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Abstract

One way of launching a fast transient pulse in the TEM mode
of a biconic (or monoconic) antenna geometry is to use a distributed
source. This paper discusses and generalizes this concept to that
of a distributed switch which can be incorporated in typical Marx/
peaker geometries. Various shapes for this type of distributed
source/switch are also discussed.
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I. Introduction

Over the years research into techniques for launching transient
electromagnetic (EM) waves has yielded various results incorporated
into the design of EMP simulators [9]. As one goes to higher-voltage
sources (pulse power) then the electric fields near a single-output-
switch source become Targer. The breakdown-electric-field strength
of the air and of other media (gases, 0il, etc.) limits the magnitude
of the allowable electric fields.

The size of the source (near the output switch(es)) also can
1imit the rise time of the desired EM wave in or around the simulator.
Hhen a switch (in general involving an arc to close the switch) closes,
it takes time for this closure to be effective in establishing a new
electric field around the switch because of the finite velocity of
transient EM propagation. In this context the size of the switch
itself can become important as its size increases to switch larger

and larger voltages.

As voltages become larger one can reduce the voltage on an
individual c1osihg switch by increasing the number of switches.
However, these switches can close at various relative times, influencing
the character of the resulting EM wave (at least at early times)
lTaunched on the simulator. The problem is to construct an array of
switches which close at appropriate times to produce the desired

EM  wave.

What this leads to is the concept of a distributed source which
"matches"” the desired EM wave. Distributed sources can come in
various forms depending on the type of desired EM wave. In this
note our concentration is on such distributed sources for launching
spherical waves on rotationally symmetric conducting conical
systems [1,2]. These can also be extended to the inhomogeneous
TEM waves on cylindrical or conical systems [3,4,5,6], or p1ane waves
[7,8]. 1In these studies, it is clear that the separation (or size)
of the individual elements (including switches as a part) Timits




the early-time or high-frequency performance of the distributed
source. Of course the basic switch performance is also a factor,

but this is a different issue.

This note discusses some nuances of distributed sources for
Taunching rotationally-symmetric spherical waves. In particular
it discusses the combination of this distributed-source concept
with traditional circular biconic (or monoconic) pulse-generator/

wave-launching systems.
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IT. Concept of Distributed Source

The basic concept of the distributed source is related to the
EM uniqueness theorem. As is well known in EM theory [11],
the solution for the EM fields in a volume is determined by
the fields on the associated boundary surface. The surface
fields of concern are the tangential (to the surface) electric and
magnetic fields. While various combinations are possible, it is
the tangential electric field which is our immediate concern. It
is sufficient that the tangential electric field on the boundary
surface be chosen (and produced) which is associated with the
desired electromagnetic fields (of course, satisfying the Maxwell
equations) in the volume of interest.

The basic theory for such a source is given in [1]. For present
purposes let us summarize the basic fields here. Referring to
fig. 2.1 we have cartesian (x,y,z), cylindrical (¥,$,z), and
spherical (r,6,¢) coordinate systems, related by

x = ¥ cos(p) = r sin(6) cos(e)
y = ¥sin(¢) = r sin(e) sin(¢)
(2.1)
z = r cos(8)
Y = r sin(6)

The expanding spherical wave of interest is TEM of the form
(for eo <9< - 60)

- - _ O _r
E = ESTG = o fele) f(t - 2)
LV (2.2)
- f = 2_ _O -
H = H¢T¢ g fe(8) f(t - 2)
Mo
Z =\ — (wave impedance of free space)
0 €,
c = le (speed of light)
Ho%o '
5




Figure 2.1. Source Surface with Symmetrical Bicone




The 6 dependence is

0 -1
fE(e) = {}1n(6) zn{cot <§Q>I}
(2.3)
n—eo
f fE(e)de = 2
%
This is related to a potential function (voltage)
Vo= v f(e) f(t-g)
(2.4)
df,(e) ()
de E

an [cot (g)]

——— e ——

[
,.23)] tn cot (‘2‘9)]

= Ty - - = -
fv(eo) =1, fv(z) 0, fv(ﬁ 80) 1

Here the formulae are in terms of free-space parameters, but by

using more general (constant) e and u , the results apply to other media
as well. Note that VO is a convenient scaling voltage; 2VO is

the voltage between the two cones, or VO is the voltage of one cone
(6=60) with respect to a ground plane (6 = w/2) if a monocone system

is being considered. Typically we can choose f(t - g) in a normalized
form with a peak value of about one.

