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Abstract 

The fluxgate electric field meter is a new solid-state instrument capable of measur

ing slowly varying electric fields equally well in an insulating or conducting medium 

with high resolution. The field meter determines the strength of an electric field 

by measuring the potential difference between two insulated electrodes immersed in 

the electric field. The electrode insulation is important because it eliminates the 

contact potential noise between the conductive material of the electrode and a con

ductive medium. The capacitance of the insulated electrodes is of the order of 10pF; 

therefore measurement of the potential difference between the electrodes requires an 

electrometer with extremely low bias current and high input resistance. A novel elec

trometer was concieved and designed to accomplish this task. The new electrometer 

is a solid-state analogue of the vibrating-capacitor electrometer and is claimed to have 

zero bias current. MOS capacitors are substituted for the vibrating capacitor. The 

noise level for the crude, proof-of-concept electrometer was 220/tiVHz _ 1 / 2 at 1Hz. 

This noise level is only 20 dB worse than the best commerical device I could locate. 

A crude, proof-of-concept electric field meter constructed with the electrometer had 

a high frequency cutoff of 150Hz and low frequency cutoff of 100/iHz. Possible appli

cations of the fluxgate electric field meter include measurement of atmospheric and 

interplanetary electric fields, measurement of static charge buildup, and geophysical 

surveys. 
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1. In t roduct ion 

Of what use is an electric field meter which can measure electric fields equally well 

in an insulator and a conductor? As Alfven (1981) pointed out, it is natural to present 

the results of space exploration with pictures of the magnetic field configuration 

because magnetic fields are far easier to measure than electric fields. The ease of 

measurement of magnetic fields in space is primarily due to the ruggedness, small 

size, low power consumption and high resolution of modern fluxgate magnetometers 

(Acuna 1974). To be useful for measurements of electric fields in space an electric 

field meter must have noise level of less than 1 0 / x V m _ 1 H z _ 1 / ' 2 over the frequency 

bandwidth from 1Hz up to 2MHz (Shawhan et al 1981). (Throughout this thesis 

I will be specifying noise by amplitude spectral density which is covered in many 

publications including Motchenbacher and Fitchen (1973).) It also must function at 

frequencies lower that 1Hz but these specifications are not well determined. 

Another example of a potentially useful application of an electric field meter is 

measurent of electric fields in the ocean. The majority of present methods require 

electric contact with sea water (Filloux 1974). The electrochemical reactions between 

the sea water and the contacting electrode generate noise which significantly contam

inates the signal. Since measurement of electric fields in sea water by an electric field 

meter would not require electric contact with the sea water, the noise due to contact 

potential should be eliminated. According to Filloux, the power spectrum, P{f), 

of the average natural electric activity at the sea floor in the 300nHz to 3mHz 

band roughly follows the trend P = k/f , where f is the frequency in Hertz, and 

k is 1 0 _ 2 / i V 2 m - 2 . Present methods using electric contact with sea water require 
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a separation between electrodes on the order of 100m or more to overcome contact 

noise and to achieve the desired 1% resolution. 

Conventional uses of electric field meters include measuring electric field in clouds 

(Rust 1978) and measuring electrostatic buildup in locations, such as oil tanker holds 

and on the surfaces of plastics, to aid in the prevention of explosions and fires (Haenen 

1977). Other possible uses of a high resolution wide bandwidth electric field meter 

include electric field measurement in geophysical surveys such as resistivity, induced 

polarization and magnetotellurics. 

For my M . Sc. thesis in geophysical instrumentation, I conceived, designed, 

constructed and tested a solid-state fluxgate electric field meter. The instrument 

consisted of a novel electrometer measuring the potential difference between a pair 

of insulated electrodes. The prototype was constructed primarily to prove that the 

concept worked and little effort was made to obtain good specifications in noise or 

other parameters. None the less, measurements of the noise and other parameters 

were made to determine a worst case performance of the instrument. The prototype 

constructed was sensitive to frequencies from 150Hz down to 100/xHz . The dominant 

noise source of the electric field meter was the noise of the electrometer. At 1Hz the 

electrometer had a noise of 220/xVHz - 1 / 2 . For the electric field meter prototype the 

separation between the electrodes was 6.6mm. The resulting noise level of the electric 

field meter at 1Hz is 3 3 m V H z _ 1 / ' 2 m _ 1 . The noise of the electric field meter can be 

reduced by increasing the separation between the electrodes or reducing the noise of 

the electrometer. 

The instrument is called an "electric field meter" as it can measure slowly varying 

electric fields equally well in an insulating or conducting medium. The field meter is 
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referred to as "solid-state" because it has no moving parts. If the fluxgate electric field 

meter is analysed in a certain way its mechanism for measuring the vector component 

of an electric field is similiar to that used by the fluxgate magnetometer (Primdahl 

1979); thus the modifier "fluxgate." 

2. Theory 

Electric field meters, such as the fluxgate, which are able to measure electric 

fields with no current flowing along the field lines cannot extract energy from the 

field to generate a signal and must extract the required energy from another source. 

Consider two electrodes in an ambient electric field as shown in Figure 1. The two 

electrodes together form a capacitor which will be called the collection capacitor and 

has capacitance Cc. The electric field in which the collection capacitor is immersed 

induces a potential difference, V e , across the electrodes. Ignoring no edge effects, 

the value of Vc will be equal to X • E ; where X and E are vector quantities. 

The vector X has an amplitude that is the distance between the electrodes and a 

direction that is normal to the surface of the electrodes. The vector E describes the 

strength and direction of the ambient electric field. 

If an electrometer with zero input bias current and infinite input resistance is 

connected to the collection capacitor electrodes Ve can be measured accurately. 

Assuming X is known, the vector component of E parallel to X is calculable. 

But no one has invented an electrometer with both these ideal characteristics. Finite 

input resistance and a nonzero input bias current will cause the value of Ve to 

drift, interfering with the measurement of the ambient electric field. The finite input 

resistance will dissipate the energy stored in the capacitor until there is zero potential 
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drop across the capacitor. The energy dissipated by the finite input resistance must 

somehow be replaced. 

2.1. History 

Once the collection capacitor has been discharged it must somehow be recycled 

before it is again possible to measure the electric field. Flipping the capacitor upside 

down relative to the electric field induces a new potential difference across the elec

trodes of —2E • X and accomplishes the recycling. The effect is the same as if the 

direction of the electric field had been reversed. The energy the collection capacitor 

supplies as a charge flow comes from the work done in flipping the electrodes over in 

the electric field. Russelvedt in 1925 invented a instrument using this principle and 

called! it an arigmeter (Chalmer 1967). An arigmeter has the major disadvantage of 

requiring a mechanical instrument to flip the electrodes. 

Another mechanical method for measuring an electric field without loading the 

field was described by de Saussure in 1779 (Chalmer 1967). If one of the electrodes 

of the collection capacitor is moved away from the other along the field lines, a new 

charge difference is induced between the electrodes which can again be measured by 

an electrometer. Moving the electrodes back and forth generates a signal proportional 

to the ambient electric field. The energy to generate the signal comes from the energy 

supplied to move the electrodes. 

Imianitov (1949) suggested a design for a solid-state electric field meter using a 

ferroelectric material. The suggested field meter, as described by Chalmer (1967), in

volved using a strong electric field to saturate the dielectric constant of a ferrolelectric 

material. The changing dielectric constant of ferroelectric was intented to modulate 

the ambient electric field the ferroelectric was immersed in. The modulated ambient 
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electric field could then be detected with capacitive electrodes. In the early stages of 

my research into the fluxgate electric field meter, before I had found the suggestion 

by Imiantov, I conducted experiments with this type of field meter and I obtained no 

useful results. I can only surmise Imiantov arrived at the same conclusion as I could 

find no other references to this suggestion. 

