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Sensor and Simulation Notes XIII

Electric Field and Current Density Measurements in Media of Constant
Conductivity :

I. Introduction

The prablem of measuring electric ﬁelds in air, in the presence of
rapidly varying radiation and conductivity, leads one to use a sensor with
a load impedance much larger than. the sensor impedance so that the electric
field or potential is being sampled but not loaded. However, measurement
of electric field below the ground plane where the aharacteristics of the
medium are vastly different cnanges the requirements for an electric field
sensor, If such a medium, e.g,, soil, salt water, ete., can be considered
to have a conductivity (and dielectriec constant) which is not significantly
enanged by the ionizing radiation or the electric field present, then tne
restriction of an infinite load impedance can be removed,

The general technique which this note will discuss involves removing
the conductance from a certain portion of this medium and transferring
it to the load impedance, eliminating the need for isolating electronics.
In effect, this electric field sensor will be matcned to the conducting
medium in whatch it ts located, the sensor having the same bulk parameters
as the equivalent volume of the mediwnm, Fina’ly, this ensor wi'l be
generalized to the extent that the sensor parameters a2 different from
those »f the mediwn but the frc-uency response is stii® flat,

II. Equivalent Impedance Electriec Field or Current Density Probe

To develop this particular kind of electric field probe consider thg
mediwn with electrie fLeZa’ E, and current density, J, given in figure I.
Tne mediwn is described by permittivity, e,, permeadility, y,, and con-
ductivity, g The electric field and current density related by

J =0 F : )

1 (1
wtll be taken as the components in a given direction for wnich a measure-
ment is desired, This will ve considered indzpendently from any otner
vector components of these quantities waich may bde present,

If a restriction its placed that all distances of concern tc the sensor
shall be less tnan any distances over whica tnis electric field is
changing, taen over a restricted volume of the mediwnm equipotential 7. .23
ean oe constructed per'pendicula.r to tne electric field. Quantitatively,
i1f tne electric field is a?n Lgea'ed in 1t3 radian frequency components,

w, as bdeing of the form e’ » Where the z-axris is taken as the
direction of propagation and the propagation constant, k, is

c)/

2
= (wp,e :7wu1 (2)

171
then the distance, (Al), over whicn the phase changes by one radian, is
Just the wave number, t.e,, the reciprocal of the real part of tne
propagation constant, Thus,

1
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Al

[ s ) /2] -1°
(Rei'(wgulsl - Junga,) /J ) (3)

or 1 1

AL = -
w Y
fires Re[(l - j-w—i-l)z/z] (4)
o

For s >>1,0 this reduces to

1

2 = 2 (5)°
w ¥ 9

which is the familiar skin depth equation, Given a certain pl characterized
by the sensor dimensions tnen from equation (4) a frequency can be calcula-
ted which will be the upper frequency limit for which the following approxi-
mations will hold,

For frequencies below this limit equipotential planes can be considered
as in figure 1, Along any equipotential surface a conductor can be placed
(assuming good electrical contact to the mediwm) without disturbing either
the electric field or the current density., For the development of a sensor
consider two tdentical conducting plates, each of area, A, (one side), and
placed on equipotential planes of spacing d, such that any line of field or
current which passes through one plate passes through the other plate., This
defines a ecylindrical volume of cross sectional area, A, and height, d.
Measurement of the potential difference between these two plates gives both
the electric field and the current density, If no current is drawn from these
plates the potential difference, V, will be just Ed.

Now that this cylindrical volume is defined one can try to replace it
with lumped electrical elements which have the same electiical character-
istics in the medium, In this case as far as the electric field and current
density are "concerned' the mediwm is not disturbed and thus the fields and
equipotentials are not disturbed eitner, Figure 2 illustrates how this is
done, Consider first the conduction current, I, through this volurme

I =dJd4 = <%E% (6)

where 4, as preﬁiously defined, is the.cross sectional area of thais
eylindrical volume, but since

v = Ed : o (7)

where d is the cylindrical height, equal to the plate spacing, the current
through this volume can be carried by a conductance, G s given by

I 4
Gy = 7= 93 - (8)

Next, consider the displacement—current, ID’ througn this volume

5
I, = --é-i—’A, (9)
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but since

vV aE
P dg; (10)

tne displacement current can be carried by a capacitance, C o glven
by
_ 3V, A :

C.=Ip/GGE) =¢; 5 ‘ (11)
This volume of medium can then be replaced by two conducting plates at the
ends of the cylinder to properly terminate the field lines and connected by
two lumped circuit elements, a conductance and a capacitance, associated
with the conductivity and permittivity of the mediwn, Below the upper
frequency limit implied in equation (4) it is not necessary to include any
lumped inductance, ‘

