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- SEISOR AID SIMULATION IOTES XI WY LGPy
Capacitive Probe E Fleld Senfors '

The créinary concepu of a detector sensitive to E fields but aoct

to Bor to VX B is an antenna. However; the bandwidth of even the

most advarced conveuntioral antennas (e.s. 100 l for a log-periodic) is

B0 narrow compared to the bandwidths reqaircd fbr covering tne signals

" of interest (typically 107, l) that such devices hawe very limited

,\\

applicability. These bandwidths can be covergd, however, by a small A

capacitive probe working into an essentially purely capacitive load.

Such a tecanigue was flrst used correctly by A. Glemnn Jean of NES on

Upzhot-Krothole in 1353. Such a probe in its siaplest form is not

guitable for use in a radiastion enviromnment because of the effects of

Compton electrons, photcelectroas, seconda:y‘emissiop,_and air conductivity.

We shall restrict the present discussion tc a non-radiation environment,

and the effects of these otaer phcnomera will be discussed in other S & S

notes.

Consider z region of ambient electrcstatic field containing an

as;emblage of small unckarzed
conductirg bodies, each too
small éo perturb the field
eppreciably. Eéch cae will
ecquire tze potential Ps of
its local part of the field,

gs sketched at the right.

uﬂductl Z probe, the cif

X

If£ now a number of taese are to be zssembled together to form a

nces of pot

ntial betweer them must c=use
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- SENSOR AID SIMULATION HOTES X1
Capacitive Probe E Field Sensors

The ordinary concept of & detector sensitlve to E fields but not
to B or to ¥V X B is an antenna. However, the bandwidth of even the
most edvanced conventiornal antennas (e.z. 100:1 for a log-periocdic) is

50 narrow compared to the bandwidtihs required for covering the signals

~.
\

" of interest (typically 105:1) that suckh devices have very limited
applicapility. These bandwidths can be covered, however, by & small \ -
capacitive probe working into an essentially purely capacitive load. .

Such a technique was first used correctly»by A. Glenn Jean of NES on

Upshot-Krothole in 1353. Sueh a probe in its simplest form is not

suitable for use in @ redistion environment because of the effects of

Comptgn electf&ﬁs, photcelectirons, secondary‘emission,vand air conductivity.

We shall restrict the present discussion tc a non-radiztion environment,

and the effects of these otaer phepomena will be discussed in other 8 & 8

notes.

Consider a reglon of ambpient electrostatic field containing an
as;emblage of.small uncharged
conducting vbodies, each too
small éo perturb the field
eppreciably. Eéch one will
ecquire the potential P, of’
its local part of the field,

as sketched at the right.

£ |

I# now a number of these are to be assembled together to form &

conducting prove, the differences of potentlal between them must cause
2 -~
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~ a charge redistribution which, together with the applied field, will result

in zero net field tangential to the conductpr surface, The resulting composite
body must be an eguipotential $;. This is entirely equivalent to using the
principle of superposition to add the field applied to these bodies due to
some remote configuration of charges toc a second fiéld erising from re-
distribution chargés on the bedies of interest to arrive st a net field
satisfying the boundary conditions. An additional condition to be met is
that the net charge after redistribution must be zero since we have as yet

provided no load path to ground.

Consider N particles which are to be interconnected, and essume that

i-1 have now been a;sembled, leaving the ith particle of capacitance e, with

a potential 9 next to be connected to 8 main body with capacitance Ci-l

and & potential ¢ For the time being we shall consider ensembles small

i-1’
enough so that their maximm dimensions are <<c&t;ﬁhere At is the time
required for any significant change in the applied field. Then the fleld
reduces fromlﬁl= -5; - g%, where 4 is the vector potential, to the static
approximation'§'= Jﬁ;. Under these conditions the only electrieal charac-
teristic of the particles ls their capacitance (no radiation resistance or
inductance); 50 when we commect the next particle, conservation of charge
simply requires that
. ad = g~ 4
ek o+ G e, =0 e oo g -
. . -t

The combined body will have a total capagcitance
i. . .
C:i = ;E: ¢ = c ¢ ;E: C}. = C £ C;_!
J=¢

and a potential
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The last expression ebove immediately implies this equivalent circuit:

Sy By Ci .
\ ! v
‘é i §h1 N7
I )
and for connecting the next particle or for driving a load, this becomes:
Ci=por G
i\ i