2.2. Nonideal Amplifiers 

Since I was interested in designing a high resolution, rugged, low power electric 

field meter, I chose to use a solid-state electrometer for the electrometer in Figure 1. 

Figure 2 shows a more realistic schematic diagram of the electric field meter with 

additional components that correspond to the nonideal characteristics of the elec

trometer. The electrometer circuit I selected for the fluxgate electric field meter 

involves a modification of the circuit in Figure 2; but its nonideal operating charac

teristics can be handled mathematically in a similar manner. The aim of this section 

is to determine what specifications of nonideal electrometers a solid-state electric field 

meter requires for satisfactory performance. 

Simple circuit analysis will give the effects of input offset voltage, Vos , input 

bias current, , and finite input impedance of the electrometer on the performance 

of the electric field meter; therefore only the results will be given. By measuring the 

performance of the electric field meter it is possible to determine the electrometer's 

input characteristics. An initial potential difference induced across the collection 

capacitor will decay exponentially. The time constant of the decay will be RinCc. 

The output voltage of the electrometer, Vout , will approach the value hRin + Vos 

at large time. In an ideal world hRin + ôs would remain constant. Unfortunately, 

in real electrometers it varies with time by an amount that is a significant part of 
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its value. This variation is a source of noise. In calculating the relationship between 

the ambient electric field, E , and Vout an ideal electrometer is normally assumed; 

therefore the ambient electric field is assumed to be related to the output voltage by 

- E - X = V o u t . 

As an example, consider a collection capacitor with an separation, X , of 8mm 

and a capacitance, Cc , of 15pF. These are the parameters of the collection capacitor 

used by the prototype. For resolution of the signal in the ocean bottom electric field 

problem mentioned in the introduction, a low frequncy cut off of 300nHz is necessary 

(Filloux 1974). Treating the circuit formed by the collection capacitor and the input 

resistance of the electrometer as a simple resistor-capacitor circuit, to achieve the 

necessary cutoff frequency an input resistance of greater than 4 X 10 1 6O is needed. 

The highest input resistance commerieal solid-state electrometer that I could 

find is the Keithly 642. The guarded M O S F E T input stage of the 642 has an input 

resistance of 10 1 6fi and a noise of 20/ iVHz~ 1 / 2 at 1Hz. It also has a input bias 

current of 5x 10~ 1 7 A within the temperature range of 22C to 24C. An amplifier with 

these specifications would result in an electric field meter, using the above collection 

capacitor, with a 3 decibel low frequency cutoff of IfiHz and an IbRin + Vos °f 

500mV. These specifications, while they may be useful for some electric field meter 

applications, are not good enough for many electric field meter applications. In 

particular, the large voltage drop across the input resistance due to the bias current 

will cause serious drift. Also, the limited temperature range of the instrument would 

cause problems. An electrometer with better specifications is desirable. 
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3. The Var i ab l e -Capac i to r M o d u l a t o r 

Figure 3 show a simplified schematic of the modulation part of the electrometer 

used to measure the voltage across the collection capacitor. The modulation part 

of the electrometer consists of a time varying capacitor and a load resistor placed 

in series with the collection capacitor. Strictly speaking, the collection capacitor 

is not part of the electrometer but is a voltage source. But the electrometer as 

shown will only function with capacitive voltage sources. Section 6 of this paper will 

cover the electrometer configuration which will handle noncapacitive sources. An A C 

amplifier across the load resistor and a synchonous detector fed by the A C amplifier 

are the two parts of the electrometer not shown in Figure 3. The modulation circuit, 

including the collection capacitor, will be called the variable-capacitor modulator. 

The electrometer will be called the fluxgate electrometer or simply the electrometer. 

If the capacitance of the time varying capacitor is initially very much smaller than 

collection capacitor's all the charge will remain on the collection capacitor. But when 

the time varying capacitor's capacitance approachs the capacitance of the collection 

capacitor, charge will flow from the collection capacitor through the load resistor 

and on to the time varying capacitor. The flow of charge through the load resistor 

will be proportional to the initial voltage cross the collection capacitor. Therefore, 

by Ohm's Law the voltage drop across the load resistor will be proportional to the 

initial voltage across the collection capacitor. Varying the capacitance of the time 

varying capacitor periodically with time will generate a periodic signal across the 

load resistor. Hence, the amplitude of the periodic signal across the load resistor will 

be proportional to the initial voltage drop across the collection capacitor. 
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For the fluxgate electric field meter the time varying capacitor consists of two 

nonlinear capacitors. At this point it is useful to outline the definitions I will use to 

describe linear and nonlinear capacitances. The definitions I have chosen are those 

used by Locherer and Brandt (1982). A capacitor is linear if it obeys the relationship 

VC = q ; where V is the voltage across the capacitor, q is the charge stored in the 

capacitor and C is the capacitance of the capacitor and is independent of the value 

of V . A nonlinear capacitor is a capacitor which does not have a linear relationship 

between charge and voltage. The definition of the capacitance of a nonlinear capacitor 

is ambiguous. In this thesis I will use the differential definition of capacitance. By 

this definition the capacitance is defined as C{V) — [dq / dv)v=v . 

The node between the collection and time varying capacitor is only capacitivley 

coupled to the rest of the circuit; therefore conservation of charge dictates that the 

charge on the collection capacitor when the capacitance of the time varying capacitor 

is very small must be equal to the sum, at any time, of the charge on the collection 

and variable capacitors. For convience, this sum of charges will be called the induced 

charged. A leakage path for electrons from the node between the collection and 

variable capacitors will allow the induced charge to leak away and cause a signal 

drift. The resistance the collection and variable capacitors must be very large to 

keep the leakage of the induced charge very small. 

The variable-capacitor modulator is almost identical to that of the vibrating-

capacitor electrometer (Palevsky et al 1947); but, there are two important differences. 

One difference is that the variable-capacitor electrometer uses a solid-state modulator 

while the vibrating-capacitor electrometer uses a mechanical one. Solid-state modu

lation has the advantages, among others, of needing less power, of being more rugged 

and of supporting modulation to a higher frequency. A solid-state modulator should 
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be capable of modulation at the megahertz range. The prototype electric field meter 

constructed uses a carrier of 32 KHz . High modulation frequency is valuable because 

the power generated by the variable-capacitor modulation circuit increases with in

creased carrier frequency. The extra power will reduced the effect of the thermal 

noise of the load resistor as well as most other noise sources in the circuit. 

The second important difference between the modulator used in the vibrating-

capacitor electrometer and the variable-capacitor modulator is the way in which the 

charge is delivered to the collection capacitor. In the vibrating-capacitor electrometer 

the charge is delivered via a high resistance resistor to the node between the vari

able and collection capacitors (Palevsky et al 1947). The end of the high resistance 

resistor not attached to the node between the variable and collection capacitors is 

attached to the voltage source of which we are interested in measuring the poten

tial. This configuration will be covered in more detail in Section 6 on the fluxgate 

electrometer. In contrast, the fluxgate electric field meter has its charged induced 

on the collection capacitor by the potential difference induced between the collection 

capacitor electrodes by the ambient electric field. 