Suppose now that this lumped conductance is greater than or equal to
the reciprocal of the differential impedance, Z, of a particular twinax
cable. Then the twinax cable can be directly comnected to the two con-
ductwg plates and an appropriate conductance subtracted from G o This
is tllustrated in figure 3 for the case

7
=7 (12)

in which the sensor dimensions have been chosen to mateh the conductance
of the medium to the cable impedance (Z), The capacitance of the medium
has also been matched to that of the sensor by using a non-conducting
dielectric (permittivity e, = e.,) and by extending inward the conducting
walls such that (neglecting corbections near the edges)

w8
ZZ'_E—; (13)

However, there are many other methods of matching the capacitance, Ideally,
the twinax cable also lies along an equipotential plane midway between the
two plates and/or uses an isolation technique such as supression of the net
currents on the cable inductively (to be described in another SSN),

To illustrate what such a sensor might look like assume that the medium
is characteristic of the Nevada Test Site where

n

16 €

1 o}
7 .02 mho/meter : L (14)

€

n

g

Using the sensor design of figure 3 assume that
Z = 100 Q

€y = 2.26 € (polyethylene) (15)
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Then combining equations (8) and (12)
A 1

7= Zg‘]=0.5 meter (16)
If d is taken as

d=,1 mter = 10 cm _ (17)
and the conducting plates are assumed to be circular disks of radius, r,
then P 9 P :

A=nmr =,08m = 500 cm (18)
and

r=,126 m= 12,6 cm (19)

Finally, from equation (13)

w

7= , 141 (20)
and

w =,0141 meter = 1,41 cm (21)

This set of dimensions can easily be obtained in a practical sensor design,

A quite different case to consider 1s a medium consisting of sea water
in which

el = 80 eo

5.3 mhos/meter (25°C) (22)

14

91

Here the conductivity is so hign that if equation (12) is used to calculate
the required conductance of the sensor then A/d will be extremely small,

In fact, o, is so large that if A/d is taken to pe

£ = 0.5 meter - (23)
as in the previous example, then from equation (8)

Gm = 2,65 mho. (24)
while

2 = .01 mio (25)

Therefore, returning to figure 1, tf the cable is attached directly to
the two plates, the change in the conductance between these plates is
only of the order of 0,5%, a negligible perturbation, In such a case
then this much simplier procedure is quite adequate, It is therefore
possible to mateh an electric field sensor to a conducting medium which

7



does not have a time or field dependent conductivity by replacing a cylindrical
volume of the medium by equivalent lumped parameters, Such a sensor can
directly drive a terminated cable by including the cable impedance in these
Lumped parameters. Thus, no active electronic devices are needed at the

sensor,
III, Sensor Calibration

In this scheme of sensor design, the sensor is matched to the medium,
Therefore, variation tn the conductivity and permittivity of the medium in
which a measurement is intended to be made must be considered in sensor
design, One way to get around this problem is illustrated in figure 4.

In this construction the sensor parameters are matched to tne medium by
varying the sensor conductance and capacttance through the adjustment of
a trimmer conductance, Gt’ and a trimmer capacitance, Ct’ such tnat

- A _ I | ' |
Gm—CfI g = Z TG+ ’ (26)
and
_ 4 _ 4 '
Cn = €79 "0 7 Ot (27)

The sensor would thus be constructed so tnat'z-was less than the minimum
expected value of G_, and so that e€,A/w was less than the minimum expected
value of C_, Provi&ion would need %o be made for adjusting these trimmers
while the Bensor was in the medium, tdeally in the intended measurement
location, If the mediwn were soil and the sensor was not too far from the
surface this might be done mechanically by non-conducting rods turning in
non-conducting tubes leading from the sensor to the surface,

Another, more elegant, calibration scheme (also in figure 4) may consist
of an extra pair of planar electrodes, significantly lLarger than and parallel
to the sensor electrodes so that these additional electrodes are also on
equipotentials, Then by applying a voltage, V', to these outrr electrodes
(separated by d') one can read a voltage V across the twinax leads at the
recordar location, If the sensor is matched to the medium then for all
frequencies of interest

v = d' ! (28)
By adjusting G, at low frequencies and ¢, at high ffequenctes the require-
ment of equatidn (28) should be met,

