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PREFACE
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Project Enginners, of the Electronics and Electrica! Zugiueering Division of
Southwest Research Institute. The research was supported by the Advanced
Research Projects Agency, Washington, D. C., and was monitored by the
U. S. Army Research and Development Laboratories under Contract DA-
44-009-AMC-1205(T). The project was administered under the direction
of the Electrical Department of the Barrier and Intrusio.. Detection Division,

USAERDL with Guy F. Origlio serving as the contract representative.
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SUMMARY

The work of this contract was: (lj to design, develop, and test a
detector for buried nonmetallic objects using the magnetoabsorption detection
method, and (2} to adapt the magnetoabsorption detection head 80 as to give
both magnetoabsorption and indaction signals useful for dete( - n and identify-
ing the composition of hidden objects. Consequently, the largest part of the
effort was directed toward the design and construction: (1) of the detection
head to be used for both problems, (2) the magnetoabsorption detection
system with sufficient sensitivity for both soils and small objects, and {3)
the eiectronic systems for obtaining the amplitude and phase of the desired
harmonics.

These components were assembled in a lahoratory test facility for
mine detection studies. In the mine detector, the fundamental of the
magnetoabsorption signal from the soil is coherently detected using as a
reference signal the second harmonic of the magnetic bias. The usefulness
of this method and the capability of the system, to detect mines buried 2

inches with a detector height of 1-3/4 inches, was demonstrated by a 35-

percent decrease in signal when the detector crossed a mine buried in a box of

soil in the laboratory. The percentage decrease in the detected signal,
caussd by the void made in the soil by the nonmetallic mine, remained con-
stant as the height of the detection head varied from 2-1/2 inches down to

zero. In this system, the direct induction signal was rejected by using a

iv




doub!: - D configuration in the detection coil and a high-pass filter in the
marginal osciilator {Robinson Circuit) used for the magnetoabsorption
detector. A frequ-ncy of 500 kilocycles was used for the margnal-osciliator,
and the magnetic bias ‘ield was at a frequency of 55 cycles.

To obtain the magnetoabsorption and induction signals simul:aneously,
the double-D type of detection head was used with the marginal oscillator
previously mentioned. Since the magnetioabsorption signal is a modulation
of the amplitude of the radiofrequency (500 kc) marginal oscillator and the
direct induction signal is at 55 cycles, the two signals we:re separated by
filters. The high-pass filter mentioned previously made the detected output
of the marginal oscillator the magnetoabsorption signal at a fundamental of
110 cycles. The low-pass filter gave the induction signal at a fundamental
of 55 cycles. Lissajous patierns were made with the magnetoabsorption or
direct induction signals on the vertical axis and the 55-cycic bias field on the
horizontal axis cfthe oscilloscope. Harmonic amplitudes were also made for cach
signal. A total oftwenty-one objects wereused which varied'in sizes from
a volume of 1 cubic foot to 1/32 cubic foot. The comparison of the Lissajous
signals plus the harmonic analyses of each signal demonstrated that the
combination of the amplitudes and phases of the harmonics of the magneto-
absorption and direct induction signals can be used both to detect the presence

oi hidde:» objects and to identify their composition.
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I. INTRODUCTION

Earlier effort at Southwest Resear<h Institute under Contract DA-
44-009-ENG-4678, Problem 11, as reported in the final report dat‘ed
19 April 1962, demonstrated that magnetoabsorption signals were derivable
frorm coils typical to the immediate San Antonic area and that explosives
gave no magnetoabsorption signals. Work on other projects had greatly
increased the understanding of the phenomenon and had indicated detection
syster;;s with increased sensitivity. On the basis of these and other obser-
vations, this investigation was undertaken to design, fabricate, and test a
device for (1) the detection, by means of the magnetoabsorption signals from
the soil, the presence of a magnetic void caused by a buried nonmagnetic
noncenductcr, and (2) the description of the composition of the material in
burted objects by combining the direct induction and magnetoabsorption
detection in one detection head but with separate electronic;s and display. To
these objectives, the program was separated into the following parts:

{1) To conduct a search of the literature for studies in electro-
magnetic topics that might be readily adaptable for a suitable
electromagnetic model for design guidance in the detection of
discrete and dispersed objects.

{2) To investigate the geometry and performance required from a
double-D type of detection head to give the maximum magneto-

ab. orption signals from large volumes of material, with a
dispersed ferromagnetic or ferrimagnetic compnnent, such as

soils in 2 flat geometry.



