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This invention relates to generators of electrical pulses
and is a continvation-in-part of U5, application Serial
Mo. 195,050, filed May 1dth, 1962, and now abandoned.

An object of the invention (s to provide a pulse penera-
tor which as a single unit can store electrical charge at
one voltape and discherpe it as a pulse having a peak
value higher than the storage voltage.

Pulse generaiors as designed before this invention neces-
sarily require a plurality of wnits in order to achieve the
production of a pulse having a peak voltage ahove the
charging woltage. Ewen the simplest pulse transformer
circnil requires a polse transformer and a capacitor. The
well-known Marx gencrator consists of a plurality of ca-
pacitors which are charped in parallel and discharged in
geries, Each capacitor requires a switch for its connec-
tion in series to the adjacent capacitor. Each increrent,
in pulse voltage, equal to the charging voltage reguires an-
other capaciter and switch,

An equally well-known type of generator, the line-type
penerator, in its simplest form consists of a transmission
ling or its network equivalent, connecied to discharge into
a load. When the load is matched to the transmission line
thers is maximum pulse voltage which can be only half the
charging voltage. The voltage across the load was raised

to be equal (o the charging voltage in the well-known cir- <

cuit named after its inventor Blumlein. In this circuit
two trapsmission knes of equal impedance are connected
to a maiched load and are charpged in parallel and dis-
charged in series. Generalised circuits to enable the polse
voltage to be raised above the charging voltage have been
proposed but egch increment of half the charging valt-
age requires the addition of another transmission line.

Further discussion of pulse generators can be found,
if required, in the book, “Pulse Generators,” by Glasoe
and Lebacqz, MeGraw-Hill 1948,

To sum up, therafore, known pulse penerators increase
rapidly in complexity as the designed pulse voltage in-
creases apove the charging voltage. To give a simple x.
ample, a pulse voltage of ten times the charging voltage
wrould require ten capacitors and switches in a Marx gen-
erator, and twenty transmission lings in a line-{ype gen-
erator.

In contrast with this, the pulse generator of the inven-
tion can generate pulses heving a peak vollage up 1o the
order of one hundred times the charging vollage, and can
do this as a single unit. It should be pointed out, how-
ever, that the duration of the pulse increases as the pulse
voltape becomes a higher multiple of the charging volt-
age, and the shape of the pulse is triangular, not square,
Although the advantages of the invenlion rest primarily in
its simplicity as a single unit, further advantages with re-
spact to short rise times can be obtained by using a pla-
rality of the pulse generators of this invention connected
to add their output.

The invention consists in & pulse generator comprising
two shests of electrically conductive malerial and two
sheets of electrically insulating material arranged alter-
nately and wound together into a-roll thereby forming two
open-ended strip transmission lines having in common a
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lines, connection means for connecting a load across op-
posite ends of one of the conductors and connection
means for connecting the two sheets of elscteically con-
ductive material through a switch to discharge not more
than one of the said two transmission lines,

Althongh the inventors do not wish to be bound by
any theory, they believe that the invention will be better
understood by reference to the following discussion and
drawirgs. The discussion is based on one particular em-
bodiment of the invention but it is obviously capable of
gemeral application.

In the drawings:

FIGURE 1 is an axial view of two transmission lines
wound into & roll.

FIGURES 2 to 7 are diagrammatic side elevatinns of
a thin segment taken in a radial direction through the roll,
the fgures indicating the electrical states at successive
times.

FIGURES & and 9 are diagrams {llustrating a lavered
systemn of electrostatic fields and the reversal of fields in
one direction.

. FIGURE 10 illustrates an embodiment of the inven-
tien.

FIGURE 11 is a diagrammatic axial view of another
menerator embodying the invention.

FIGURE 12 iz a disgrammatic elevation of the gen-
erator of FIGURE 11.

FIGURE 13 iz & diagrammatic axial view of a yet
further generator embodying the invention.

FIGURE I4 iz a diagrammatic elevation of the gen-
erator of FIGURE 13.

In FIGURE 1 two condoctors 1 and 2 are separated
by an insulator which for simplicity is not illustrated. A
tab A is in contact with conductor 1 and tab (0 is in contact
with conductor 2. The puolse gencrator shown in this
drawing can be regarded as 2 rolled foil capacitor, which
can be charged like any other capacitor, and this concept
is valuable in helping to understand the action of the gen-
erator, The terms “pulse geperator™ and “capacitor™ will
be wsed hereafier to refer to the same thing, and will be
used to emphasize the particular aspect.

