'scope would have measured. Once again
the measured two-way transit time is longer than the 12 ns that
the FHS beyond the load represented. This is, as before, due

to the inductance of the sharpening gap and also possibly to

some integration of the pulse when it bounces off the open cir-
cuit end of the RHS line. At these voltages corona conditions
must change over a centimetre or two at the end of the line and
this represents a small integration effect. '

The maximum rise time for the record shown in Figure 19, after
correction for the 'scope response, is 4.7 ns (maximum slope).
The conditions for the record were p3 = 22 and py = 29 , a
bit below the optimum, but one which gives a faster rise than
that calculated in Table VI, which gives the conditions for
maximum peak current. Indeed, because of the faster rate of
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change of voltage at the sharpening gap breakdown point, the

mean field was 10 per cent up on that used for the Table V and
Table VI calculations. This reduces the resistive phase by 13
per cent, giving a calculated rise time of 4.8 ns. Again the
agreement_ls too good, but I assure you, unfiddled. '

QUTPUT CURRENT

As was mentioned earlier, the smaller 10 ohm resistors were
used to make the nominal 0.1 ohm. When originally assembled,

the resistance was about 10.1 @ for each resistor. However,
after the next series of high voltage shots to be described, a
representative series of resistors was measured and found to
have dropped their average DC value to 9.2 Q2. The energy dis-
51pated in the 0.1 @ resistor assembly during the high level
shots can be roughly calculated. The peak i was 110 kA and
the duration of the fast pulse was effectively about 20 ns.
However it was followed by a chain of further pulses equlvalent
to a total of about 6 pulses (including the bank ringing current
as well), giving an effective duration at full power of about
120 ns. Thus the enerygyy dissipated for resistance would have
been about 1.4 joules. The volume of carbon composite is a
little smaller in the new resistors, so this might be equiva-
lent to about 2 joules per resistor, which would not be ex-
pected to have been enough to produce a significant DC change

of resistance in the old resistors. However, the old big re-
sistors are mechanically enclosed in a ceramic body which sup—
ports them against any weak shocks caused by the heating., ' Other
tests on USA resistors showed that they suffered DC resistance
changes at levels of a joule a resistor even though the volumes
of the resistor carbon composite material were similar. Also
all the tests we have done show that when a DC change of about
10 per cent drop occurs in a few pulses, there is an additional
20 to 30 per cent drop in resistance during the pulse. This is
caused by the fact that the current densities in the actual
carbon filaments are very much greater than those obtained by
taking the average cross-section of the composition rod, and
heating and shock expansion cause a reduction of the resistance
of these filaments. Anyway, as can be seen from Table VII,
there is a progressive reduction of measured voltage across the
carbon resistor loads compared with the voltage across the
sharpening gap at closure time. The values agree well at low
current levels but fall as the voltage and current are raised.

It is very difficult to see any reason why the system should
not show a linear (or, rather, slightly super linear) relation
between volts in the sharpening gap and the output current.

The super linearity would be expected, because the rise time of
the gap improves as the voltage is raised. Thus it is assumed
that the load resistors are dropping their pulsed resistance,
and the data obtained on other resistors is assumed to apply to
this type. Thus in addition to the observed DC drop of the
load resistor to 0.092 ohms, there would be a further pulse

i
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drop while the pulse volts were on, amounting to an extra 20
per cent or so at the top voltages recorded during the final
current test shots. Obviously the best solution would have
been to have repeated the measurements with a linear current
monitor; however, as this was being planned, the programme had -
to be stopped. 1In fact, in the absence of, say, 150 of the old
10 @ 1W resistors, it was not easy to make such a resistance
with an adeguately low inductance and an adequate heat-absoxrb-
ing capacity. The one planned would have been a nichrome sheet
one. Alternatively, and perhaps additionally, an integrated B
dot coil would have been employed.

However, Table VII summarises the data obtainéd.

TABLE VII

Bank P1 pz |Load|Corrected Estimated| i |Voep| S/C

Volts| (psig) | (psig) | (kV) | 'scope Load | 7y lsvc (EVI)? calc.
(kV) Rise Time] R & {kA)
37 0 20 | 4.7] 5.2 .087 60| 68| 44 | 68
45 | 15 30 5.5 6.0 .083 72| 81| 57 88
56 | 22 |.40 | 6.7 7.3 .078 931104 70 | 107
64 | 32 54 7.3 7.9 .073 108/120] 83 | 127

Table VII lists the operating conditions for the series of
shots and then gives the voltage measured on the 'scope. This
has to be corrected for the ‘'scope response (+ 8 per cent}.