S.l. Equation of the Modulation Circuit 

The differential equation describing the variable capacitor modulator follows eas

ily by application of Thevenin's theorem and Kirchhoff's Law (Millman and Halkias 

1967). Besides the collection capacitor, C c , the variable capacitor, Cv(t), the load 

resistance, R, and the potential drop across the unloaded collection capacitor due 

to the ambient electric field, Ve, the other required parameters are the charges on 

the collection and variable capacitors, qc and qv respectively. Thevenin's theorem 

allows Ve to be placed in series with the collection capacitor to represent the effect 
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of the ambient electric field. The induced charge is accounted for by the Vc term; 

therefore, since charge must be conserved, the charge on the collection and variable 

capacitors must be equal. In other words qv — qc . Applying Kirchhoff's law to 

Figure 3, taking into account Thevenin's theorem, gives the equation 

( i ) 

Equation (l) can be simplified slightly by the change of variables 

yielding 

The mathematical difficulty in solving equation (3) depends on the choice of function 

o,{t). 

Up to this point it as be assumed that the only source of charge has been the 

induced charge caused by the ambient electric field. If there is a charge on the 

collection or variable capacitor when the ambient electric field is zero it will show up 

in the electric field measurement as an apparent electric field offset. The additional 

charge could be due to static charge buildup or some other cause. With time, the 

additional charge will drain off through the leakage resistance and contribute to the 

drift of the electric field meter. 
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3.2. The Fluxgate Mechanism 

You may be wondering why I chose to call this instrument a "fluxgate" electric 

field meter. The reason is that the electric field meter's method of modulating the 

ambient electric field developed from the fluxgate magnetometer. To understand this 

analogy it is useful to understand how the fluxgate magnetometer senses magnetic 

The object of magnetic fluxgating is to make a slowly varying magnetic field mea-

sureable without mechanical motion of a sense coil. Primdahl (1979) gives a brief 

description of the method. It was explained to me in more detail by John Bennest, a 

technician in my lab. By Faraday's law, inducing an electromotive force in a conduc

tor requires relative motion between the conductor and the ambient magnetic field. 

Since the sense coil must remain stationary, the ambient magnetic field must change 

to induce a signal in the sense coil. The change in the magnetic field is accomplished 

by modulating the permeabililty of a ferromagnetic core. The modulated perme-

abililty in turn distorts the magnetic field lines near the core. Figures 4(a) and 4(b) 

are diagrams of the field line distortions. The time varying distortion of the field 

lines induces a signal in the sense coil. The induced signal will show up as a voltage 

drop across the load resistor which in turn can be measured. 

The equation describing the resistively loaded fluxgate magnetometer is an ana

logue of the equation for the fluxgate electrometer given in equation (3). Russell et 

al (1983) gave the equation describing the fluxgate magnetometer as 

fields. 

0 + 
R<f> 

= ~AHL(t))i 
n at 

(4) 
Lit) 
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where <j> is the magnetic flux in the sense coil, l/n is a geometeric constant of the 

sense coil, R is the load resistor across the sense coil and L(t) is the time varying 

inductance of the sense coil. The inductance of the sense coil is time varying because 

of the time varying permeability of the ferromagnetic core. It is useful to remember 

that magnetic flux, <f>, is equal to L(t)i; where t is the current through the sense 

coil. When the inductance of the sense coil changes the flux is conserved. In the 

fluxgate electric field meter when the capacitance of the variable capacitor changes 

conservation of charge applies. Therefore, the flux of the fluxgate magnetometer is 

analogous to the charge of fluxgate electric field meter. 

The method normally used in the fluxgate magnetometer for modulating the fer

romagnetic core is straight forward. A second coil is placed around the ferromagnetic 

material of the core. This second coil is referred to as the drive coil. The drive coil 

is used to generate a periodic very intense magnetic field which saturates the ferro

magnetic core thus modulating the permeability. The drive and sense coil are usually 

positioned relative to each other so their mutual inductance is small. The small mu

tual inductance prevents the very intense field from the drive coil from dominating 

the signal in the sense coil caused by the ambient magnetic field. 

The fluxgate electric field meter measures a slowly varying ambient electric field 

in the same way as the fluxgate magnetometer measures a slowly varying ambient 

magnetic field— by modulating it. The modulation is accomplished by the time 

varying capacitor. The time varying capacitor forces the induced charge to move 

back and forth between the variable and collection capacitors. The motion of the 

induced charge generates a time varying electric field around the collection capacitor 

electrodes. Instead of measuring the modulated electric field with a second set of 

electrodes, I have chosen to measure the rate of charge flow from the variable to 
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collection capacitors which is also proportional to the ambient electric field. Measur

ing the rate of charge flow between the variable and collection capacitors makes the 

fluxgate electric field meter easier to construct. 

S.S. Electrical Properties of the Sensor 

The important properties of any electrical sensor are sensitivity, impedance, up

per and lower limits on bandwidth, and noise level. The lower limit on bandwidth 

is determined by drift and noise. Sensor drift was covered during the treatment of 

nonideal electrometers earlier in this thesis. The prediction of the noise level is diffi

cult at best and will not be a concern of this thesis. But the sensitivity, impedance 

and upper limit of the bandwidth follow from the solution of equation (3). Choosing 

C it) _ J °i f o r ntp<t< ntp + t i ; _ 
C s [ t ) - \ C 2 for ntp + h < t < (n + l)t p; U ~ ° ' ' ' ' [b> 

allows for a closed-form solution of equation (3); where tv is the period of one com

plete cycle and t\ is the time after the starting transition of a cycle at which the 

second transition occurs. Equation (3), using the time varying capacitance given in 

equation (5), is also easy to implement with electrical circuitry to a good approxi

mation. 

An upper limit on the bandwidth follows from the homogeneous solution to equa

tion (l), denoted q„[t) • A method of finding the homogeneous response of linear 

differential equations with periodic coefficients was first published by Floquet (1883); 

a modern reference is Nayfeh and Mook (1979). Russell et al (1983) applied the tech

nique to the fluxgate magnetometer. Floquet showed the homogeneous solution has 

the form of a periodic function times an exponential decay. The time constant of the 
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exponential decay determines the transient response time and thus the upper limit 

on bandwidth of the variable-capacitor modulation circuit. Using the time varying 

capacitance described in equation (5), the form of the homogeneous solution depends 

upon the fact that if q„(t) is a solution to equation (3) then so must qv{t + tp) due 

to periodicity and linearity; therefore, the ratio q„{t) j q^(t + tp) is a constant and 

hence, the transient response time, 7 , is 

7 = ~ ~ t p (6) 

The upper limit on the bandwidth is then 1/(2^7) . 

Calculating qv{tp)/q„{0) is straightforward for the Cs(t) function given in equa

tion (5). The discontinuities in Ca(t) break equation (3) into 2 separate equations 

which apply during alternate time periods. The conservation of charge is the conti

nuity condition. 

The two parts of equation (3) yield the homogenous solutions 

q${t) = A n e ~ t n R C l ) for ntp < t < ntp + i i ; 

n = 0 , 1 , 2 . . . (7) 
q%(t) = B n e ~ t n R ° 2 ) for ntp + ti < t < {n + l)tp. 

The continuity conditions at the transition points are given by conservation of charge, 

thereby giving the value of the coefficients, A n and Bn . The only exception is 

An which is determined by the initial condition qv(0) . Solving equation (7) for 
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(°) produces 

+ 
tp — t\ 
RC2 

(8) — exp — 

Substituting into equation (6) yields 

7 = (9) 

the transient response time, which leads directly to the upper limit on the bandwidth. 