If the pulse generator shown in this drawing is charged,
and a discharge initiated by closing a switch of low in-
ductance across tabs AQ, two waves originate at the tabs
and travel along the insulator in the directions shown by
arrows 3 and 4. The path of waves through the insulator
is indicated by the dotled line 5. Following the waves
we find that only balf the capacitor iz discharged during
the time taken for the waves to travel through the insu-
lator to the inner and outer ends of the roll. Stating this
in other words il can be said that of the two transmission
lines formed by the conductors the electrostatic field in
only one has been cancelled and replaced by an electro-
magnetic field. An interesting point arises with respect
to the inner ends of the transmission limes. The line
terminating at BC in FIGURE 1 is connected to the line
terminating at CD by loop BD. This will affect the re-
flection of the wave at the inner end of the transmission
As the waves travel along the transmission line they
convert the electrostatic field inte an electromagnetic
field, and when they retrace their path after reflection
at the ends of the transmission line they convert the elec-
tromagnetic field back to an electrostatic field whose vec-
tor is reversed with respect to the vector of the original
electrostatic field. Since the transmission lines are ca-
pacitatively coupled the wave in one line affects the po-
tential of the other line.

The diagrams in FIGURES 2 to 7 show, for successive
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to left below the switch and left to right above at sue-
cessive intervals of {ime +° (the time for the wave 10
travel one turn).  We define the potential of the point O
as zero for all time; the potential of the rest of the con-
ductors connected Lo O is initially zepo and that of the
conductor connected to A iy V.,  The switch is assumed
perfect and the system lossless, then in O<l<r" the po-
tential of conductor A, fallz to zero, but as no energy
can be extracted from the rest of the system the potential
differences between all other conductors remain as be-
fore—except that the potentizl of each conductor above O
has gone down by 'V, as shown in FIGURE 3. In

t<re

the potential differences between AsA, and between B Bq
collapse; as before, the rest of the system iz unaffected
except that each conductor ontside A, #nd By changes in
potential as shown in FIGURE 4, Carrving this process
through we sse {(FIGURE 5) that when the waves artive
at the boundaries the potential scross the upper half is
—14W and across the lower half 4148V so that a total
voltage nV exists between the extremities, where n {5 the
number of turns.

The two ends of the line are, to a first approximation,
unterminated and the waves are therefore reflected un-
changed. Applying the same regsoning as above we ob-
tain the state shown in FIGURE 6 and finally (FIG-
URE 7) we see that the total woltage across the ex-
fremities is 20V,  Arriving back at the switch the waves
are reflected imverted and proceed to reduce the total
voltage until at the second arrival at the switch the cycle
is complete, the condenser 15 in its pristine state and the
valtage across the ends is zero, This process—aon the
idealised model—is repeated indefinitely and the passive
line remains undischarged. In anv practical system the
process degenerates and eventually both lines are com-
pletely discharged; however, the theory indicates how very
large voltages can be generated in such a capacitor.

There are several ways of looking at the process: for
example, by considering the time-variation of the total
magnetic fizld and applving Maxwell's sguations one ob-
taing g similar pictore of the voltage buildup. A pos-
sibly simpler picture of the penerator is obtained by
regarding it as a travelling-wave-switched serles capagitor
generator: the capacitor units initizlly connected in series
opposition gre converted to series coincidence by the
wave. This is illustrated in FIGURES & and 9, What
in effect happens is that the electrostatic energy of the
situation in FIGURE 8 is first converted to magneilc
energy in the wave outward journey, leaving the stacked
potentials of the passive line unopposed; then the map-
netic energy s converted back, by the reflected wave, to
electrostatic energy of opposite sign which adds on to
that of the passive line as in FIGURE 9.

Having given a summary of the mode of eperation of
the invention, we shall now give a summary of the
theory.,

In the ideal caze the theary is simple: making the fur-
ther assnumption that the thickness of the winding is small
compared 1o the dismeter (5o that the length per turn is
caonslant} the voltage builds up in a series of equal steps
of amplitude 2V and duration +* giving a triangular wave
approximately described by the following egoations:

Ofr
V(1) =g i

Where fetime, F*=maximum ontput voltage, V is volt-
age to which capacitor is charged inftially—rise time
of output pulse

S VH=2nl where n=rmmmber of turns in capacitor

(2)
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where D=internal dizsmeter of winding (4}

kw=dielectric constant and
c=velocity of light.
or={L1Y.¢
={3;

where C*==oputput capacitance and C=conventional ca-
pacitance. (5)

In practice the foliowing effects reduce the vollage mag-
nification

{1) Resistive loss in the conductors.