The next column gives the estimated pulse resistance of the
load based on a DC wvalue of 0.092 ohms. From this a measured
current is derived and then, using a total line impedance, the
short circuit current is derived, taking out the load resis-
tance. The next to last column lists the voltage swing (mea- -
sured on the records) from the level at which the start gap had
fired to when the sharpening gap operated. The final column
gives an independently determined short circuit current based
on this and the calculated likely line impedance of 0.65 ohms,.
As can be seen, the line impedance determined current is above
that estimated from the load resistance measurements, but the
agreement is quite good. Using the average values of the peak
current, the output of the line at 64 kV on the bank would have.
been about 123 kA into a short circuit. For the bottom line of
shots, the start gap was operating at 65 kV. A few shots were
done at 70 kV operation of the start gap, with no signs of
breakdown and, indeed, at no time did the line track: these
shots would have corresponded Fo 135 kA short circuit current.
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With a twice width start gap, the overswing after the operation
of the start gap would have been 15 to 20 per cent higher, giv-
ing good sharpening gap operation at 90 kV, with 65 kV on the
bank, which again would give short circuit currents of about
135 kKA., Thus there is a very reasonable expectation that a .
start gap rebuilt line, or, at slightly higher voltage of oper-
ation, a line of 60 cm wide, would give 135 kA. Thus it is ex-
pected that the 140 c¢cm wide line would be expected to run at
300 kA and possibly a bit higher.

The system was found to be easy to fire and reproducible in its
characteristics, and could easily be fired once a minute, al-
though the life tests which were planned unfortunately were not
carried out. However, the start gap and LHS line had about

2000 firings at between 35 and 60 kV on them, and the full sys-
tem: some 1000 shots, mostly in the same voltage range.

This concludes the summary of some of the data obtained with
the 60 cm wide experimental line. Before going on to the sug-
gested 140 cm wide system, it may be worth briefly mentioning
the effort and cost involved in the 60 c¢cm:experiments. The
work was done by myself and a vacation student (Ian Grimson),
and while it took about 7 calendar weeks, only some 6 weeks'
time was actually available during the period. The total con-
struction time for the bank and the lines was about 3 weeks.
During this time essentially everything was made, excluding the
bank gap which happened to be around. However, the gas pres-
sure and flow gear had to be assembled and if this were ex-
cluded, the time to make all of the bank plus lines, including
all the gaps, would have been the 3 weeks. The power pack was
to hand, as were the untabbed condensers., The remaining 3
weeks were roughly split between monitoring the performance of
the system, including running it up to the maximum volts at
which it was tested, and in making the measurements reported in
the edge plane note., However, it must be stressed that we knew
pretty well what we were doing and it would take someone inex-—
perienced in the area considerably longer than this.

As regards costs, the local condensers (which were to hand and
were, of course, reused afterwards) cost about £200 and the
cost of the rest of the materials in the bank and line would
add about another £200. If we had had to build a power pack
{(which we do with components ratted from a component store .on
site, or obtained secondhand), it would have cost us another
£200 or =so.

The only engineering effort used was in cutting the brass sheet
accurately to the widths required for the edge plane gaps and
in making the brass fittings for the pressure seals for the
start gap. The sharpening gap seals were made by us.

To make the larger line discussed below would cost at most £300
in materials, I estimate, excluding the power pack and condensers,
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and would take us now, with what we know, about the same time
as the 60 cm line did. A bit more time would be needed to do
the monitoring, to ensure the long wave flatness of the wave
front beyong the sharpening gap, but obviously we would not re-
peat the extensive series of measurements with different gases
in the edge plane gaps. So, roughly, I would expect to spend
about 10 man weeks to make and diagnose the operation of the
full line. However, again it must be stressed that we would

have all the materials to hand and would know pretty exactly

what we were doing, so the time scale suggested applies only to
us.

140 CM WIDE SYSTEM
BANK
There are two modifications I would suggest be made to the

basic bank we slung together for the 60 ¢m wide line tests.
These are to go plus and minus for the charging volts and also

"to split the bank either side of the uniform field DC switch.

This latter change reduces the inductance of the switch and
also reduces the performance required from the condensers.

With regard to the plus and minus charging, this eases any
tracking problems across the gap (not that we had any trouble
here) and also for the price of another set of rectifiers
doubles the output of a power pack. In building our power
packs, most of the cost is in wvariac, transformer, etc. and a
+ 35 kV unit is significantly easier and cheaper to build than
a 70 kV one. There is no need, of course, for the power pack
to be stabilised, or anything fancy, and it only needs to sup-
ply a milliamp or two of current to charge adequately qulckly,
as far as 1 can see.