£
C = ¢
N '[ %Y o
: ¥ i\
> <
5. 220 ©
CN
0

The potential contribution of each particle is thus seen to be
weighted acecording to its capacitance because the product 1s a measure
of the particle's ability to contribute charge, or of the charge required

to change its potential from the ambient value to the finel value. Thus

the potential of the composite body is that of its "center of capacitance”,

which is somewhat analogous to & center of mass. This is the reaéon for

the reference in standard entenna texts {e.g. Schelkunoff and Friis) to the

effective height of & short antenna as the "height of its center of

—~~
“

capacitance”.
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In tﬁe limit the swmations above become integrals over the éurface.
Since the interior of a conducting object is all at the potential of its
surface and since all charges appear at the surface, the behavior of a
s0lid conductor is identical to thet of a thin conducting shell. Thus we
find the equivalent circuit of a surface Q comprised of elements & each at

a potential.qb and having a capacitance h to be:

-0

In the special case of & previocusly-uniform vertical field at =all

distances z above some reference plane, and a structure of height £ with

¢

uniform capscitance per unit length 32

= t?e equivalent circuit becomes

CQ: dez = CK/
& -

g ‘a
ffch(JZ EﬁJZ LY
o — (- - [!

7 =—F £

S

qudz /[22 .

& »

b -

The unloaded effective height heff is the ratis of open-circuit output

-voltage to applied fleld, and is seen to be half of the physical height in*

this case. This is an excéllent approximation for thin wires or thin cones,

and 1s fregquently used without further ccrreétions. For more precise vork,

R
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corrections ere discussed later in this note. The capacitance is simply the

capacitance as measured by e meter at the cutput terminals in the absence of

applied fields.
" Now let us look at a différent
approach. At the right are sketched

the resulting field distribution after

inserting a straight wire into a ¢

previously-uniform field, and of a
ﬁair of wires.v The latter case is
of particular interest because the
equipotential V; can become our
ground plane. First consider the
single wire of iength 2 and &
uniform ambient‘fieid E, as 7

lower

gketched at tquright. The net

EAL
~Y%
Ny
v3
-V, ‘ -
v WigE
. \‘ A PoTENTIAL
" \
! 1
v, / :

tangential field must be zero, so
the redistribution of charge must
create a secondary fileld Eq = ~E.
(The Eq as shown must turn out to
be negative.) Then we have

By = E = W= 2—;{ along the wire,
vhere V is the potential of the
charge distribution, not to be
confused with the ambient potential
field ¢. In faet, ¢ + V = 0, since

the wire is an equipotentlal whose

lMC:JSht

g 22O
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absolute potentisl V, we shall cell zerc. Then

=.[E}='2=“ﬁ4z = -£fz+ V %‘.Z‘Z

For s uniform capacitance per unit length > the charge per unlt length g is

q = CKV=-ckEz

The continuity condition on the downward current i in the wire is CEY -_-\-—ga .
0 at
Using Laplace transform notation, , : N
A A N
d de A 2
T3 = g7 =51 = -s%fr :
A 22
A .
Iy = -s¢ £ 2dz =-s5 7 + K

Assume negligible end capacitance for the time being. The boundary conditions

are then
N
I¢0 =0
50
A 2z kN
I (z) = -2z )
A A
Iote that I leads E by n/2 in phase angle if s is Ju. N
A M :c E S&k A,"- 2)
Note that the distribution of I along the \\\ {‘
wire is parsbolic, rether than the usual tri- \\\\
angular (smell-asngle sine wave) distribution \.\“
| -
vhich is ordinarily pictured for short wires. | //l
. |
‘ A
This is because the source elements Edz are . / )
!/
distributed all along the wire, rather than RL-Sme-wn. ve
) : : / / apprexymalion
concentrated at a palr of driving terminals. 5 Iy ee

e 4 e ey e et S | A s g e boiteomesn it = b0+ %



We can work the problem above without assusing Vo = 0, thusly:

A A A
A
-5 - -sabz ot oscl
E A
I =‘—f-—-zl+ sckV,,Z*‘ K

A

A
I(i!)-a'&:— SZ‘E/L * :ckt{/ + K

This can only be satisfied for \?o = 0,as before.
Now let us consider the split wire, of z={
vhich the upper half can represent a probe above
2 ground plane. To get a uniféorm capacitance
per unit length, this idealized model can be

biconical. (Assume negligible end capacitance E|l |5 Z=0

again.) The ¢, of such a configuration is

e = re - re o~ r e
’ = 2
A S B - L 22
vhere a is the cone redius st height x. z=A

A
This time we must retain the V, term to get the potential difference

between the cone tips.