Before it is possible to calculate the sensitivity of the fluxgate electric field meter, 

it is necessary to define the sensitivity. In this thesis I will define the sensitivity, S , of 

the fluxgate electric field meter to be the root-mean-square average of the modulation 

frequency voltage across the load resistor at divided by the strength of the electric 

field normal to the collection capacitor electrodes. The root-mean-square average of 

the modulation frequency voltage across the load resistor will be called the "second 

harmonic voltage." The second harmonic voltage is noted by the symbol V2nd . 

The reason for the modifier "second harmonic" will become clear later in this thesis. 

This definition of sensitivity ties together well with the definition of "conversion 

efficiency" defined by Palevsky et al (1947) for the vibrating-capacitor electrometer. 

They defined conversion efficiency, a , as V2nd divided by the input voltage. The 

corresponding definition for the fluxgate electric field meter would be a = V2nd/Ve; 

where Ve is the potential drop across the unload collection capacitor due to the 

ambient electric field. Thus, the sensitivity and the conversion efficiency are related 

by the equation S = aX ; where X is the amplitude of the vector X . Because X 
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is a measure of the separation between the collection capacitor electrodes and can 

easily be measured only a method to calculate the conversion efficiency is needed. 

Calculation of the conversion efficiency of the field meter involves calculating the 

steady-state solution of equation (3). A method of finding a steady-state solution, 

for this type of problem, was presented by Narod and Russell (1984). To obtain the 

steady-state solution, one needs the particular solution to equation (3) (Boyce and 

DiPrima 1977). Equation (3), using the function for Cv(t) defined in equation (5), 

yields the two-part particular solution 

q\{t) = VtOx for ntp <t < ntp + tx; 
n = 0,1,2.. . (10) 

ql(t) = VeC2 for ntp + tt < t < [n + l)tp. 

Adding the homogeneous and particular solutions gives the two-part complementary 

solution 

qc

bl{t) = A„e«^T + CiVe for ntp < t < ntp + ty; 
n = 0 , l , 2 . . . (11) 

qc

b2{t) = B n e ^ + G2Ve for ntp + 11 < t < (n + l)tp. 

By definition, the steady-state solution has the property 

I'M = illt,). (12) 

Combining the two parts of equation (10) with equation (11) and using conservation 

of charge as the continuity condition yields the initial condition for the steady-state 
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solution 

<?:(o) 
1 - ex 

+ o 2 v t 

• (13) 

The initial condition imposed upon the complementary solution gives the periodic 

current waveform generated by the modulation circuit. Once one has the periodic 

current waveform a simple application of Ohm's Law will give the periodic voltage 

waveform across the load resistor. A Fourier series decomposition of the voltage 

waveform, with some additional manipulation, will yield V2nd. • 

Knowing the output impedance of the variable capacitor modulator is important 

because a high output impedance causes high noise in the input stage of the A C 

amplifier. Millman and Halkias (1967) define the output impedance at the second 

harmonic, r p , to be 

2 n d i 

di y 

where / is the current drawn by the input stage, V2nd is the voltage across the input 

stage. The field effect transistor input stage of the can be modelled mathematically 

by a resistance of 10 1 2fi . Combining the parallel resistance of the input stage and 

the load resistor gives a new resistance which can be treated mathematically as load 

resistance without an amplifier across it. Using the procedure previously described 

it is possible to calculate V2n^ at any desired load resistance and since the two 

parallel resistors can be treated as one it is also possible to calculate / . Therefore 

the derivative in equation (14), the output impedance, can be calculated. 
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4. Rea l i za t ion 

4-1. The Variable Capacitor 

There is one major stumbling block to the design of the fluxgate electric field 

meter. It is finding a solid-state variable capacitor. The variable capacitor must 

have an extremely high resistance to prevent charge induced by the ambient electric 

field from leaking from one side of the collection capacitor to the other. It should be 

able to vary repeatably its capacitance down to about lOpF to keep the associated 

electronics simple. It is convenient, from a design point of view, to use a voltage to 

control the variable capacitor. 

Abe et al (1971) used a novel configuration for the variable capacitor. Figure 5 

shows the circuit for the Abe et al (1971) variable capacitor using two nonlinear ca

pacitors and a differential drive symmetric about ground. The two nonlinear capaci

tors should be well matched with voltage-versus-capacitance curves symmetric about 

zero voltage. If the two nonlinear capacitors are perfectly matched and have perfectly 

symmetric voltage-versus-capacitance curves, the potential of the output node, the 

node where the two nonlinear capacitors join, will remain exactly at ground. At the 

same time the capacitance to ground of the output node varies at twice the frequency 

of the differential drive frequency. For the remainer of the thesis the frequency of 

the differential drive will be called the "fundamental frequency" and the frequency 

of the variable capacitor will be referred to as the "second harmonic frequency." 

Figure 6 shows the curve depicting voltage versus capacitance curve for each 

of the two nonlinear capacitors used in testing the fluxgate electric field meter. The 

two nonlinear capacitors are imperfectly matched. If the two nonlinear capacitors are 

not perfectly matched or the differential drive is not prefectly balanced the output 
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node will not, in general, be held at ground. The imperfections will produce an 

additional signal across the load resistor usually at both the fundamental and second 

harmonic frequencies. If the additional signal were to remain constant with time it 

could, in principle, be subtracted. But, due to drifts of components with time and 

temperature, this additional signal drifts and leads to additional noise. 

Imperfect matching of the two nonlinear capacitors also leads to another some

what unexpected occurance. Consider the situation where the capacitance of each 

of two nonlinear capacitors is maximum with zero voltage across each capacitor and 

decreases with increasing voltage. This is the case for the two nonlinear capacitors 

used in the prototype. When a voltage is applied across the two nonlinear capacitors 

in series there will be a greater voltage drop across the capacitor with the smaller 

capacitance. This in turn will decrease the capacitance of the smaller capacitor. The 

smaller capacitor will again have a larger voltage drop across it. This cycle will 

continue until a stable point is reached. A stable point does exist because the total 

potential drop across the variable capacitors is finite and the potential at the point 

between the two nonlinear capacitors must be between the potentials at either end 

of the two nonlinear capacitors. 

Figure 7 shows the estimated capacitance of the unloaded output node of the vari

able capacitor with respect to ground as a function of time. The method of estimating 

the capacitance-verus- time curve drew upon the two capacitance curves displayed in 

Figure 6 and the differential drive voltages shown in Figure 7 to numerically simulate 

the variable capacitor circuit in Figure 5. 

The nonlinear nature of the variable capacitor draws into question whether it is 

best to solve the variable capacitor as an isolated problem and then substitute the 
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generated capacitance-verus-time curve into equation (3). The loading of the variable 

capacitor by the collection capacitor and load resistor may change the capacitance-

verus-time curve. A more accurate modelling of the varible-capaeitor modulation 

circuit might be achieved by numerically modelling the circuit as a whole as opposed 

to modelling it in sections; but, for simplicity I will break the modulation circuit into 

sections for the duration of this thesis. 

4-2. A Nonlinear Capacitor 

Possible candidates for nonlinear capacitors included ferroelectric capacitors, re

versed bias diodes, and metal-oxide-silicon capacitors. Metal-oxide-silicon capacitors 

are normally called MOS capacitors. Ferroelectric capacitors are difficult to fabricate 

and require a very high voltage to drive them into their nonlinear range. Abe et al 

used ferroelectric capacitors for their nonlinear capacitors. Reversed bias diodes are 

unsuitable because of their high leakage current. The leakage currents are typically 

on the order of 1/xA and it is difficult to make them much smaller without cryogenic 

cooling. I chose MOS capacitors for use in the prototype of the electric field meter 

for a number of reasons including their extremely high resistance and relative ease 

of fabrication. Sze (1981) mentions the use of MOS capacitors in a semipermanent 

computer memory called E P R O M . E P R O M memory uses MOS capacitors only a 

fraction of a picofarad in size to hold a significant charge as long as 100 years. This 

implies a resistance on the order of 1021J1 . Properties of MOS capacitors are covered 

in detail by Grove (1967) and by Nicollian and Brews (1982). 