Figure 21 shows a drawing of the gap and a sketch of the con-
densers and output lines. The suggested gap would still use a
2% OD perspex tube and have the brass rod and gap dimensions
given for the 60 cm line bank gap. However, the rods would be .
made 10" long and be bowed up slightly over the centre 4" or so,
so that the breakdowns occurred in the central region. I would
suggest 6 connections to either rail, but you could get away
with 5 if you wanted to. The inductance of such a rail gap, .
fed from both sides, would then be approximately

Lspark 4 nH

L {(based on a 16 om width) = 5.3 nH
feed

Lstubs '~_ 1 nH
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S Lo 1l2.6 x 14 1 '
Lgap body R - — X 7 5.5 nH..
The reason that 16 cm width is taken is that this makes the.
Lfeed ~ Lgap body. However, it pays to make the rail and the
external copper sheets wider than this, as some current flows
out there and so reduces the inductance below that calculated
in the above simplistic way. This gives a total gap 1nductance,
fed from both sides, of about 16 nH, or maybe a bit less.

If the condensers have an inductance (suitably tagged, of
course) of 10 nH each, the four capacitors add 10 nH, and if
the two "inductor" feeds are arranged to hawve an inductance
each of 20 nH, this gives an all up inductance around 40 nH.
If you can't get four 10 nH, 35 kV capacitors, then you surely
can get eight 20 nH capacitors and put tliem in in pairs. This
may be necessary anyway, to get the required current rating
(dealt with below).

The total line capacity would be about 120 nF and I would sug-
gest a total bank capacity of 500 nF, to give you a bit more
ringing gain than we had. Thus each capacitor (if you use 4)
will need to be 0.5 microfarad and I would suggest you might
get 40 kV condensers, to have a bit in hand. 8o a suggested
requirement for the capa01tors is four off 40 kV 0.5 microfarad,
each of whose inductance is 10 nH or less and whose ohmic re-
sistance should be less than 40 milliohms (not a very restric- .
tive requirement). A further requirement for the capacitors

is that they should be capable of giving 40 kiloamps peak cur-
rent each (reached after the start gap closes) and they should
have a good life with something like 60 per cent reversal.
These requirements should be obtainable, but if they are diffi-
-cult they can be halved (or doubled, depending on what param-
eter it is), by using eight capacitors.

In the charging circuit the lumped inductance will be 40 nH and
the Cgff about 100 nF. This gives a vICgsrf of about 63 ns,
a little longer than that used in the above tests. However, I
do not feel the increase will be important. However, the ring-
ing gain should be significantly better than in our system and
at 30 kV I reckon (if the wide lines are assembled no worse
than ours) that you should get a peak gain of around 1.30, com-
pared with 1,13, This should enable the system to work at
rather less volts on the bank, or drive the line higher, or
fire a bit earlier in the waveform, before peak and win back
the difference between 63 and 50 ns in the charging time, if
this proves necessary. '

As is shown in Figure 21, resistor chains are placed across the
two outputs, in order to discharge the system reasonably quickly
in the event of the start gap not going (very unlikely at high
volts)., These should have a wvalue of about 40 ohms each and be

32




made of chains_of 8 resistors in series and absorb about 500
joules each, at worst. If you were using our old 1 watt resis-
tors, you would need about 100 totally on each side.

If the system is plus and minus charged, the flux excluder on
either side of the gap can be earthed via a 10 kilohm sort of
resistor chain and the earth plane can extend past the capaci-
tors, as is shown in the sketch. This helps to isolate the HT
tabs on the condensers from each other and makes the tracking
problem a + 35 kV not a 70 kV one.

The bank stores some 1,2 kilojoules at 70 KV and therefore is a
dangerous one if contact is made with the DC connections (you
can kill yourself with this energy). However, all the mylar
wrapping tends to make it very difficult to get at the DC but
an autonmatic dump system should be arranged to short out the
bank and power pack when anyone approaches it. The energy that
can be collected from the lines when these are operating is
much less. The human body is about 200 ohms at this voltage
and frequency and in normal operation at like 70 kV the volts
are around for about 1 microsecond, so that it is possible to
get about 30 joules from it. This will not kill anyone, but it
would be a nasty shock which one would not wish to repeat.

The feeds to the bank, which also act as the tuning inductors,
need to be about 20 nH each and hence want to be of width about
half their length, when they are separated by 1 cm. Figure 22
shows a possible location of the bank and the feed points to
the line. The output to the RHS line needs to be split in two,

as shown, in order to feed the 10 cm of line between the output -

gap and the gas cell., In our experiments, the 0.1 ohm load re-
sistor charged this capacity adequately quickly, but it will be
necessary to balance this line too, to keep the prepulse on the
gas cell down to whatever is necessary (presumably a few kV
prepulse can be tolerated, especially as it is only on for
about 100 ns). ' '

THE LINES

The construction of these is as for the 60 cm line. The main
differences are now that the sharpening gap is slanted and that
the start gap is wider. Figure 22 gives a suggested arrange-
ment. Although I would expect the rise time of the output from
the start gap to be better than in our tests, I would not rely
upon this much, hence the lines are about 1 metre longer over-
all than the system we made. Anyone building the wide line
might chance their arm and decrease this some, but if the pulse
rise time from the start gap is no better than in our tests,
they will then have to increase the thickness of the LHS line
by using two sheets of polythene so as to raise the impedance
at the switch and regain the rise time required.
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Difficulty may be experienced in getting wide enhough sheets of .
mylar; however, if the slimmer sheets can be joined by overlap-

ping about 2" and twinsticking over, say, an inch, then they

should be OK. Such joints should be staggered across the width.