(i} Coupling between the ends of the active and pas-
sive lines.

(iii}) Degenerative discharge of the concentric capacitor
lavers through the parallel induetances of the windings.

(iv) Switch imperfections.

The resistive loss is large because (a) it is Lypically 10-8
to 10-7 secs, so that the skin depth iz ~10-3 cm., and
(b) the characleristic impedance of the line is small—
tvpically ~0.3 ohm. Thus the atlenuation exp.

(—RI/2Z)

where R is resistance per unit length of line, [+ is lenpth
of winding, and Z is impedance of line becomes large
for modest values of I... This sets a limit to the number
of turns for & given core diameter and hence to the voli-
age magnification.

The active line terminating at CD iz actually con-
nected to the passive line BC wia one turn as shown in
FIGURE 1. Thus the approximation of zero coupling
is only valid for a time small compared with Lp/Z where
Ly=inductance per turn; substituting for Ly and Z we
obtain an expression for the minimum core diameter:

D=%6 nl, where [; is insulation thickness (3]

But large D makes [ large and conflicts with the re-
guirement for low resistive attenuation, so it is necessery
to seek a compromise. Some alleviation should result
from {apering the ands of the lines, by inserting a ferro-
meagnetic core to increase the inductance or by separating
the ends of the foilz by 1807,

The wavefront should ideally have a rise-time small
comparad with +. This iz difficult to achieve mainly be-
cause of the dI/dr limitation of the switch. The [ine im-
pedance is low so the switch inductance must nol exceed
a few mpf, this can be achieved with very high-pressure
gas, liguid or solid diclectric switches, but dI/d¢ for a
zenerator of ~ 10% joule is ~ 107 amp./s=c. which re-
guircs parallel switches. The value of df/di required to
make this effect negligible iz given by the following:

jm=
where Ey=electric strength of insulator;
I=urate of rise of current in switch,

e
2n¥V

The combined effect of these limitations iz to reduce the
output voltage by the factor.

B=

VE—2naW
Empirically 0.3< 806
fe rise time of the high voltage pulse is given by
1
112, kb
=3k FELT
which, for example, I8 ~10-T secs. for FeE~108,

¥~52104%, This is long for some applications.
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tlosed across tabs AD after charging, a high valtage pulse
will be impressed on the load 6.

In an experiment on an embodiment of the invention
a rolled foil capacitor potted in an epoxy resin was used,
Its characteristics were

C=={.5uF

F=Tkv.

n=>0{

L =width of foil=314 inches.

The conductors were 0.001 inch aluminiem foil and
the insulator was 0.004 inch film of polyethylene tetra-
phihalate.

FrE=300 kv
and r=1303 10-* secs.

The pulse generated in the above-described manner has
a relatively slow rise-time, being substantially triangolar
in shape, Tn some applications a pulse having a faster
rise-time may be meeded, which may be required to feed
into a resistive load,

At the peak of the triangular waveform, the above-de-
seribed penerator can be regarded as a short length of
charged coaxial line equal in length to the width of the
sheets. This characteristic can be wtilized te produce
a pulse having a relatively fast rise-time, by taking the
output connections from the same side of opposite ends
of conductor 2, and connecting a further switch in series
with the cutput connections to discharge the generator
inte the load at the instant of peak voltage of the triangu.
lar wavelform, The duration of the pulse deliversd to
the load is determined by the width of the sheets, ie.,
by the length of the short coaxial line which they form.

Generally, in such applications, il is desirable that the
output impedance of the generator should match that of
the load. The ootput impedance of such a “coaxial-line”
penerator is resistive and is, to a pood approximation, in-
versely proportional to #fs diameter, nssuming the radial
thickness of the assembly of rolled sheets and interleaved
insulation to be small relative to the diameter, as is nor-
mally the case, Thus in such a generator the empty
space inside the former on which the sheets are rolled
wsually secounts Tar the bulk of the total volume, Some
reduction in external dimensions can be achieved by using
& ferromagnetic core, but thizs is costly and introdoces
additional insulation problems. An aligrnative arrange-
ment giving a reduced total volume will now be described
with reference to FIGURES 11-14.