The voltage-versus-capacitan ce curve of a MOS capacitor is not symmetric but it 

is possible to fabricate a capacitor with a symmetric voltageversuscapacitance curve 

by placing two MOS capacitors back-to-back as shown in Figure 8. Locherer and 

20 



Brandt (1982) mention this configuration and give it an appropriate name. A MOS 

capacitor is a special type of MIS capacitor; where MIS is a acronym for metal-

insulator-silicon. Locherer and Brandt (1982) called the capacitor formed by two 

back-to-back MIS capacitors a MISIM capacitor. By analogy I will call the capacitor 

formed by two backtoback MOS capacitors a M O S O M capacitor. The voltage-versus-

capacitance of a M O S O M capacitor will be approximately symmetric. For the sake 

of completeness I will give a rough explanation of the principles of the M O S O M 

capacitor. 

Although either N-type or P-type silicon is suitable for the fabrication of the 

M O S O M capacitors, N-type silicon was used for testing the prototype. At room 

temperature, under no electric field, the silicon is conductive due to the thermally 

generated electrons; but the highly resistive layer of silicon dioxide makes the wafer, 

as a whole, a capacitor with all the voltage drop across the insulating oxide layer. 

The sudden application of a potential difference between the two areas of metal-

ization will drive all of the electrons near the negative plate away from the negative 

plate as shown in Figure 9(a). This leaves a region of the silicon near the negative 

plate depleted of free charge carriers and effectively an insulator. This additional 

layer of insulating material decreases the capacitance of the M O S O M capacitor. If 

the direction of the intense electric field is quickly reversed, a new depletion zone 

is created adjacent to the second charged plate and the original depletion zone is 

returned to a conducting state, as shown in Figure 9(c). 

The exact switching time of a M O S O M capacitor depends upon the particular 

details of fabrication; but the switching time should be about the same as variable 
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capacitor diodes which also use a depletion zone to vary capacitance. The switching 

time of variable capacitance diodes is in the range 10~ 1 0 to 10~ 1 3 seconds. 

4-8. Feedback Voltage 

One problem with the variable-capacitor modulator using voltage dependent ca

pacitors is that the ambient electric field, if it is intense enough, may interfere with 

the differential drive voltage changing the capacitance-versus-time waveform. This 

would lead to a nonlinear variable-capacitor modulator. In addition, any drift in 

the values of the components in the modulation circuit due to time or temperature 

change will also affect the linearity of the instrument. As with many instruments 

with a nonlinear response, a good solution is the use of feedback. 

In the mathematical analysis of the modulation circuit, the voltage source due 

to the ambient electric field across the collection capacitor was represented by the 

voltage source Vc . A feedback voltage source, denoted Vj , can be inserted into the 

modulation circuit as shown in Figure 10. The two voltage sources Vj and Ve will 

add to produce a net voltage source for the modulation circuit; therefore, Vf can be 

used as a feedback voltage to cancel Ve. 

Ideally, the feedback voltage source would float independent of ground; but in 

practice the feedback voltage source will be tied to ground via a relatively low re

sistance path. Positioning of the feedback voltage source in the variable-capacitor 

modulation circuit is therefore crucial to prevent the feedback voltage source from 

drastically reducing the input resistance on the variable-capacitor modulation cir

cuit. Figure 10 shows the the feedback voltage source in it correct position adjacent 

to ground. By placing the feedback back voltage source adjacent to ground the 

problem of the low resistance path to ground is eliminated. 
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A feedback loop configuration was not used in the prototype because the aim of 

the prototype was to test the open loop characteristics of the fluxgate electric field 

meter; but feedback as a method of generating a signal was tested and shown to 

perform as predicted. 

5. E x p e r i m e n t a l Results 

Extensive measurements of the specifications of the prototype fluxgate electric 

field meter were carried out. The prototype instrument used the M O S O M capacitors, 

described earlier, for the nonlinear capacitors in the variable-capacitor modulator. 

The collection capacitor had a separation between conducting electrodes of 8mm 

and a capacitance, C c , measured to be 15pF. The area of the collection capacitor 

electrodes was 100mm2 each. The collection capacitor electrodes were insulated 

from each other by air. The load resistance used in the variable-capacitor circuit 

was lAffi unless otherwise stated. A pair of 2m by 3m conducting plates separated 

by lm sou reed the ambient electric field used to test the prototype. The 2m by 3m 

plates will be called source plates. The prototype was suspended between the source 

plates. 

5.1. Feedback Linearity 

The feedback voltage and the ambient electric field across the collection capacitor 

add to give the total voltage which determines the amplitude of the second harmonic 

frequency. By ensuring that the ambient electric field across the collection capacitor is 

zero it is possible to vary the feedback voltage and determine the relation between the 

feedback voltage and the second harmonic voltage. Figure 11 displays the measured 

relationship. The full range of measure of the feedback voltage was swept in one 
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second during the execution of the measurement. In Figure 11 the slope of the line, 

which corresponds to the conversion efficiency, is 0.10. 

If the feedback voltage is kept at ground the second harmonic voltage will be 

determined by the ambient electric field across the collection capacitor. To make 

future results of measurements on the electrometer more understandable, all output 

voltages from the fluxgate electric field meter will be quoted in terms of "equivalent 

feedback voltage." The equivalent feedback voltage is the feedback voltage which 

must be applied, when there is no ambient electric field across the collection capacitor, 

which will generate the equivalent second harmonic output voltage. 

5.2. Sensitivity 

The theory of the electric field meter presented predicts the electric field meter 

sensitivity will vary with load resistance. Figure 12 is a graph of conversion efficiency 

versus load resistance. As mentioned earlier, the conversion efficiency is directly 

proportional to the sensitivity. The small circles of Figure 12 represent the measured 

data points. The solid line depicts the predicted conversion efficiency using the 

formulas developed previously. The parameters used for the predicted conversion 

efficiency are those of the capacitance-versus-time curve shown in Figure 7. They 

are a second harmonic frequency of 31 250 Hz , and a time varying capacitor which 

spends 25% of the time at 33pF and the other 75% of the time at 17pF. 

The match between the measured and predicted conversion efficiencies is poor. 

This discrepancy could be explained by an inaccurate voltage-versus-capacitance 

curve for the time varying capacitor. It also may be due to an undetected phase 

shift in the synchronous detector circuitry. An undetected phase shift could change 
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the apparent sensitivity because the synchronous detector is phase sensitive. More 

measurements are required before the exact explanation is known. 

5.S. Directionality of Instrument 

The directionality of the fluxgate electric field was measured by rotating the 

instrument in a 1 V r a " 1 electric field and measuring the equivalent feedback voltage 

as a function of direction relative to the electric field. The results of the measurement, 

with an offset voltage subtracted to improve the symmetry about zero volts, are 

displayed in Figure 13. It shows good directionality. The measured data gave a 

separation between the collection capacitor electrodes of 6.6mm. The separation 

between the collection capacitor electrodes, measured with a ruler, was 8mm. The 

agreement between these two values is reasonable. 

5.4. Drift Rate 

To measure the drift rate of the electric field meter I placed a charge on the 

collection capacitor and monitored the output voltage of the field meter. Figure 14 

shows the results. The decay can be divided up roughly into four sections each section 

appearing to have its own characteristics. The first section, from O.OKs to 0.5Ks, is 

probably noise generated by motion of people around the electric field meter. 