A
s E

A
2 ZL+ scKV,Z+K

P

' A
The boundary conditions are I(t £,0) = O, 80

£
f(z>a) s Ik z (£-2)

I3
A - A:‘(
Vi, = £ ¢
A x E
I (z<0) = i -2) (A+2)

2
A A
v, =-£ 4
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A A A
The open-circuit voltage difference = V o, = Vo = EL.
4+ -

The effectlve height is half of the physical helght, as was expected.

Now consider a load capacitance C 7 connected between the output

terminal of the upper cone and ground.

) B »,
Ia=-—3 2 rsgllz + K

T = UsG =K |

’ A

A ~ 3

Bg mo=-s[adé (sl DV ]

S 2L ./

\4*52*

cd+ &
which gives, as expected, this equivalent cirecult:
et
Y
N\ l
A A !; .

T -

Now let us consider the more usual situation of an irregularly-shaped

o= >

probe where g—g— is not a constant, but is an arbitrary function of z; gg- = e(z):
A
A 4
‘.;___ = 5% = ._,s'c(z)fz + Sc{z)‘/;
dz

f(Z) =-s£E Jeyzdz + SZIC(Z)JZ + K

First consider an unloaded probe ebove & ground plane:
A s : : i

T (o) = ¢ = K ¢ : /
A : : A

f(f) 0.=~5[E/Ccz)z-o/z ~J,"’g/c(z) dz
4 ’ Yy, ’

A'[c(z)z dz A‘[C(Z)z dz EE!

A otf

fc(z) dz

]

. e e ey e A e bt -



Just as was expected, heff is the center of cepacitance, since the ratio
of integrals above is identical to the form for center of mass or gravity.

Now connect & load Cf st the base
A A
I(o): %SC4= K

£ R .-
f(]):o:-S[E]C(z)zJ'z —%(Cg{-C)]
\A/z s aff(z)z e |
’ C + Ck | _

which gives us the expected equivalent circuit:

m
o
s
1
LB
O
—<
“+O
)
o~

A few comments on the implications of the results above are now in
order; |

If we have a probé of unifom'capacita.nce per unit length N
(e.g., & thin cone) and change the value of this capacitance while
keeping it uniforam (e.g., changing the cone engle), the source
impedance in the equivalent circuit is affected but the effective
helght is not. |

If we have & non-uniform ¢(z) and change its megnitude while
holding its distribution constant with respect to z, the same

situation obtains,

ot = e e e i P i b
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The persgraphs above are significant in considering. the load which the
Probe can drive without distorting the waveform, since any physically real-
izahle load will corntain some resistance which usually cen be represented

thusly (we ignore for now active devices which can generate negative

impedance) : C "

<

R v' .
eff _ S

> \

D
1
)

El

From conventional circﬁit analysis we know that'eo will be a fa;.thful\replica
of £ for portions of the waveform for which s >> 1/R(C+C f), and thatbvo will
be proportional to dE/dt for s << 1/R(C+Cf). | \

For the cases ccnsidered below where R mey be ignored, the frequency
response is flat and we shall omit the circumf]_.exes from E and V5.

In the general case of & non~-uniform é(z) we must use the complete in-
tegrals ebove. H&wé%rer, this cen be simpiified in many practical cases where
the total cspacitance can be considered to be made up of & uniformly-distributed
portion ckz pius a concentrated portion CZO. localized near some partlcular

height z,. We then write
c(z) = ¢ * <z, S(z—z,)

' £
where §(z-2o) is & delte function located at z = z,, such that Jé(z—zo)dz = 1.

The total cepacitance is then
£ 7 £
C = c(2) d2 =/5sz +/CZ°5(2-2,)J2 = ckfat Cza B
L4 o >

and the open-circult voltage is
V4 £

{ .
[z{ = = Ccz)sz_ ig/.‘szz + é—-/cz 25-(?.—20) JZ
e.}. - a

&
-] @

-
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| - For convenience we break the first integral up into two portions:
; 2, 4 7
i £ [c z2d2 E e 25(z-2)de + £ [c 2d=
EA:}'[ S cs " " 2 ) c A
° r/
A - G, s Sz, e (£-12)
= - = z T
Z A+ G, ‘el + G 2 gl
N

These three terms represent, respectively, the contributions of the uniform
portion below the concentrated capacitanée, that of the lumped cgpacitance,

end that of the portion ebove. The equivalent circuit of these three with

a load capacitance C £ is:

CZ, Cz = ) ==
2, £+2, °
£ 0 £ *

Two special cases are of particular interest. The first is where there is

a concentration of capacitance near the base (zg—o) and‘Cz becomes a base
o]

capacitance Cb while ckf. is the main antenna capacitance C . Then our

equivalent circuit becomes:
C.