(3)

(4)

(5)

(6)

(7)

(8)

(9)

To design, construct, and test a completely sclid-state
marginal-oscillator type of magnetoabsorption detector with a
high sensitivity when used with the detection head.

To determine the operational characteristics of the system
composed of the marginal-oscillator and the detection head and,
in particular, to measure:

(2)  the sensitivity of the system to mine depth;

(b) the effects of detector height;

(c) the effects of moisture]

(d)  the effects of scanning rate;

(e) the effects of the frequency of the marginal-oscillator;
() the effects of the frequency of the magnetic bias field.

To design, construct, and test a solid-state laboratory type
model of the magnetic-void buried-object detector based upon
the results from (4).

To test the above system to determine its characteristics as a
detector of buried nonmagnetic nonconducting objects.

To study the character and requirements of a discrete, magnetic,
conducting object detection system 1g the detection head of
(2), the detector of (3) and a combination of the direct induction
and magnetoabsorption signals.

To add to the designs of (5) the detection of the direct induction
signal and to determine the differences, in the shapes and
harmonic content, between the direct induction and magneto-
absorption signals from- various discrete objects.

Tc determine the characteristics of the discrete object detector

in differentiating between nonmagnetic conductors, unmagnetized
magnetic corductors, rmagnetized magnetic conductors, magnetic
nonconductors, magnetized magnetic nonconductors and permanent
magnets. )

The manner in which these tasks were conducted and results obtained

are described in the remainder of the report.

2

i)

s

{ Ay




II. SUMMARY OF RESULTS

A. Equipment

The block diagram of the ecuipment developed for the laboratory
tests of the magnetic-void buried-object magnetoabsorption detection system
is shown in Figure 1. The photograph of the equipment as it was used in the
laboratory is shown in Figure 2.

The strong magnetic bias field at 55 cps is produced by the bias coil
which is fed from the 55-cps generator through a power amplifier. With
20 watts of power, a magnetic field of 36-oersteds peak intensity at 55 cps
can be obtained.

The radiofrequency magnetoabsorption detection coil, L), has the
double-D configuraticn so that the amount of the 55-cycle voltage is minimized
which is directly induced Irom the bias coil to the radiofrequency coil. By
proper geometrical adjustment of the double-D coil, the amount of 55-cycle
voltage induced can be reduced to a value below 50 microvolts. The double-

D radiofrequency coil is tuned to approximately 500 kilocycles by capacitor C;.

The amount of 55-cycle voltage induced in the double-D coil will be
increased when the detection head is placed near or on the ground. Therefore,
the high-pass filter is used to reject the 55-cycle voltage and prevert it from
reaching the amplifiers. The 500-kilocycle voltage as well as the 110-cycle

magnetoabsorption modulation is passed by the high-pass filter to the amplifier.
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The amplifier increases the amplitude of the 500-kilocycle signal and
passes it~throx;gl% alimiter to control the.ogcillation level and to strip the 110-cps
magnetoabsorption signal >ff of the radiofrequency to be fed back. The
output of the limiter is fed back to the radiofrequency coil through the feed-
back resister, Rg 80 that a sustained oscillation is obtained whose level is
controlled,b'y} ‘the limiter,

Tl;e qﬁtput of the resuiting marginal-oscillator at A is a radiofrequency
voltage whos; amplitude is modulated with the magnetoabsorption signal. The
ma,gnetoabs‘c‘;rption signal itself is obtained by passing the max:ginal—oscillator
output throﬁgh an amplitudé aetector which in this case is an infinite-imped-
ance type ;tizéing a Field Effect Transistor. The output of the detector feeds a
dc veltméééjé to measure the oscillator level, and an amplifier phase-
detector system to improve signal/noise ratios. The signal/noise ratio at
the output of the amplitude detector varied from a low of 2/1 to a value greater
than 10/1. j;‘.?‘i‘gure 3 gives two representative magnetoabsorption Lissajous
figures (mqafﬁ'netoabs'orption signal on the vertical and magnetic bias on,
horizontal) taken with the def:e;ction head on the surface of the soil and spaced
1. 5 inches.