The design of & pulsc gemerator of the kind already
deseribed, for discharging az a short length of coaxial
transmission-line through a further switch into a match-
ing Ioad, is determined by the following equations:

Ve=2nBEgl,
T=21 k%1
Z—240n L(K*D)~1

where

¥ =Peak output voltage

T=Duration of output pulse

Z=0utput impedance of the short coaxial transmission
line formed between the innermost and oulermost terns.

n=Mumber of turns in the roll.

B=Total loss factor.

E,,=Electric field through the insulation between adjacent
conducting sheets.

I,=Thickness of insulation between adjacent conducting
sheets.

1. =Width of conducting sheets.

Ee=Ddelectric constant.

cm=Velocity of light.

D=Diameter of the generator.

Thea patstinns sconime Ao dass the following descrin-
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11. It may be noled that provided this condition is satis-
fied, it is unimportant whether D is measured as the mean
diameter as shown, or as the internal or external diameter.
It will be seen that Z is, to a good approximation, inversely
proportional to D,

Referring now to FIGURE 11, the latter shows, in ef-
fect, two generators of the kind already described located
concentrically one within the other. The outsr of these
two penerators comprises a pair of conducting sheets 11
and 12 and the inner & similar pair of sheets 11" and 127,
separated by sheets of an insnlating dielectric which is
omitted for clerity. Sheets 11 and 117 in fact form one
continuous sheet whose mid-point is connected to & tab
13, whereas sheets 12 and 1}’ are non-continwous ad-
jacent the tab 13, The mid-points of sheets 11 and 12
are connected to taba 14 and 15, respectively, and the mid-
point of sheets 11" and 12° to tabs 14" and 15, respec-
tively. Tabs 14 and 14 are connected to one side of a
switch 16 (normally a spark-gap), and tabs 15 and 15 to
the other side.

In aperation sheets 11 and 11° are charged with a given
polarity (say -ve) relative to sheets 12 and 12°. When
the switch 16 clases, one of each pair of the strip trans-
mission lines formed between the sheets is discharged by
the waves indicated by the horizontal arrows, in the man-
ner already described in detail.  As a result, the outer end
of sheet 11 and the inner end of sheet 11" simultzneonsly
go negative relative to tab 13 for the duration of a tri-
angular pulse, ie., the pulses generated between the ends
of sheets 11 and 117, respectively, are of opposite radial
polarity., These latier ends are connected together o
form one side of the ooiput, az shown at 17, the other
side of the output being taken from tab 13 where sheets
11 and 117 are joined by virtue of being one contimuous
sheet.

In FIGURE 12 it will be seen that at the instant of peak
voltage, the generator forms two short charged coaxial
transmission lines of length §., one line being formed be-
tween the outer turn of sheet 11 and the turn, designated
18, common to sheets 11 and 117, and the other between
the inner turn of gheet 11° and tura 18, These two lines
are connected in parallel at the owtput side of the gen-
erator by means of four parzlicling connections 44 be-
twean sheets 11 and 11 shown svmbelically, A high-
speed switch 46 (normally a spark-gap) is connected be-
tween the output connections 13, 17 and the load 47, and
iz arranged to close at the peak voltage of the penerator,
thereby delivering an output pulse of duration T.

Connected in parallel as shown in FIGURE 12, the
individual impedances of the two short charged coaxial
lines must clearly be doubled, as comparsd with the
single charged coaxial line formed by a single penerator,
to match a load of given impedance. Hence D is reduced,
in theory by 50% but in practice by about 30%, as com-
pared with the dimensions of a single generator, ¥ and
T remain nnchanped.

In FIGURE 13 the twin generators formed by sheets
21, 22 and 21°, 227 respactively are wound in opposite
directions, the inner ends of sheets 21 and 22 being con-
tinnous with the outer ends of sheets 21° and 227, respec-
tively, Switch 26 is connected to these interconnected
ends win tabs 23, 24 25 shown, so that the single strip
transmission [ine discharged in each penerator is not dis-
charged from its mid-point, as in FIGURE 11, but from
one end, This system of discharging the individual gen-
erators is more lossy than mid-point discharging, =o that
the peak voltage is reduced, whilst the duration of the
triangular pulse is doubled. However it facilitates series
comnection af the two charged lines so formed, as shown
in FIGURE 14. Similarly, althoogh it is not essential to
wind the twin generaiors in opposite directions, this ar-
rangement simplifies the connections to the switch 26.

With sheets 21 and 21" charzed +vely relative to sheets
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relative to tab 23, so that these ends can be connected o
one side of the output as shown at 27.