As discussed in [1] it is only required that the component of
the desired F (as in (2.2)) be enforced on a source surface SS
for EM fields in the volume of interest (eo <86 <mw- 90, and
r "outside" Ss) to be those originally desired (as the EM fields

. described above). This is the fundamental concept of a distributed




source for launching a spherical TEM wave for this case of
rotation symmetry, or by extension for other kinds of spherical

TEM waves (other forms of fE(e,¢)). In essence the idea is to
extrapolate the desired EM fields (of course assumed to satisfy
the Maxwell equations in the media of interest) back to appropriate
boundaries on which sources are provided to at least approximate
the tangential component of the desired electric field in both
space and time (or frequency) on S




ITI. Typical Circular-Biconic (or Monoconic) Marx/Peaker Geometries.

Over the years there has been some evolution of the technology of
the design of pulse generators to drive EMP simulators. As discussed
in [10] one of the common configukations of pulsers to drive a circular
biconic system is that illustrated in fig. 3.1. Here the peaking
capacitors form part of the circular conical structure as a wave-
guiding structure (approximate conductor) for the high frequencies.
Note that there are many peaker arms (not shown) to approximate a body
of revolution.

The discussion here is not concerned with the theory of peaking
capacitors, but with distributed sources. Note that in the typical
pulser system in fig. 3.1 a gas enclosure is used to increase the
dielectric strength of the region near the switch with high electric
fields. The peak electric fields at the surface of the gas enclosure
are of the order of one MV/m (allowing for the dielectric strength
of air with some derating). As one approaches the switch region in
the high-dielectric-strength gas additional enclosures with higher
pressure high-dielectric-strength gas can also be used to accomodate
the higher electric fields. Eventually one encounters the switch(es)
proper from which the fast-rising EM wave is to be Taunched.

Arriving at the switch region, the physical size of the switch
can Timit the rise characteristics of the EM wave due to transit-
time effects across the switch. One can try to reduce the size of
the switch to reduce such problems. A1ternate1y.(and complementarily)
one can attempt to design the switch to minimize such problems. One
approach to this is to segment the switch into a larger number of
smaller switches which synthesize the desired EM wave over the
switch region. Such is the subject of this paper.

Note thét while fig. 3.1 shows the case of a symmetrical circular
bicone, by inserting a grodnd plane through the center of the switch
region and normal to the ¢ of the pulser one has a circular monoconic
geometry to which the current discussion equally applies. In the case
of a monoconic geometry one has the choice of placing the Marx and




QL to remainder of
simulator proper
(antenna)

!
]
|
| i
Marx conducting
|Generat9r circular cone
]

' —

I
[
N, |
!
I

<« peaking
capacitors

|
|
S
{

| Region gas enclosure
- o

|
N
|

|

Marx

I
I
|
|
|
|
{Generat?r

. —— e

—
’T ~)
—

Figure 3.1. Divided Marx Generator in Circular-Biconic Geometry
with Peaking-Capacitor Arms as Part of Bicone Waveguide

10




peaking capacitors in the cone as shown, or alternately in and below

the ground plane which has been introduced. However, these options
do not affect the essentials of the discussion here.

11




IV. The Distributed-Source Concept as a Distributed Switch

Beginning with the distributed source concept in section 2
Tet us suppose that there is some set of sources (say charged
capacitors) with switches on a source surface SS (say a circular
cylinder) as illustrated in fig. 4.1A. Here the cylinder has
radius Wl » length h1 , and typical tangential-electric-field
magnitude El (say near 6 = m/2 or the symmetry plane orthogonal
to the cylinder axis). Now Ss might be chosen so that outside
SS might be air and El might be of the order of one MV/m. Of
course one could also move the distributed source farther back
toward the coordinate center (? = 3) and this is in effect what

the distribued switch does.