The signal/noise improvement, required for a good measurement,
was obtained by reducing the bandwidth. Thus, the output of the amglitude
detector is passedthroughanarrow-band amplifier whose center frequency is
at 110 cycles and whose bandwidth is 10 cycles. To further reduce the band-

width, the signal is fed through a 110-cycle amplitude-sensitive phas. detector.
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(a) (b)
At Scil Surface 1-1/2 Inches
above Soil

FIGURE 3. SOIL MAGNETOABSORPTION SIGNALS
OBTAINED: (a) AT THE SURFACE AND
(b) WITH 1.5 INCHES SEPARATION

The 11U-cycle reference for the phase-detector is obtained from the 55-cycle
generator through a frequency doubler and a power amplifier. The cutput of
the phase-detector is a dc voltage which is passed through a low-pass filter of
1/6-cycles bandwidth. Thus, the bandwidth has been reduced from about 1, 000
cycles to 1/6 cycles, and the signal/noise ratio has been improved by seventy-
times. The output of the phase detector is applied to a recorder for laboratory
measurements and to a meter for field measurements.

B. ° Magnetic-Void Buried-Okject Detection

The laboratory test system used for the magnetic-void buried-object
detection system is shown in Figure 2. In order to easily, continuously and

linearly travefse the test box f soil with the detection head, the mechaaical
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traversing mechanism, driven by a reversible motor with reversing limit
R4

switches, waféiizug:eﬁi:i'aﬁé shown on the box in f‘igure 2. The test box is 72
inches long, 2~’4 inches wide and 6 inches deep. A type M-19 mine case was
buried at its ce'gt’err at varying depths. A scan was then m.ade over the length
of the box and back with the output of the phase detector applied to the
recorder.

The recorded amplitude of the magnetoabsorption signal is large
when no buried object is present, and it decreases when the detection head
is directly over a buried object which is a magnetic void. Figure 4 shows
one scan cycle from one end, A, to the other end, B, and return with no
mine buried for a l-inch detector height. The variations shown are those
to be expected from the magnetic variations of the soil. When a M-19 mine
casing is buried flush with the suriace and the detector is held 1 inch above
the surface, the signal variation shown in Figure 5 is obtained for one scan
cycle. The magnetoabsorption signal decreases by more than 175 millivolts.
When the M-19 mine casing is buried with its top 1 inch below the surface
and when the detection head is kept at 1 inch above the surface of the soil,
the variation in amplitude shown in Figure 6 was obtained for one scan cycle.
Thus, for a l-inch depth, the amplitude changes by over 100 millivolts as the
magnetic void is traversed. When ti'e mine is buried at a depth of 2 inches,
a variation larger than 25 millivolts is obtained as shown in Figure 7. For

all of these measurements, the bottom of the detection head is 1 inch from the

top of the soil. The radiofrequency coil itself is 11/16 inch from the bottom

y
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of the detection head so that the actual soil-to-coil height is nearly 1-3/4
inches.

The variation of the amplitude of the magnetoabsorption signal as a
function of the height of the detection coil with no buried object is plotted on
the linear graph of Figure 8. When the output is plotted on semilog paper,
the straight line of Figure 9 is obtained. This straight line indicates that
the amplitude varies as the height to some powér. The field from two
mutually-coupled current-loops would vary as the height to the fourth power.
If the graph of Figure 8 is plotted on log-log paper, a fit of height to the 3.3
power is obtained. Time and effort were not expended to attempt to determine
the reasons for the difference obtained. It should be remembered, however,
that the magnitude of the magnetoabsorption signal depends upon a combination
of the strength of radiofrequency field and the strength of the magnetic bias
field.

The percent change in the magnetoabsorption signal amplitude,
caused by the presence of the magnetig void from the M-19 mine casing, as
a function of the mine depth, is shown in the graph of Figure 10 for detection
head heights of 1/2, 3/4, 1, 1-1/4, 1.1/2 and 1-3/4 inches. The data
graphed in Figure 10 show that the percentage change in signal amplitude
is independent of detector height. Figure 10 also shows that buried magnetic
voids buried with their tops 2 inches below the surface of the soil can be

detected with the detection coil 2-1/2 inches above the soil surface.
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When the data of f"i‘g'ure 10 dre plotted as the percentage change, for
a family of curlves at void depths of 2, 1, and ‘0 inches, as a function
the height of the detection head, the constant-percent with detection-head-
height characteristic is shown as in Figure 11.