After performing this calibration procedure V' could then be removed.
Since the calibration electrodes are also on equipotentials (for the
field component of interest) they will not disturb this field and can be
left in place., However, for a medium such as soil there may be problems
arising from the electrical contact between the soil and both the sensor
electrodes and the calibration electrodes, If the contact resistance
between the soil and the sensor electrodes is significant compared to
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1/G_ then the sensor will not be matened to the medium and the fields will be
distorted, Similar problems result [rom conzact resistance associated with

the calibration electrodes, In the case of the sensor electrodes this problem
mxy be alleviated by perforating the electrodes and placznq a blotter on the
side of the electrcdes opprosite the zoil, A small tank o’ a chosen zalt solu-
coon ean keep the blrtter and thus the interface meistened with a highly cov-
ducting solution, &7unilar techniques ma; ! used for the calibrar! -~ electrodes
but thie may be move difficult, To woid wwnezcessary scattering of other field
components 1t may be desirable to eliminate these calibration electrodes, remove
them after calibration, or segment them co that they can be broken into smaller
electrical wunits which can be disconnzcted from one anotner at will

By designing a sensor with provisions for such calibration procedures as
outlined in this ceztron, greater [lexilility will de asnieved, Tnen tnese
features can be used ac dQSLPQdQ

IV, Generalization o Sensor

Thus far one spectific case nas resn consdiderad on tne basis of replacing
a volume of a dissipative medium by u sensor witn the same lumped parameters
as the mediwn, However, it is possible to construct an electric field probe
of this same general design in whicn tne lumped elements do not match trnose
of the medium but in which the senscr response is still frequency independent.
Again in figure 1 comsider the two sencor electrodes in the medium of interest.
With no loads attached to these plates tne open eirzuit voltage, V, is just Ed
as before, Setting the external electric field to zero one can measure the
admittance between the two plates giving a conductance, G _, as before, plus
a fringing conductance, G,, from currcat along patind not directly between
the plates, and a capacitunce, Cm’ as before, plus a fringing capacitance,

from electric field lines along patis not directly between the plates., Then
o; Thevenin's Theorem this conf Lgura+zon has an equivalent ecircuit of a voltage
gource, V, in serizs with this admittance Just deseribed. This is exactly
tne left portion (pefcre the first dotted line} of the equivalent circuit
shown in figure 5.

+ Now one can proceed to 'add" various loads to the sensor, First "add"

a negative conductance, -G_, and a negative ecapacitance, =Co This is
essentwallg equzquent to gﬂmovzng the lumped elements showh in fiaure 2 and
is illustrated by tne negative elements between the two dotted lines in
figure 5, Finally, add the lumped sensor elements from figure 4 defined as

=1
GS =5+ Gt (29)
and €2A -
CS='—J*—+ Ct . . (30)

where the symbols mean the same as those in equations (11),(12), and (13),
G, and C_ are illustrated by the pesitive elements after the last dotted

s s, ; ; . e S ; .

line (on"the right) of figure 5, and the equivalent circuit of this sensor
is complete.
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Now, i1f one equates

G. =G (31)
8 m
and
¢ =¢ (32)
3 m

then the admittance in parallel with Ve i1s identically zero and therefore

out
However, the procedure of equations (31) and (32) is precisely what has
been developed in Section II in matecning the sendor to the mediwn., In this
development the same results were obtained as in equation (33), thus showing
the consistency of the equivalent circuit of figure § in this case,

Now consider the elements of the equivalent circuit in a more general case
where the restrictions of equations (31) and (32) are not assumzd, Then in
the limit of zero frequency any capacitance will be wiimportant and one can
define a voltage transjvr ratio, t, s @S

Q
o -ow_ In'Cf ) (34)
v T RV
or
G +6.
b, = (35)
o s b

For high frequencies such that conductances are unimportant compared to the
capacitances then one can define another voltage transfer ratio, t, s as

. 1
A i o (36)
v, Vin (Cm + C}J + (CS - m)
or
c +¢
g o= oL (37)
v c.,+¢C -
1 s I
For flat frequency response it is required that
tv = tv (38)
o I

This is equivalent to equating the time constants of the sensor admittance
(the elements to the left of the left dotted line) and the sensor load
(all the rest), Thus, wnder the restriction of equation (38) it is
possible to trim both C_ and G_ so that the voltage transfer ratio is
greater or less than 1.5, as 1% desired within the limits imposed by

the possible variation of these two parameters,

It is also possible to distort the geometry of the sensor plates and
obtain similar results using the steps outlined in this section, although
the computations will be more difficult, In either case in which the

12



sensor ts not matched to the medium, the calibravion as in Section III
becomes more difficult because the calibration plates have to be farther
apart and larger to avoid the fringing fields from the sensor,

V. Swmmary —

It is possible to construct a sensor for measuring a component of the
electric field (or current density) in a dissipative mediwum without the need
for active electronics, This sensor can be made to match both the conductivity
and the permittivity of such a medium, asswning that these parameters are
independent of frequency in their range of importance and that they are not
changed significantly by the expected field strength or ionizing radiation.
However, if other reasons dictate, this sensor need not match the parameters
of the medium but may still have a response independent of frequency,

CARL E, BAUM, 1/Lt, USAF
8 January 1965
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