Referring to FIGURE 14, the two outpul connections
are taken from the outer turn of sheet 21 via teb 31 and
from its inner turn (designated 28, which is also the outer
turn of sheet 217) via tab 34. The tab connections 35
between the ouater turn of sheet 21 and the inner turn of
sheat 21° are shown symbolically at the opposite side of
the generator. Thus on closure, at peak voltage, of a
switch 36 conmecting tabs 31, 34 to a load 37, the two
short charped coaxial lines formed between the inner and
outer turns of sheets 21 and 217, respectively, and torn
24 discharge in series into the load. Output tab 31 could
alternatively be connected to the inner turn of sheet 217

Connected in series as shown in FIGURE 14, the indi-
vidual impedances of the two short charged lines remain
the same as for 2 single generator to match & load of
given impedance. For an ontput pulse of given duration
T, the value of !, is halved, but the total axial length is
reduced by less than balf because the total end-margin
lenath (ie., the insulstion exiending bevond the side
edpes of the sheets) is doubled. D is slightly increased.

We claim:

1. A pulse generator comprising two sheets of elec-
trically conductive material and two sheets of electrically
insolating material ammanged altermately and wound to-
gether into o roll thereby forming two open-ended strip
transmission lines having in common a sheet of electrical-
Iy conductive material, connection means for connecting
the sheets of electrically conductive material to an elec-
trical source to charge the transmission lines, connection
means for connecting a Ioad across opposile ends of one
of the conductors, switch means, and connection means
Jacated at substantizlly the mid-point of the fransmission
line for connecting the two sheets of electrically condue-
tive material together through said switch means to dis-
charpe not more than one of the said two transmission
lines.

2. A pulse penerator as <laimed in claim 1 in which
one of the sheets of electrically conductive material is
longer than the other sheet of electrically conductive ma-
terjal and extends rownd the roll by one half of & turn to
separate the ends of the said sheets by substantially 1807,

3. A pulse generator as claimed in claim 1 in which
the width of the sheets of condective material detreases
towards one or both of the ends, the decrease being sub-
stantially smooth to avoid uwnwanted reflections in the
tranzmission lines,

4. A pulse generctor as claimed in claim 1 in which
the roll has a core of highly inductive material.

5, A pulss penerator as claimed in claim 1 in which
the szid sheets are thin foils,

6. A pulse penerator comprising two shests of elec-
trically conductive material and two sheets of electrically
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insulating material arranged alternately and wound to-
gether into & roll thereby forming two open-ended strip
transmission lines having in common a sheet of electrical-
Iy conduclive material, connection means for connecting
the sheets of electrically conductive material to an elee-
trical source to charge the transmission lines, a load, con-
nection means for connecting said load across opposile
ends of one of the comnductors, switch means, and con-
nection means for connecting the two sheets of electrical-
Iy conductive material together through said switch means
1o discharge not more than one of the said two (ransmis-
s10m lines.

7. A pulse gencrator as claimed in claim & wherein the
connection means for connecting said load across oppo-
site ends of one of the conductors are taken from (he
same side of said conductor, and wherein further switch
means is connected in series with sajd connection means
to discharge the generator into the load at the instant of
peak voltage.

8. A pulse generator comprising two pulse gencrators
a5 claimed in claim 6 arranged concentrically one within
the other and including switch means adapted to gen-
erate simuitaneocus wvoltage pulses of opposite radial
polarity in the two generators, and connections for con-
negting the outpits of the two penerators to discharpe
into & common foad,

% An electrical pulse generator comprising two pairs
of mutnally insulated electricallv conducting sheets, each
pair being rolled together to form two pairs of sirip
transmission lines and one of said pairs of lines being
located concenirically within the other pair, switch means
connected to discharge one only of cach pair of strip
transmission lines gnd gencrate voltage pulses of oppo-
site radial polarity between the ends of a given shest of
each pair, a first connection between the outer end of
the inner given sheet and the inner end of the ooter given
sheet, and a second connection between the inner end of
the inner given sheet and the outer end of the outar given
sheet.

10, A generator a5 claimed in elaim 9 comprising out-
put connections taken from the same side of the given
sheets as sald second connection whereby the two coaxial
Jimes formed by the generator are effectively connected in
parallel with said output connections,

11. A generator as claimed in elaim 9 comprising out-
put connections taken from the opposile side of the given
sheets from the said second connection whereby the two
coaxial lines formed by the generator are effectively con-
nected in series with said output comnections,

Mo references cited.
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