The second section, from 0.5Ks to about 2Ks, appears to be a linear decay. The 

linear decay of the voltage could be due to a current limited conduction path either 

between the electrodes of the collection capacitor or through some other leak path. 

The third section, roughly from 2Ks to 8Ks, appear to be an exponential decay 

with a time constant of approximately 2Ks. If we assuming the exponetial decay is 

caused by the 15pF collection capacitor discharging through a leakage path the time 

constant of the exponential decay gives the resistance of the leakage path to be about 
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10 1 4fi. The resistance of the leakage path corresponds to the input resistance. The 

route of the leakage path is unknown. Conduction through the air between electrodes 

of the collection capacitor is one possible path. A leakage path between the two areas 

of metalization of one of the M O S O M capacitors is another possibility. 

According to Volland (1982), the resistivity of dry air at sea level is approximately 

10 1 4fim; although the resistivity value can vary by at least a factor of three due to 

humidity and air pollutants. The air gap between the two electrodes of the collection 

capacitor had a width of 8mm and an area of 0.01m2. Assuming resistivity for air 

of about 1014f2m , the leakage resistance of the collection capacitor due to air would 

be about 8 x 101 3ft. This val ue agrees well with the measured leakage resistance. 

The fourth section of the decay curve is the flat section after lOKs. The section 

corresponds to an offset voltage with a value of -159mV. In the unlikely case that the 

offset voltage is solely due to an input bias current then the input bias current would 

be about lfA. The more probable case of the offset voltage is the mismatch between 

the two nonlinear capacitors. If this is the main cause of the offset voltage the input 

bias current is much less than If A. The input bias current is belived to be zero for 

the fluxgate electrometer. 

5.5. Potential of the Instrument 

Until now I have only considered the effects of the gradient of the electric po

tential, the electric field, on the collection capacitor. The total electric potential 

also has an effect. To measure this effect I applied zero electric field and varied the 

potential of the electric field meter relative to circuit ground. The potential of the 

instrument was varied by electrically shorting together the source plates which were 

previously used to generate the ambient electric field and then varying the potential 
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of the plates. Figure 15 shows the outcome of the experiment. The slope of the solid 

line which fits the data is 0.114. 

The sensitivity of the fluxgate electric field meter to its own potential as well as 

the electric field is related to the grounding of the instrument. One electrode of the 

collection capacitor is D C coupled directly to the same ground as the source plates 

and is, thus, held solidly at ground potential. The other electrode of the collection 

capacitor is only capacitively coupled to ground and can "float." The collection capac

itor electrode held at ground disturbs the constant potential environment generated 

by the two source plates. The disturbed field near the grounded collection capacitor 

electrode changes the potential of the floating electrode of the collection capacitor 

and induces a charge on the collection capacitor. 

It is possible not to have a common ground for the collection capacitor and the 

source plates. The two circuits would then float in an unpredictable manner and 

generate a large amount of noise in the signal. It is preferable to have a common 

ground where the effect of the potential of the sensor is predictable and can be allowed 

for. 

5.6. Instrument Noise 

The noise of the prototype fluxgate electric field meter was found to be 220rtVHz~ 

at 1Hz. The cause of the noise was not seriously investigated because it is considered 

outside the scope of this thesis. The noise of the lowest bias current commeriaUy 

available electrometer I could locate, the Keithly 642, (Keithly 1985) is only 20dB 

better than the crude prototype of the fluxgate electrometer. The crude prototype 

of the fluxgate electric field meter is about 55 dB noiser than silver-silver chloride 

electrodes mentioned in the introduction. 
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6. The Fluxgate Elec t rometer 

The vibrating-capacitor electrometer described by Palevsky et al (1947) and the 

ferroelectric electrometer described by Abe et al (1971) are electrometers which can 

handle noncapacitive voltage sources. The fluxgate electrometer can be configured 

to accomplish the same task. Figure 16 shows the circuit topography of the modified 

modulation stage. The collection capacitor is shielded from any external electric 

field. The potential drop across the collection capacitor is supplied instead via a 

very high resistance resistor, R3 . The source of the potential is the voltage source, 

V. Rs must be very large to keep the voltage source from signifigantly loading the 

modulation circuit. The resistance of Rs must be very much greater than the inverse 

of the product of second harmonic frequency and the maximum input capacitance 

per cycle. 

Using a fluxgate electrometer designed to handle non capacitive voltage sources, 

it is possible to design an electric field meter. The circuit used is the circuit shown 

in Figure 2. There are two major advantages to this new configuration. Firstly, 

since the collection capacitor in the modulation stage on the fluxgate electrometer 

is shielded, it is less prone to having its capacitance altered by nearby conductive 

materials. Changing the collection capacitor's capacitance will change the conversion 

efficiency of the modulation circuit. The second major advantage is modularity of 

the design. It is possible to design and test the fluxgate electrometer independent of 

the voltage source. 

7. Conclusions 

The fluxgate electric field meter may have the capability to accomplish the tasks 

mentioned in the introduction. These tasks included measurement of interplanetary 
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and ocean bottom electric fields as well as exploration geophysics surveys. The 

combination of small size, low power consumption and high resolution of the fluxgate 

electric field meter makes it a very useful instrument. The simple and reasonably 

accurate theory describing the fluxgate electric field meter will simplify design and 

construction. The one exception to the accuracy of the theory is the prediction of the 

conversion efficiency. The theoretical predictions disagrees with experiment results 

by at least a factor of two. More work is required in this area to determine the cause 

of the inconsistency. 

The theory and concepts of the fluxgate electric field meter drew heavily upon 

the theory and concepts of the fluxgate magnetometer. A trick used in the flux

gate magnetometer might also be successfully applied to the fluxgate electric field 

meter. The trick is to parametrically pump the field meter by inductively loading 

the fluxgate modulation circuit and thus use the time varying capacitance to supply 

additional amplification. Another possibility, not readily available to the fluxgate 

magnetometer, is increasing the drive frequency of the fluxgate electrometer into the 

megahertz range while maintaining the same signal bandwidth. The increased power 

produced by the modulation circuit at the higher frequency can be used to overcome 

input noise of the electric field meter's second harmonic amplifier. 

In conclusion, I believe that the fluxgate electric field meter is a instrument that 

has a promising future because of its possible use in a wide range of applications. 

There are patent applications being persued in both Canada and in the United States 

with reguards to the fluxgate electric field meter. 
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Figure 1 Collection capacitor in ambient electric field. A potential difference is 

induced across the electrodes of the collection capacitor by the ambient electric field. 