I R
i —

S 4 L
E7 ¢ T TG
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There are two ways of looking.at the
effect of Cb’ The first is emphasized
in the equivalent circuit above, where
Cb is represented &s a load which

attenuates the signal. Cf 1s 8 speclal

case of Cb. The altermative way of

~

locking at the effect of C,_ is seen by redrawing the equivalent cireult:
Cc T;, Cﬁ.+ Cb ) . N

it o \ -

L _Co
Ef—=

o Va . ,
.+ G, 4 T . *

The effective height is now geen to be lowered because of the lower center
of capacitance, vhile Cc is the measured capacitance. Either point of view

results in the same output signal:

G
C+be-C;
A common error of experimenters in the past has been to use the equivalent

circuit at the right, in which the

effective height is half of the & :{ -
physical height, and Cc is the ‘!
£5 @ CT— W
measured capacitance. By not 5 '
recognizing that part of Cé may a

be Cb’ the error is a factor of

Ca/(cafcb)'




'(. The other special case is that of a concentrated end-effect capacitance

or of a top plate. Row 2,~{ and Czo= Ct.

c L

a

Il

C, -

\
)

Z ~ : C; V,,

ZEONNS

~.
© .

\

Agsain there are two points of view. Oﬁe emphasizes the increase in"effective

\_
height due to the higher center of capacitance with Ct twice as effective
es C_: | )

a
Ce= Gt & .
A Y
C C C+C
t £ A 2 L
S i RS © ST ¢
—0

The alternatife point of view considers Ct as a negative loading capacitor

which incresses the sigral:

2 C, v
riy
~ K
Ji €. A 4L
—_—

Another common error of experimenters is pointed up by statements made

to the writer to the effect that the effective helght of some probes has

X4

seemed to change as a function of the ,load capacitance Cf, i.e. the output
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of a primarily base-loaded probe has not seemed to follow the expression

Vzlg_f(i_.;_g‘t__
A 7 C + C; as a function of Cee

The main cause of this discrepancy appesrs to be in the d&ivision of Cc into
C& and C‘n’ rather than ignoring of C‘u' In particular, thg non-ideal geometry
of practical configuretions (which arises as a result of the simlstanecus
needs for S:echa.nical support and electrical insulation at the base) results
in a sgignal contribution from metallie areas vhere z, = 0, and which thus
would normally be considered as contributing only to Cb' As an extreme case,
consider an insulated flat plate flush with the ground plane. The fact that

this has non-zero dimensions transverse

E £ £
%o the E field means that a signsl will
be plcked up even though Zg = O. This F777 77777777777 'Z"?‘ﬂ'777‘77
" GROUND Y 7
ST

effect may be calculeted by notinz that
every D (=eE) line must termirvate on a
charge. Thus D°A coulombs must be supplied to the plate from the surround-
ing ground, where A is the top area of the plate, Just to keep the plate

at g;’ound potential. If a non-zero impedance connects the plate to groungd,

a signal will appear on the plate. Normally this impedance is the capecitance

of the plate to the walls of the enclosure below it, plus its edge capacitance,
and plus the locad C 2° Such a plate (called a Watt plate, after B.E. Watt

of LASL who suggested it) was used by Karl Theobald of LASL on Teapot in ~

1355 The signal from any portion of the base of a probe which resembles

a plate mist be added as a fourth contribution to the three-source model

used earlier. In order to be sure that nothing has been left out of these



( models which might indeed indicate a change in effective height with load,
the writer ran a controlled experiment under laboratory conditions on a
probe which offered significant contributions from all four terms. Within
the limits of experimental error (much smaller than aﬁy of the four effects)
the behavior with varylng loads was as expected, and the effective height

\

rem2ined constant. N7
Hopefully, o discussion of techniques for msking these effective

height and capacitance calculations and capacitance measurements can be

included in an S & S note in the not-tco-far distant future.
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