Note that the distributed source with a set of sources distributed
near SS also launches an inward propagating wave with a line focus
on the z axis. This field on the z axis can be transiently

. larger in magnitude than E1 and prudent design precautions may
be needed to minimize this potential problem.

Let the sources on Ss be spaced a distance Al in the =z
direction and 61 in the ¢ direction, with these spacings being
sufficiently small to maintain a sufficiently small rise time (or
sufficiently large high-frequency performance) of the desired spherical
TEM wave in section 2. Then the number of sources (including switches)
for this distributed source is given by

h1 ZﬂWl

N, = -=

(4.1)
1

Contrast the previous distributed source with the distributed
switch illustrated in fig. 4.1B. In this case the distributed switch
is in general of much smaller size. Let the switches on the new SS
of length h2 and radius ¥, be spaced a distance A, in the z
direction and 62 in ﬁhe o) direqtion, again with these spacings
small enough to maintain the requisite early-time (or high-frequency)
‘ performance. Then the number of switches for this distributed switch

is given by

12
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N, = +— - (4.2)

Comparing these two cases the distributed switch can have
fewer switches than the distributed source by the ratio

ﬁg. = Eg. Al YZ. fl_ (4.3)

Ny hy 2, ¥p &

Now for simplicity let us assume that the requisite switch spacings
for EM performance be the same, i.e.

Ay 2 A, s 8 28, (4.4)
giving

2ot % (4.5)

N.  h, \1!1"" :

Next Tet the cone angle eo be the same in both cases so that

h Y

2 _ 2 L | o

—h-i‘ = ‘1’1 (4.6)
giving

N hy \°

W = F (4.7)

This reduces the question to the relative size of h2 and hl'
Roughly speaking, as one reduces radius from wl to Wz the magnitude
of the peak electric field increases proportionately from El to

h E _
.....g_ = ._1 - e - (4'8)

‘l" 1 2

14.




This gives

2
N E
2 1
< - [ 1 (4.9)
e - ()

Suppose now that in reducing Wl to Wz with the attendant use

of higher-dielectric-strength media (special gases, including
pressurization) the peak electric field to be produced (or collapsed)
by the distributed source (switch) is increased by say, one order
magnitude. Then per (4.9) the requisite number of switches is
decreased by a corresponding two orders of magnitude.

Consider now more features of the distributed switch as shown
in fig. 4.2. The source surface Ss’ while a body of revolution
in this analysis, is not necessarily a cylinder (a point to be
considered Tater). This source surface is divided into various
smaller portions containing elementary switches and associated
devices. As in fig. 4.2A conducting structures such as grading
rings (and perhaps associated disks) can be incorporated in the
switch structure as long as they do not short out the electric
fields between one 6 value on SS and another such 6 value.
These conductors can be used to separate S_ into bands (see [1])
which are in effect bodies of revolution which contain some number
of switches in parallel which are all triggered to close at the
same time.

Fig. 4.2B shows a blowup of portions of these bands, schematically
illustrating how a switch and grading resistors (plus various other
equipment) forms a unit cell, Zﬂwz/az of which form one band. Note
that separate bands are in general triggered at separate times to
meet the requirements of the TEM wave in section 2.

The distributed switch differs from the earlier-considered
distributed source in an intefesting respect. The distributed source
involves construction of a tangential electric field on Ss from a
condition of a previously (approximately) null field on S,. The

15
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distributed switch operates under a condition of a previously con-
structed quasi-static electric field in the switch region from the
erection of the Marx generator into the peaking capacitors. Triggering
the various switches in the distributed switch array brings about
the collapse of the electric field in the switch region which has
been established by the Marx generator in conjunction with elements
such as the grading resistors. In effect Ss is transformed on
triggering the switches into a highly conducting (shorted) sheet.
The wave propagation into the interior of Ss is of a polarity to
reduce the electric field there (with perhaps some overshoot). This
feature might be useful in reducing high-voltage breakdown problems.

17




V. Cylindrical and Spherical Shapes for a Distributed Source/Switch

While the concept of a distributed source relies on closed
boundary surfaces (including infinity) on which the tangential
electric field is specified, there may be reasons why some parti-
cular shape of all or part of such a surface may be desirable for
some purpose. In the context of high electric fields, electrical

breakdown can be a problem, particulary near the source surface in

the case of an expanding wave as in section 2. Furthermore, on
(or near) S, there is various equipment including switches,
grading rings which perhaps are the "edges" of conducting disks
(inside SS) on which triggering equipment might be mounted, etc.
One might then try to minimize the maximum electric fields on and
near SS in some sense.