The results shown in Figures 4 through' 1l demonstrate that the
amplitude of the fundamental of the magnetoabsorption signal at 110 cycles
can be used to detect t};e presence of a magnetic void buried in soils. The
results further show that the percentage change in the amplitude of the
magnetcabsorption signal caused by a magnetic void is independent of the
height of the detection head while it varies exponentially with the depth of
the magnetic void. Thus, if an aitomatic gain control system is used, the
time constant, T, of the system and the feedback characteristic, B, must be

adjusted so that

T 4
1748 © 5 (1)

where

A is the gain of the controlled amplifier;

d is the diameter of the magnetic void;

S is the speed of the detection head over the ground.
Such an adjustment will make the detection sys.tem less sensitive to variations
in detection-head heights and more sensiti;re to variations caused by buried

magnetic voids,

R
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C. Discrete Object Detection and Identification

5"

To obtain the ability to both detect and identify the composition of

discrete objects, the amplitude and phase of both the direct induction and the

magnetoabsorption signals must be used. The double-D radiofrequency coil
type of detection head had been designed to provide both signals, and, thus, it
can be used without modification. Since the shapes (Lissajous Figures) and
the amplitudes of the harmonics of the magnetoabsorption signals were to

be comparga,' qnly the high-pass filter, the amplifier-limiter and the
amplitude detector components of the magnetic-void detector {F1g. 1) were
used for the magnetoabsorption part of the discrete object detector tests for
object signatures. (The 55-cycle generator and power amplifier were also
necessary.)

Because the direct induction signals in the double-D radiofrequency
detection coil are at 55 cycles, they could be separated from the magneto-
absorption signal at rsint A in Figure 1 by a low-pass filter. Therefore, the
block diagram of Figure l2was usedfor a laboritory test system to make the
determinations of: (1) the shape of the Lissajous figures for the magneto-
absorption signals, (2) the amplitudes of the harmonics of the magneto-
absorption signale, (3) the shape of the Lissajous figures for the direct
induction signals, and (4) the amplitudes of the harmon.cs of the direct induction

signals. The test -etup in the laboratory would look similar to that of

Figure 2 exccpt that the detection head is turned upside dowaand the discrete

vbrects ave ptaced on top ~f o
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The results shown by the two Lissajous figures and the two harmonic
analyses for each of the twenty-one discrete objects will be giveninthe foilowing
paragraphs. Pictures are also given showing the object being measured and
its relation to the detection héad. A total of eleven (11) ccnstruction type

materials and ten (10) electronic components is used.

1. Measurements on Construction Materials
a. Qmannel Iron

The Lissajous patterns obtained from a large piece of
channel iron and the mounting pictures are shown in Figure 13a. It has both
a magnetoabsorption and a direct induction signal since it is a ferromagnetic
conductor. In addition, ihe induction signal is nearly 90° out of phase with
the magnetic bias. The harmonic amplitudes are shown in Figure 13b. The
magnétoabsorption signal has a strong secor d-harmonic component with only
two higher harmonics. The direct induction signal has its fundarnental at
50 cycles, a small 100-cycle component and a third-harmonic component at
150 cycles indicating that the material is a ferromagnetic conductor.

b. Angle Iron

The results for a piece of angle iron are shown 1n
Figures 14a and 14b. The presence of a higher harmonic 1n the magneto-
absorption signal shows the angle iron to be made from different material
than the channel iron or to have had different treatment. However, the
- onetoabsorpi.on and direct induction resulis ave very sumilar to those

obtaimes wuth the « hanmel 1ron
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c. Copper 'Lubing

The copper tubing gave no magnetoabsorption s.ignal as
shown in Figure 15a. The induction signal was strong and had a phase angle
close v’:e:; zero as characteristic of nonmagnetic conductors. The harmonic
amptlitudes of Figure 15b show no magnetoabsorption data and only the
harmonics present from the direct induction as expected from a nonmagnetic

conductor.

d. Type BX Electrical Conduit

Thé magnetoabsorption signal from a 4-foot length
of typé BX electrical conduit is shown in Figure l6a. Its shape indicates
that it is from a piece of hardened or cold-worked steel. The presence of
higher harmonic émplitudes, as shown in Figure 16b, also indicates this
characteristic. The phase angle induction signal of Figure l6a also is that"
to be cupected if the sample is 2 magnetic conductor. The high ampiitude of

the third harmonic on the induction signal also indicates a magnetic conductor.