Hopefully it will be possible to get the 1/32" polythene in a

wide enough roll, otherwise, rather less desirably, this can be -

overlapped. Clean the sheets with acetone or other solvent,
otherwise the twinstick won't, and put a double layer. of twin-
stick, i.e. one on each sheet. :

START GAP

I would make the rails of the start gap about 70 c¢m long, with
the perspex body about 3-1/2 feet wide. The scaled up length
of the rails of our gap would only be some 35 cm long over the
uniform field part, so such a length'should usefully reduce the
gap's inductance. I would also decrease the gap from 0.72 cm
to about 0.6 cm., This raises the pressure in it and avoids op-
eration near atmospheric pressure, where the jitter is rather
large (see edge plane note). It should perhaps be considered
whether to make the stuo contacts of the edge a bit more acces-
sible, by unflapping the mylar over them, so that the edge can
be removed for resharpening, should this become necessary after
a lot of shots, but normally the mylar overwrap should cover
the contact points. Because of the greater width of the start
gap, the side angle of taper into the line is not very much
bigger than in the 60 c¢cm line, but again the line insulation
should be reduced in thickness modestly, as you approach the

gap, in order to keep an approximately constant line impedancé(

SHARPENING GAP

This will be about 2 metres long and inclined at roughly 45° to
the axis of the line. I think the spacing should probably be
kept at 0.6 cm or thereabouts. It would probably be simple  to
make the 1/4" OD rail in one piece, but the knife edge probably
should be made in two bits with the ends rounded where they
nearly join in the middle. The perspex tube we get has a very
good constancy of diameter and is cast, which is probably bet-
ter than extruded tube. However, if there is a slight taper in
its diameter, packing behind the 1/4" rod can be used to main-
tain an adequately constant spacing. Because the start gap .
will have a better rise time, in all probability, and can cer-
tainly be better made, it is likely to have some 400 channels
in it. It is, of course, to be slanted and hence a 55 cm

length of it will be feeding not 0.65 ohms but more like an ohm.

Using these numbers, it is calculated that for pj pressures
greater than 40 psig, the rise time on the far side of the
sharpenlng gap should be 3 ns, falling a little more with in-
creasing pressure.

The small wavelength ripple should be less than 0.1 ns, but if
there is a change of amplitude across the front of the pulse
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moving up the line, then there will be a time difference across
the width, after the sharpening gap. Thus if there were a 5
per cent difference in amplitude of the pulse arriving at the
sharpening gap, the time difference one side to the other would

- be of the order of 1 ns for the expected value of T at firing.

time of about 20 ns. Such a difference could come about as a
second order effect of their being a voltage gradient down and
across the line from the feed point., Alternatively the extra
distance the wave has to travel to reach the late end of the
sharpening gap might conceivably produce a few per cent differ-
ence. However, if this were to happen, it could be corrected
by changing the angle that the sharpening gap makes to the axis
of the line. 1In order to check whether this is necessary, the
time of arrival of the pulse beyond the sharpening gap must be
measured across its width. This measurement needs to be made

to a fraction of an ns and is quite a challenging one, as it

has probably to be made on a single pulse. It is possible that
a signal taken from the start gap can be used to trip the
'scope with adequate congtancy, so0 as to measure the pulse ar-—
rival time at various points across the line on successive
shots, but I rather doubt it. If‘not, the polarity must be
measured on a single shot and then mixing the signals from a
fixed central point and a variable point across the width would
be the best way, I think.

CONCLUDING COMMENTS

I am afraid that by this time most of the readers of this note
will be rather tired of its detailed nature, purely apart from
its other failings, I wholeheartedly agree with them. On the
other hand, anyone who tries to build the 140 cm wide system
without previous experience in the modern field of high speed
pulse voltages, may wish it was twice as long (some people are
masochistically inclined). To them I must apologise for any
numerical or other inconsistencies and for all of the things
that are either left out or opaquely explained.

The note gives a detailed account of the construction and oper-
ation of the test 60 cm wide line and suggests the outline de-
sign of a 140 cm line, which is pretty confidently expected to
provide a short circuit current of 300 kA rising in about 3 ns.
The very best of British luck to anyone who wishes to try.
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SKETCH OF GAP ANDEDIAGRAMMATIC LAYQUT OF"CAPACLTORS "FIGURE 21
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