The potential difference is proportional to the strength of the field normal to the 

electrodes. An ideal electrometer, with infinite input resistance, placed across the 

collection capacitor would be able to measure the potential difference and thus de

termine the strength of the field normal the electrodes. 
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Figure 2 Equivalent circuit of the electric field meter. The charge on the collection 

capacitor, Gc, can be measured with a nonideal electrometer. The input resistance, 

Rin, the input offset voltage, Vos, and the input bias current, /{,, represent the 

major nonideal characteristics of the electrometer which will affect the electric field 

measurment. The gain of the electrometer, A, is unity. 
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F i g u r e 3 Variable-capacitor modulation circuit. The time varying capacitor, Ov{t),\ 

and the collection capacitor, Cc, trap the electric charge induced by the ambient 

electric field between them. The cycling of the time varying capacitor generates an 

alternating signal across the load resistor, R, proportional to the ambient electric 

field. 
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Figure 4 Fluxgate magnetometer operation. The time varying modulation of the 

relative permeability of the eore material immersed in a pseudo-static ambient mag

netic field generates a time varying magnetic field near the core. Thetime varying 

magnetic field induces a signal into the sense coil surrounding the core. The am

plitude of the induced signal is proportional to the strength of the pseudo-static 

ambient magnetic field. Figures 4(a) and 4(b) show the extreme cases of modulating 

the relative permeability. 
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F i g u r e 4(b) 
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Figure 5 Variable capacitor configuration. The time varying capacitor is con

structed from a matched pair of nonlinear capacitors. The differential drive, balanced 

about ground, combined with the matched pair of nonlinear capacitors insures the 

node between the two nonlinear capacitors remains at ground. It also insures that 

the capacitance varies as a function of the differential drive voltage only. 
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Figure 6 Voltage-versus-capacitance curves for M O S O M capacitors. Figure 6 

shows the individual voltage-versus-capacitance curves for the two M O S O M capaci

tors, C ' + and C_, used in the prototype. Performance of the fluxgate electric field 

meter would improve if the capacitance versus voltage curves where better matched. 
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Figure 7 Variation of the time varying capacitor's capacitance. The positive and 

negative voltage wave forms produced by the differential drive circuit given in Figure 7 

are shown. The wave forms produce the displayed time varying capacitance for the 

time varying capacitor, Cv(t). 
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Figure 8 M O S O M nonlinear capacitor design. The nonlinear capacitors used in the 

construction of the electric field meter consisted of two back to back MOS capacitors. 

This configuration is referred to as a M O S O M capacitor. The silicon dioxide layer 

provides an extremely resistive insulating layer. 

<0 
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F i g u r e 9 M O S O M nonlinear capacitor operation. Figures 9(a) and (c) show the 

distribution of the thermally generated electrons in the N type silicon under no 

electric field. When a potential difference is applied to the areas of metalization, as 

in Figures 9(b) and (d), depletion regions form. The depletion regions are shown as 

the hashed areas. Reversal of the drive field destroys the old depletion region and 

generates a new one. 
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Figure 10 Variable-capacitor modulator with feedback. The feedback voltage 

source is placed at the point in the variable-capacitor modulation circuit where it 

does not cause a low resistance path between the two electrodes of the collection 

capacitor. 
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Figure 1 1 Feedback linearity. The linear relationship between the second harmonic 

voltage and the feedback voltage is demonstrated by the graph. The slope of the line 

gives the conversion efficiency which, in this case, has the value 0.10. A l M f i load 

resistor was used. 
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Figure 12 Sensitivity-versus-load resistance curve. This graph compares the pre

dicted and measured conversion efficiency of the fluxgate electric field meter for var

ious load resistances. The small circles indicate the measured values. The solid line 

represents the predicted conversion efficiency. The discrepancy between the predicted 

and measured conversion efficiency is discussed in section 5.2. 
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Figure 13 Directionality of instrument. The fluxgate electric field meter shows 

good directionality. The measured equivalent feedback voltage in a l V m - 1 field at 

a range of orientations are shown by the small circles. The solid line is a cosine curve 

with an amplitude of 6.6mV. 
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Figure 14 Drift rate. Over time the charge on the collection capacitor drains off. 

A first the discharge is of a constant current nature. For the 2Ks to 8Ks time period 

the decay appears to be exponential. The curve approaches the limit of -159mV at 

large time. Approximately 500 data points compose the displayed curve. 
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Figure 15 Potential of the instrument. Changing the potential of the sensor with 

respect to its surroundings also generates an equivalent feedback voltage. The re

lationship between the equivalent feedback voltage and the field meter potential is 

shown to be linear. 
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Figure 16 A fluxgate electrometer. The variable-capacitor modulator generates 

a second harmonic signal across the load resistor, R, which is proportional to the 

voltage source, V. Ideally the input stage's coupling to ground is purely capacitive 

thus no charge can leak from the voltage source to ground. The variable-capacitor 

modulator is configured in the way commonly used by the vibrating-capacitor elec

trometer. 
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A p p e n d i x A Electronic C i r c u i t r y of the Instrument 

The aim of this thesis was to demonstrate that the fundamental principles of the 

fluxgate electric fieldmeter are sound. Electronic circuitry with excellent performance 

specifications was judged to be an unreasonble and unnecessary design goal at this 

earily stage in development of the instrument. Therefore, the major design goals 

for the electronic circuitry used in the fluxgate electric field meter were to keep the 

circuitry simple and to get it working. Specifications such as noise, bandwidth, drift 

rate and gain were of only secondary consideration. 

The circuitry of the fluxgate electric field meter can be broken down into three 

major sections—the clock and drive circuit, the modulation circuit, and the syn

chronous detector circuit. The clock part of the clock and drive circuit consists of 

a 1MHz crystal divided down to a 31250 Hz signal called the second harmonic and 

a 15 625 Hz signal denoted the fundamental. Both signals have a 50% duty cycle. 

Figure A l shows the schematic for the circuit. The second harmonic signal, line 2F, 

is used by the synchronous detector for synchronization with the drive circuit. The 

fundamental signal is high-pass filtered to remove its DC component and then intê , 

grated to produce a triangular waveform. The triangular wave form is used as the 

positive side of the differential drive, V+. The negative side of the differential drive, 

V_, is produces by inverting V+. A triangular wave form was chosen to drive the 

time varying capacitor instead of sinusoidal one because triangular waves are simpler 

to generate from the square wave fundamental. Sinusoidal waves would have the 

advantage of having zero energy in harmonics. Zero energy in the harmonics would 

mean less contamination of the signal in the time varying capacitor by the fluxgate 

differential drive. 
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Figure A l shows lOOfi resistors connecting V+ and V_ to the 8m long con

ductors going to the modulation circuit. The reason for these resistors is that the 

the wires going to the modulation circuit are sufficiently long to have a significant 

amount of capacitance and inductance. This reactive load presented directly to the 

output stage of the operational amplifiers if the 10017 resistors were not present, 

has a destabilizing effect on the amplifiers. The insertation of the 100f2 resistors 

supplies the necessary damping to stabilize the circuit. 

The modulation circuit is the simplest the section of the fluxgate electric field 

meter. It contains the modulation circuit proper as well as a voltage follower to 

buffer the signal from the modulation circuit before it is shipped along the 8m long 

wires to the synchronous detector. Figure A2 supplies a schematic of the circuit. 

The two nonlinear M O S O M capacitors, C + and C _ , and the voltage follower are 

placed very close to the collection capacitor to reduce the possibility of picking up 

noise. The feedback voltage, Vf, is supplied to the modulation circuit over the 8m 

long wires. 

The third major section of the fluxgate electric field meter circuitry is the syn

chronous detector. The circuitry for the synchronous detector, shown in Figure A3, 

consists of 3 segments—a phase shifter, the synchronous detector proper, and a low-

pass filter. The phase shifter is a low-pass integrator with a corner frequency of 

8.8kHz. At the second harmonic frequency of 31250Hz the phase shifter retards 

the phase by 74.5 degrees and has a gain of 1.46. The purpose if the phase shifter 

is to shift the phase of the second harmonic signal to a point where it is approx

imately in phase with the phase sensitive synchronous detector. The synchronous 

detector produces a DC signal proportional to the amplitude of the in-phase second 

harmonic signal it receives. The phasing of the synchronous detector is determined 
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by the second harmonic timing signal, line 2F, from the clock and drive circuit. The 

synchronous detector also low-pass filters the demodulated signal. The lowpass 3 

decibal cutoff is at 150Hz. 