A. Cylindrical

If as in [1] one sets the peak electric field magnitude to
be uniform over SS, then from (2.2) we have

1Yl
eimax = 5 Tl

IVO’{r sino) an [CO:C(;Q>]}1 (5.1)
o)t a0 oot G)]}

8)

1]

Elnax = |
t

= EO = constant
which implies
Y = constant = WO '
(5.2)
SS = right circular cylinder of radius Wo

18




Now on SS the tangential electric field is Just EZ which
takes the form (at time of local peak)

5|

Lol o1, 1
r 0
b4

z
‘Vol{% ln{Fot 59-] sin(8)
0

. _ O _
EO sin(g) = 0 = = EO A > 172 (5.3)
[w + z ]

Thus the maximum tangential electric field on SS is just EO,

fl

but away from 6 = w/2 the tangential electric field is Tess.
As discussed in [1] if one takes equal voltage decrements on SS
for sources (or switches), then the widths of the associated bands

(or the spacing between grading rings is nonuniform on Ss’ increasing

as one goes away from 6 = mw/2.
B. Spherical
Another shape one might investigate for Ss is the sphere.
In this case the magnitude of the electric field and of its tangential
component just outside SS is

_ ol

IEelmax h Qé e
t t

il
fl

8)

ol oG

“radius of sphere SS

1

%o

Note how this field is proportional to 1/sin(®) on Ss, increasing

as one goes away from 6 = w/2 toward the circular conical conductors.
If one looks at the potential function (voltage) along SS and
requires equal voltage change between adjacent grading rings (as in
fig. 4.2), then the grading rings space closer together as one approaches
the circular conducting cones. This could be inconvenient for the .
design of switches, etc. Inside SS there may be various equipnent

19




(such as for triggering) required. If the grading rings are the
outer "edges" of conducting disks then the disks near the circular
conducting cones (away from 6 < mw/2) will be considerably closer
together and the electric fields (now z directed) inside SS will
be much higher in these extremities (near the conducting cones).

20




VI. Shape for Distributed Source/Switch with a Uniform Quasi-Static
z-Directed Electric Field Inside SS
One possible design consideration for a distributed source/switch
is to maintain a uniform quasi-static electric field in the z
direction inside S Except for certain phenomena associated with
fast transients, this could be important in designing the switches
and triggering equipment associated with each band. If there are
metallic circular disks whose "adges" are the grading rings, then
these disks being perpendicular to the 2z axis, the electric field
inside SS is constrained to be approximately parallel to the
z axis. Spacing these disks equally with equal voltages per band
leads to this particular design.

Letting (in a peak sense between adjacent disks)

Vv = AzC , A = constant (6.1)
on S, (and inside SS in a quasi-static sense), we have from
‘ section 2 the corresponding voltage for our desired wave on SS
v(ec) =V, fv(ec)

fv(e) = Mﬂ

where a subscript ¢ denotes values on the contour in the (¥,z)
plane corresponding to Ss.

Noting that

_ d
fe(8) === £,(6)

-1 (6.3)

_ {sin(e) on [C"t(;q)]}

21




let u
plane
const

from

s make SS be perpendicular to the (x,y) plane (or z =20
) at the intersection with this plane. At z =0 then let us
rain that the electric field tangential to SS be the same

both (6.1) and (6.2) giving

LI
dzC
R S\
WO dec o
% =7
(6.4)
1 il
= = ¥V f_(3)
WO o E‘2
: el
= v VO {ﬁn{cot —2*—]}
)
v, = radius of Ss on {x,y) plane
Equating the voltages in (6.1) and (6.2) on Ss we have

zn[cot<—2-c~>] - ;9_ v {SLn [COt@E )D—l

k 2n [cot(—z—g->] °

In sp

giving r_ /¥

(6.5)
c (6c
7 = eoz)]
0
herical coordinates we have on Ss
¢ % e cos(ec)
(6.6)

8
P = astey o)

/¥, 8s a function of ec.