e. Thin-Wall Electrical Conduit

The magnetoabsorption signal from thin-wall electrical
conduit, Figure 17a, shows that it is made from a magnetic material that
has been cold-worked or work hardened. This is further indicated by the
large amplitude of the higher harmonics of the magnetoabsorption signal in
Tigure l?ﬁ. That it is a magnetic conductor is shown by the direct induction

signal, phased 90° relative to the bias field, of Figure 17a. The harmonic

26
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ha::momcs, Fxgure 18b, 1nd1cat1ng that it is e1ther cold-worked or made

ffom. a‘,ﬂhardened steel. J:ge induction signal, being at a relative angle of

-

N - o0 ¢ oL

nearly 90°, indicates a magnetic conductor. The indaction harmonic

an@.iys"is; Figure 18b, shows that it has a large third-harmonic component
and a smaller second-harmonic.amplitude also indicative of a magnetic
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The harmonic a:mphtudes of Figure 19b also mdu:ate the presence of cold-
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harmonic analysis of the induction signal, Figure 19b, also indicates the
large third-harm@hnic component for hardened steel.
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‘ . h Standard Electrical Switch

I

‘The shape of the magnetoabsorption signal, Figure 20a,

is ‘characteristic of a work-hardened magnetic conductor, and the harmcnic

[
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ammpiitudes of Figure 200 aloso indicate this same material. The induction
signas, Migure 202, also indicates a magnetic conductor with a fair conduc-
tivicty. The harmonic amplitudes, of Figure 20a, show the large third-m
harmonic component in the induction as expected from magnetic conductor‘s.
i. Star Bolt

The Star bolt is a braés bolt in a lead sheath. It gave no
magﬁe/f.oabso.rp.t.io(n signai and only 5 millivolts of induction signal as tBhOWn
in Figure 21 which is typical of a nonmagnetic poor-conductor.

e Lead Tubing

Lead tubing also gave no magnetoabsorption signal and
only 1.5 millivolts of induction as shown in Figure 22. This again is
characteristic of nonmagnetic poor-conductors.

k. Metal Plaster Lath

- The expanded metal used for plastering gave the strong
magnetoabsorption signal of Figure Z23a. This signal indicates that the
material is soft steel. The ainplitudes of the higher harmonics indicate that
it is miidly cold-workea. The induction signal in Figure 23a was different
fror any others, and the harmonic analysis of Figure 23b showed a large
fourth-harmonic component as well as large third- and second-harmonic
components. These characteristics may be caused by the large area_ of the

material and the number of shorted loops in it.
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2. Electronic Components

a. E}gctgb@xié Cél?lgé .
No oscillog_éope presentation could be cbtained with either
the magnetoabsorption or the indgcti'on signals, With a very narrow-band
é.mg}.i'ﬁgr‘ and.a magnetic bi?:BA frequency of 1000 cycles, direct induction
s‘ig.na;:ls of between 25 and 1‘00. microvolts were obtained. The cables used

were reéﬁlar microphone .and two conductor cables 3 to 4 feet long such as

Belden 1710, 1450.and 1709.

b. Aluminum-Encased Microphone

This mif:rophone, although it contained a permanent
magnet, gaveno magdetpabsorption signal probably bécause of the radio-

¥
.

frequency shielding effect of the aluminam tase. A large induction signal, .
Figure 24;9._,7 was obtained which did show thia» it came from a magnetic con-

ductor becauge of its nearly 90° relative ph%ase. The magnetic conductor
' i

character of the induction signal was also sihown by the third-harmonic

.o
3

aﬁx;i@fit@de, of Figure 24b. :

)

c. Knowles Microphone ' '

H

The Knowles Model BE-1530, a very small microphone,

also contained a permanent magnet and a metal case. However, this case ,
] .

wasg an incomplete shield, and thelmagnetoa,bsorption signal of Figure 25a

* o
LR RPN R ,

was optained. @,‘Ihis, 31}'&%’«@ of gnez&ﬁetoabsor tion curve is as predicted for a
P A AR SH T S SAIGT M ¥ . - ;
. S N S '

X
-

£t LTI § ) *

magnetized material. That is, it contains both a 50-cycle and a 100-cycle

A ~

component in itz magnetoabsorption sigrnal. The harmonic amplitudes of
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Figure 25b show tha. the magnetoabsorption signal from this magnet is
composed f a strong 50-cycle component and a weak 100-cycle component,
The induction signal is that which would be obtained from a conducting
magnetic material as shown by the uscilloscope picture of Figure 25a and the
harmonic analysis of Figure 25b.
d. rerrite Rod

A type H Ferramic rod gave a magnectcabsorption signal,
Figure 26a, which contaired only the fundamental or 100-cycle component as
shown by Figure 26b. The induction signal of Figure 26a showed that it was
from a magnetic material by its nearly 90° phase angle and that the material
had a low conductivity from the absence of a third-harmonic component at
150 cps.

e. Iron Core Choke

The magnetoabsorption signal from a Miller series 4200
radiofrequency choke coil was too small to be photographed on the oscillo-
scope and so no Lissajous figure is shown in Figure 27a. The harmonic
analysis of the magnetoabsorption signal could be measured as shown by
Figure 27b. Only the 100-cycle fundamental component of the magneto-
absorption signal could be measured. The induction signal from the choke
of Figure 27a showed that it came from a magnetic material, and the small
third-ha*monic compcnent indicated that it had a very small conductivity.