The final segment of the synchronous detector section of the fluxgate electric field 

meter circuitry is a low-pass filter. The low-pass filter is used as an antialias filter 

before digitizing at the low sampling rates required by some measurements. When 

high frequency measurements are being made the filter is bypassed. The low-pass 

filter has a 3 decibel corner at 0.5Hz and a DC gain of unity. The three segments 

of the synchronous detector combined produce a DC signal which is 4.3 times the 

root-mean-squared second harmonic signal entering the circuit. 
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Figure A l Clock and drive circuit. This circuit supplies the differential drive 

for the time varying capacitor on lines V + and V + . It also supplies the timing 

signal for the synchonous detector on line 2F. All resistances are in ohms and all 

capacitances are in farads. National Semiconductor's LF353 operational amplifier 

was used exclusively. 
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Figure A 2 Variable-capacitor modulation circuit. It includes the collection ca

pacitor, C c , and the nonlinear M O S O M capacitors, C + and C_ . The complete 

circuit shown was immersed in the ambient electric field in the test chamber. A l l 

other circuitry was located outside the test chamber and connected to modulation 

circuit via a 8m long wires. A l l resistances are in ohms and all capacitances are in 

farads. National Semiconductor LF353 operational amplifier was used exclusively. 
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Figure A 3 Synchronous detector. The synchronous detector circuit is composed 

of 3 stages. The first stage is an integrator which shifts the second harmonic by 

ninety degrees to allow synchronous detection. The second stage is the synchronous 

detector proper. It consists of an single pole double throw switch and a differential 

amplifier. The third stage is a low-pass filter with a corner frequency of about 

0.5Hz and unity gain. All resistances are in ohms and all capacitances are in farads. 

National Semiconductor's LF353 operational amplifier was used exclusively. 
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A p p e n d i x B Detai ls of the Var iab le Capac i to r 

The key to the fluxgate eletric field meter was the MOS capacitors used in the 

M O S O M nonlinear capacitor. For a person experienced in semiconductor fabrica

tion constructing the M O S O M capacitors would be easy; but my complete lack of 

experience in this area made the task a formidable one for me. Standard fabrication 

procedures were followed throughout the procedure. Most of the steps in the proce

dure could mostly likely be improved; but as with the electronic circuitry the main 

design goal was to keep it simple and get it working. 

The steps provided are extremely detailed perhaps to the point of tedium; but I 

think a comprehensive record is desireable because the M O S O M capacitors are the 

key component to the fluxgate electric field meter. 

See Figure 8 for a diagram of a M O S O M capacitor. The capacitor consists of a 

structure of 

(1) 2 areas of Ifxm metalization each 0.5mm2 

(2) about 200nm S i 0 2 

(3) about 200fim S; N or P-type 

(4) about 200nm S i0 2 . 

The metal used for the metalization was 99.999% pure aluminum. The silicon sub

strate is a standard 2 inch wafer with 50fim resistivity and is about 200^m thick. 

The last stage of fabrication involved dicing the 2 inch wafer into 1mm by 2mm chips 

with 2 areas of metalization each. The areas of metalization will be referred to as 
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gates. Each chip forms one M O S O M capacitor. The N-type silicon was chosen for 

the substrate because it was available. 

The M O S O M capacitor must have no defects under either gate which can con

duct electricity through the silicon dioxide layer. Sodium impurities in the silicon 

dioxide should be kept to very low levels to reduce voltage-versus-capacitance curve 

drift. All of these characterists can be obtained by rigorously applying the standard 

silicon fabrication procedures explained in MOS (Metal-Oxide-Silicon) Physics and 

Technology by E . H. Nicollian and J. R. Brews (1982, John Wiley and Sons, Inc.) 

Fabrication Steps 

(1) Perform full R C A cleaning of the silicon wafer except for the last step, which 

involves immersion in alcohol. R C A cleaning is a standard cleaning procedure for 

silicon wafers developed by the R C A Corperation. Instead of immersion in alcohol 

substitute immersion in distilled water. Most alcohols have trace amounts of sodium 

which can contaminate the silicon dioxide. Distilled water normally does not have 

these trace amounts of sodium. Make sure the tweezers are clean. Always wear heavy 

black rubber gloves over light transparent gloves to prevent acid burns. While using 

acids, always wear at least safety glasses and preferably goggles. Always add acids 

to water; never, never the reverse! All used acids should be poured slowly down the 

drain with the city water running at near full volume. 

(2) Place the empty oxidization boat in the oxidization oven at a flow of 10% HC1 

and 90% 0 2 for 2 hours to clean the oven and boat thoughly. Oxidize wafers for 150 

minutes at 1150 ± 10C in 90% dry 0 2 and 10% HC1. Anneal at 1150 in N 2 for 

20 minutes. Quick cool in N 2 to prevent oxidization at lower temperatures. After 

oxidization make sure the HC1 line from the tank to the oven is purged with N 2 . 
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This first requires bleeding the HC1 out of the line via the oven and then flushing the 

line with N 2 . The HC1 must be completely bled first to prevent the high pressure 

HC1 from flowing into the low pressure N2 lines. 

(3) Deposit Ifim of very pure A l on the wafer using electron beam evaporation 

to avoid sodium contamination due to impurities in the filament during thermal 

evaporation. Make sure the electron beam hits the Al and not the hearth. It can 

burn through the hearth. Only about half a meter of Al wire should be placed in 

the hearth as a target. More Al will only cause problems. Post metalize anneal 

at 400 ± 10C in N2 for 30 minutes in addition to a 5 minute warm up and a 5 

minute cool down period. Anneal might be improved by using H2 but this can be 

hazardous. 

(4) Place 2 full droppers of positive photoresist on the metalized side of the 

wafer and spin at 4000 rpm to even out the coating. Soft bake the wafer at 95C 

for 25 minutes. Let the wafer cool for 10 minutes before exposing. Expose the 

photoresist for 1 min at 30mW/cm 2 using mask aligner and positive mask. The 

positive mask consists of an array of 0.5 X 0.5mm black squares on transparent 

plastic with 1mm spacing between the centers of the squares. Make sure that the 

cooling nitrogen is always on when the light is on and always make sure to shut 

the light off 30 minutes before shutting the nitrogen off. Develop in the developing 

machine making sure the machine is set up for positive photoresist. If the devel

oping machine has just been turned on, run it though one cycle empty to clean 

out the system. Hard bake the developed photoresist at 125C for 25 minutes. The 

Al still covered with photoresist after developing is protected from disolution by 

acid. The Al protected will correspond to the black areas on the positive mask. 
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Notes on Photoresist: 

Positive photoresist is red 

Negative photoresist is transparent 

Positive photoresist: what ever is exposed goes away 

Negative photoresist: what ever is exposed stays 

(5) Strip off unprotected Al with fifty-fifty mixture, heated to 65C, of distilled 

water and phosphoric acid. Strip the photoresist with electronic grade acetone for 5 

minutes. The acetone is more effective if heated to 50C but will also work at room 

temperature. Rinse the wafer for 5 minutes in distilled water. The used acid should 

be poured slowly down the drain with lots of city water running to dilute the acid. 

The used acetone should be put into a dirty acetone container. Dice the wafer into 

2 x 1mm chips. 

N O T E : The time varying capacitor is a MOS device and can be damaged easily 

by static charge; therefore proper safety precautions should be taken to avoid static 

charge. When the time varying capacitor is installed in the electrometer it will often 

be exposed to large amounts of of static charge therefore it should be made as sturdy 

as possible. 

7 7 