An alternate representation in cylindrical coordinates uses
z

c
ec = 2arccot(% l1{0)
Wc
£ = tan(o,) (6.7)
c
Z
Wc

N

c
tan|2 arccot(% *o )
c

This is simplified by use of the trigonometric formula [12]

2

tan(2a) = cot(a) - tan(a) o . - (6.8)
giving
‘e Ze 2No1
\FC l}IO wo
7 - 24cot|arccotle - tanlarccotf{e
c :
z z
TN ! (6.9)
=2e ® -e °
1
sinhf=
‘o
Thus we have
-1 :
b4 z z
Cc C . C
v.OT v Smh(——)} (6.10)
o Yo ¥

giving ‘Pc/zO as an explicit function of zC/WO.

Note that

o%|as
I A
—

7(6.11)

»-6]*6 &
o |o

23




Expanding (6.10) for small z /¥ = gives [12]

0
5

3 -1
e e reffe 1 (F) o))
¥ Yo LY, 6 ¥y ¥

0

l

R o((%)) (6.12)

The constraint in this section produces a barrel shape for Ss'
The maximum cylindrical radius is ¥ = WO on the (x,y) plane
with V¥ decreasing as z. goes away from zero toward either of

the circular conducting cones (¥ = ¥, and o = - 60).
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VII. Shape for a Distributed Source/Switch with a Uniform Peak
Tangential Electric Field on Ss

Another consideration might be that the spacing between the
grading rings as in fig. 4.2Abe uniform along S. so that switches
and grading resistors as in fig. 4.2B be all identical and tangential
to Ss' With equal peak voltages between adjacent grading rings,
or equivalently (to a good approximation) a uniform peak tangential
component of E on SS, one can determine a corresponding shape
for Ss' Note of course that rotation symmetry (¢ independence)
of the field expressed in cylindrical coordinates implies that Ss
is a body of revolution and that we need only specify a curve in
the (¥,z) plane to specify S¢» as indicated in fig. 7.1.

Again the desired potential distribution on Ss (peak, neglecting
retarded-time effects) is

V(GC) = VO fv( c

(%> o (7.1)

£, (6)

The corresponding electric field is

v
_ 1 dv _
E= -5 Lo = @
_ d
fE(e) Ty fv(e) (72)

-1

{sin(e) an [Cot(g‘q)]}

The unit tangent vector on SS is

i
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@ |t d¥
i = |-£ <
t dGC d@c
d? dr
C d C d
—-—=—~—rT]=—~—T +or 1 (7.3)
dec dec [ c rc ec rc c dec rc
drC + T
- de r * e ‘s
c c - C

The tangential electric field on SS (peak) is then

B, = > fe(e) T, -1

C (od t

-1/2

dlﬂc i 2:}
o E(ec){—gé; *rg (7.4)

constant

1l
<
-4

i
m
1t

At ec = /2 set re = WO and set Ee = E0 (making the contour
(and thus SS) parallel to E here) giving

(eo> -1 drc 2 ) -1/2
Es = Yo {SLH[COt—Z_] (ERT) +\Po} (7.5)
C dr_ =v
c )
Using the symmetry of SS with respect to the (x,y) plane so that
dr
o -
@ "0 e
% = 2
gives

Y % !
E, = @;-{}n[cot(E—)I} (7.7)
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Setting

then (7.4) becomes

fe(o,) {(%’;—C—)Z + RZ}

-1/2 -1

2 ”1/2
1 Ry, Rz}
sin (écf' dec

1
I
—
~
.
o]
S

or

2
. dR 2\ 1/2
1 = s1n(ec){——~—dec> + R } (7.10)

with the initial conditions

RI = ]
_ T
° "2
(7.11)
dR _
o .0
% =72

Defining

= g- - ecf | ' ' (7.12)

then Y represents the angle on SS with respect to the symmetry
plane z = 0. Then (7.10) becomes

) 172
1 = cos(w){(%f) + RZ} (7.13)
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or

2 : .
(%% + RE = secz(w) (7.14)

This first order nonlinear differential equation together with

Rly =0 =1

(7.15)
dR

@l .o = °

gives R as a function of .