Thus, it had siniilar characteristics to the ferrite rod except at a much lower

level.
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f. Transistorized Preamplifier

The small audio amplifier used was constructed of standard
transistors, resistors and condensers. No magnetoabsoiption signal was
ottained as shown by Figures 28a and 28b. The induction signal was that
which would be olitained from a magnetic conductor. However, the signal
was too weak to analyze properly, and the harmonic amplitude graph of

Figure 28b shows only the fundamental 3¢ 50 cycles.

g Mercury Cell

The mercury battery used was about 1/4 inch in diameter
and 3/16 inch high. It gave a very noisy magnetoabsorption signal as shown
by Figure 29. It also gave a very small induction signal as shown also in

Figure 29. Both of the signals were too small for a useful harmonic analysis.

The magnetoabsorption signal showed a single 100-cycle component and the

NPp——ee SRS S L i

induction a single 50-cycte ccmponent. The signals indicate that they come
from a magnetic conductor which may be the nickel case.

h. Printed-Circuit Oscillator

One of the International Crystal, 27-megacycle, crystal
oscillators gave a magnetoabsorption signal too small to photograph and
display in Figure 30a. The magnetoabsorpticn signal did have a single 100-
cycle component as shown in Figure 30b. The induction signal was quite
stinng as shown in Figure 30a, and it had both a fundamental at 50 cycles and
a third harmonic at 150 cycles. Therefore, the detection head was giving

signals from some magnetic conductor on or in some electronic component.
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3. Summary of Results on Discrete Objects

The data presented in Figures 13 through 30 have indicated that
a combination of the direct induction and magnetoabsorption detectors into
one detection head will permit the detection of discrete objects and the
identification of the material from which they are made. The magnetic con-
ductors give a magnetoabsorption signal with higher harmonics and an
induction signal with a large third-harmonic component. Magnetic noncon-
ductors give a magnetoabsorption signal with few higher harmonics and an
induction signal with a low or no third-harmonic component. In addition, all
magnetic materials give an induction signal nearly 90° out of phase with the
bias field reference signal. Magnetized materials, unless shielded from
radiofrequencies, give a magnetoabsorption signal which contains both a 50-
cycle and a 100-cycle signal as well as harmonics of the 100 cycles. A
magnet will also give an induction signal with the 90° magnetic phase shift,
but it should also contain a third-harmonic component. Nonmagnetic conductors
do not give a magnetoabsorption signal but do give an inductioa signal nearly
in phase with the magnetic bias reference.

D. Influence of Object to Detector Distance

In order to obtain the greatest utilization of the magnetoabsorpton
signal as a signature of a material, the shape of the signal should retain its
essential characterisiics for large changes in the object to detection head
distance. It has been found that this condition is met for two materials

whose distance was changed from less than an inch to over 2 inches
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Figure 31 shows the magnetocabscr-ticn signals for two distances from two
materials - one of relatively low permeability and one of high permeability.
Figures 31 (a} and (b) show the magnetoabsorption signals from iron at

11/16 inch and at 2 inches. The shapes appear very similar and have retained
all of their essential characteristics.

A similar indication is found for the Conetic sample at 11/16 and 2
inches as shown by Figures 31 (c) and (d). If the harmoric analyses of the
four magnetoabsorption signals were made, they would show a large variation
but they would still retain their essential characteristics. That is, the
signals of Figures 31 (a) and (b) each have a large fundamental amplitude at
100 cycles with the higher harmonics kaving a low amplitude. Similarly,
the signals of Figures 31 (¢) and (d) have essentially the same harmonic
character; that is, high amplitude fundamental at 100 cycles and a high

amplitude of higher harmonics.
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111, DISCUSSION

A, Electromagnestic Studies on Magnetic Void and Discrete Object
Detection

A search of the literature was conducted to find a suitable electro-
magnetic model for the magnetoabsorption mine detection scheme. It is
envisicned that the configuration may be represented by a current carrying
radiofrequency coil laying parallel to a finitely conducting nalf-space (the
earth) with electrical parameters p,, €, and 0,. Induced eddy carrents in
conducting half-space modify the magnetic field above the interface and so
change the flux distribution around the radiofrequency coil The change in
flnx distribution appears as an impedance change in the radiofrequency coil
compared to the free space impedance of the coil. A buried mine may now be
represented by a cylindrical cavity with electri:al parameters, u), €) and
¢y = 0% embedded in the conducting media laying coaxially beneath the
radiofrequency coil. This cavity then further alters the flux distribution and
decreases the effect of the media on the impedance of the radiofrequency
coil. The influence of magnetic bias coils may be represented by a slowly
varying magnetic bias field that alters uniformly the permeability of the
conducting half-space. The variation in permeability oi the media caused
by the bias field also causes changes in the impedance of the radiofrequercy

cnil and results in a magnetoabsorption signal when suitably detected. From

*In general, the conductivity of a mine may be other than zero.
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the above discussiorn, it is undersvood that the impedance change in the radio-
frequency coil caused by the cavity arises from two sources. These sources
are identified as a decrease in eddy current losses caused by the presence of
the cavity under static bias field conditions and by a decrease in the effective
permeability resulting from the presence of the cavity under varying bias
field conditions. Both will decrease the magnetoansorption signal whenever
a cavity occurs beneath the radiofrequency coil. It is in this manner that a
buried magnetic void is located.

The literature search indicated that many have treated the problem
of the impedance of a filamentry coil placed near a conducting sheet of half-
space [1 - 5}. However, the solution of the case with the imbedded cavity
was found to have not been treated.

The magnetic vector potential for the case with a cylindrical cavity
can be rcadily established. However, the numerical calculations would have
required involved computer methods and were not attempted. Changes in
impedance caused by the cavity and the permeability, for example, could
have been determined by numerically comparing the cases with and without
a cavity. Had time permitted, such an analysis could have yielded design
guidance to determine the influence of coil diameter, detection height, fre-
quency of the driving current, and mine depth and to determine whether
amplitude or frequency demodulztion would have been best. However, since
such information was not readily available, experimental techniques were

used to obtain design information.
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A sunilar search of the literature was conducted for an electro-
magnetic model suitable to discrete object detection and discrimination.
Two approaches are required, one for the induction technique and the other
for the magnetoabscrption techr’jue. The induction method encountered ir.
geophysical exploration and metallic mine detection is well described in
technical publications [6 - 10]. In this method, an alternating magnetic
field produced by a transmitter induces a magnetic dipnle moment in metallic
objects in the field of the detector head. The external field of the magnetic
dipole moment in turn induces a small vcltage in the transmitter coil or in
a passive secondary receiver coil. The phase of the induced voltage serves
as an indication of the electrical properties of the object, and the amplitude
of the induced signal serves as an indication of the distance of the object.
This induced voltage may be related to a change in impedance of the trans-
mitter coil or a passive receiver coil. When a passive receiver coil is
employed, it is normally designed to achieve a null condition to the induction
field of the transmitter coii. When an object is present, the field configura-
tion is perturbed, and a voltage in the receiver coil is produced. In this
manner, the induction system can be considered as a changing mutual
inductance, caused by the obiec!, between the transmitter and receiver coile,

The magnetoabsorption principle for ferromagnetic or ferrimagnetic

objects differs from the induction principle. In this mzthod, a ferromagnetic

or ferrimagnetic object is placed within the fields: (i) of a radiofrequency
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coil which is the inductance of the tuned circuit for a marginal-oscillator,
and (2) of a slowly varying magnetic bias coil, The object will absorb energy
from the radiofrequency field at a rate twice that of the frequency of the bias
field. Therefore, these absorptions change both the oscillation amplitude
and the frequency of the marginal-oscillator. That is, the changes in absorp-
tion are a consequence of the changing magnetic moment of the object which
may be regarded as a small current loop whose impedance is a function of
bias field intensity since its magnetic permeability is a function of this
magnetic bias. If the frequency of radiofrequency field is entirely controlled
by the radiofrequency coil, then not only amplitude modulaticns will occur
but frequency modulations will be preseni as the objects equivalent reactance
changes because the effective permeability of its material changes as a
function of the strength of the bias field. The amplitude modulation, called
the magnetoabsorption amplitude signal, can be stripped off by an amplitude
detector. The frequency modulation, called the magnetoabsorption frequency
signal, is obtained by using a frequency discriminator. In the marginal-
oscillator, the frequency modulation causes negligible amplitude modulation
and vice versa because the oscillator is operating in its most linear region.
The amplitude moculations and the frequency modulations are uniquely
related to the magactic properties of the object. Objects having differeut
prcperties will demonstrate different magnetoabsorption waveforms which

can be used as signatures. Thus, these signatures can be related to the kind

66




B T T

NN ﬁ"“& B TS

R R i P

of material from which the object is constructed. Further, knowledge of
the kind of material will help identify the type of cbject.