Now to better understand the functional form of R(y) Tlet
us make series expansions as

_8
N

R(y) = a, v o= ata, W+ 0y

=3
i
(e}

(7.16)

w, 2
n=0

Note that R(y) has only even terms in the expansion due tothe
symmetry enforced with respect to ¢ = 0 (or z. = 0). Similarly
in (7.14) we expand

2 2
secz(w) = {1+ %—-+ 0(¢4{}

1+ wz + O(w4)

(7.17)
R() = a2 + 2aa, v° + 0(y")

2
(59 - 2o

29




Substituting these expansions in (7.14) we have for the constant

term
2 _
a, = 1
(7.18)
a0 = 1

where the positive square root assures R =1 at ¢ =0 as in
(7.15). The wz term has

2 =

4 a2 + 2 aoa2 1

432+ 2a,-1 = 0 (7.19)
2 2 .
_-2:Ya+r16  _ -1:V5

) 8 Tk

Choosing the positive square root so that R increases with ¢

gives
_aaVs
a, = —p— = .309
(7.20)
R = -1 +\ﬁ; Ib + 0(p )
In cylindrical coordinates we have
1/2
2 4
2 ={( NORE (3 o))
LPo ¥ 2 \y¢ Ye
2 e ’ “c e '\
W ={arctan (——)} = ¢ — + 0<—~> (7.21)
Yeld ¥e Yo
2 4
yA z
JORE )
o Ye

30




Then (7.20) becomes

G o DE 1 o)
Yy \p ¥
) c
2 4
S/ z z
= 1+l3—-;’-——5——(§9> ¥ o((f—)) (7.22)
o c
On the right side substituting for WC gives
2 4
e o)
y o EEERAYR Y
0 0 0
;3.%)/_3__; _0.191 (7.23)
Wc zC 2 zC
7o 1- 0.1916?—) for small "
0 0 0

A numerical solution of (7.14) with the conditions of (7.15) is
easily effected by rewriting (7.14) as

1/2
dR _ 2 _ 2]
G = [sectw) - R (7.24)
beginning at ¢y =0, R=1 and incrementing through increasing o
as ¢ + Ay with the next R as R + (dR/dy)Ay. If Ay s taken
sufficiently small the function R(¥) converges to the desired accuracy,
as can be determined by varying Ay and noting an insignificant change
in R(y).
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The function R(y) is tabulated in tables 7.1 and 7.2 for the
bicone impedance ZC = 120 and ZC = 150Q respectively. Here
the corresponding cone angles are determined through the formulae
of section 2 together with

.—h
(o]

fl
3 |

=

>
r—

O

[}

ct
N
l\:}ocn
s
—

o
11}
S
3
b3
—
OI

H/m

2.99793 (i10"5) x 108 m/s (measured speed of Tight)

(¢}
1]

Then we have

ZC = 1200 = 60 = 0.7045 radians
= 40.37 degrees (7.26)

Z, = 150 > 8, = 0.5576 radians

60 = 31.95 degrees

In these tables the independent variable is taken as fV for
6,20 <m/2or O0<y<m/2- 6, Uniform decrements of fV
are taken since one may typically use uniform voltages for the
distributed source/switch under consideration.

Figure 7.2 summarizes the shape of this and other choices for
SS, plotting WC/YO versus zc/z0 for cylindrical and spherical
shapes (section 5) as well as the shapes discussed in section 6
and the present section.
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VIII. Summary

This paper has first extended the concept of a distributed
source to that of a distributed switch. This has the potential
benefit of greatly reducing the required number of switches by
reducing the required size of the distributed source. In this
scheme one may still use distributed peaking capacitors as is
typically done in biconic pulser geometries. While this paper
has addressed itself to the case of pulsers intended to drive biconic
(or monoconic) antennas (at Teast near the pulser), the concept
is not limited to this case and other types of distributed switches
can be envisioned for other types of EMP simulator geometries.

In realizing a distributed source or switch for use in a
biconic (or monoconic) geometry there are a variety of shapes which
one can use to realize this. Here we have considered several shapes
based on uniformity of various electric-field components near Ss'
Depending on the relative practical importance of various design

problems a particular shape can be selected.
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