Magnetoabsorption, as related to discrete object detection, exhibits
diffevent characteristics from the induction type of detector. A simiiarity
exists only in the fact that the same coils can be used for both inethods. A
subtle difference occurs in the effective impedance of the cbject as it 1s
influenced by the intensity of the bias field. The reflected impedance in the
receiver coil for the induction case is a function of the conductivity and the
permeability at the frequency of the riagnetic bias field or 50 cycles. For
magnetoabsorption, the impedance reflected into the radiofrequency coil
depends upon the permeability at the radiofrequency (500 kcs) and how this
permeability changes with the magnetic bias field. For strong magnetic
bias fields and conducting nonmagnetic materials, the permeability may be
regarded as constant; i1. which case, the received induction siénal is composed
of the frequency of the bias field with negligible harmonic;so For the case of
magnetic conductors, the induction signal will have a much larger amount
of the odd harmonics of the transmitter frequency. If the object is
magnetized, the even harmonics will also exist. This would mean that 50,
100, and 150-cycle components would be present in the induction 3ignal in
varying amounts, depending upon the object.

In the magnetoabsorption detection, which depends upon both the

magnetic bias field and the field of th- -adiofrequency coil, the radiofrequency
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field is kept at a low level so that negligible harmonics are developed by the
influence of the object. The magnetic bias field is made very large so that
the major portion of the hysteresis loop of the object is traversed each cycle,
Since this magnetic bias field causes a change in the radiofrequency perme-
ability of the object, it also causes a change in its refl:cted impedance in the
radiofrequency ccil. Since the change in permeability is the same for posi-
tive magnetic bias as it is for negative values, the permeability changes at
twice the frequency of the magnetic bias field. Thus, the fundan :ntal fre-
gJuency for the magnetoabsorption is 100 cycles for a 50-cycle bias field.
Since the permeability change is very nonlinear, harmonics at 200, 300, 400,
500 and 600 cycles will be present in varying amounts, depending upon the
type of material in the object. Thus, the magnetoabsorption signal contains
only ever harmonics of the magnetic bias frequency. An object having a
straight line B/H curve (no hysteresis) would have only 10U cycles in its
magnetoabsorption signal, whereas an object having a square-loop configura-
tion to its hysteresis may have the harmonics of a 100-cycle square wave.
Thus, the two detection systems, magnetoabsorption and induction,
can be used together in one detector to both detect the presence and
describe the materials in a hidden discrete object. The different signals
obtained in the two manners should provide a means for reducing ambiguity.

For the magnetic-void detection, the buried object will cause a decrease inthe
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magnetoabsorption signais from the magnetic materials in the soil. This
decrease can be measured by using the magnitude of one or more of the
.eve ‘harmonics of the bias frequency in the magnetoabsorption signal,
Therefore, both the magnetoabsorption system alone for the detec-
tion of magnetic voids in soil as well as the comibination of magnetoabsorp-
tion and direct induction for the detection of discrete objects can use a
detection head which contains a magnetic bias coil driven at a low frequency
of around 50 cycles and a radiofrequency coil at 500 kilocycles. In both
cases, the direct induction at 50 cycies is reduced to null in the radiofre-
quency coil by shaping the coil in the double-D.fashion. For both measure-
ments, the radiofrequency coil is made the inductance of the tuned circuit
of an oscillator. The magnetoabsorption signal is an amplitujle or a fre-
guency modulation of the voltage across the }g‘qil.’ 'The direct-induction
signal is ;,'50—cyc1e signal added directly to the voltage irs the coil, There-
fore, the two signals can be separated by _fi,lter.s and ;ieteét;eé. The magneto-
absorption a.mplitu&e signg,l is s'él‘gétédiwb.)f a high-pa,ssfjlter angl obtained by

K

means of an amplitude detector, The f'}lag’netqabsorption fréquency signal is
ubta.iped by me;ans of a*frééuen;f discrirr;inatof. Since each should contain
nearly the same inforn':iatioﬁ,. pnly the amplitude signal has been used. The
di:zect-inducti‘t)n‘ sigﬂal is select;d through a low-pass filter and requires no
further processiné. The following paragraphs will describe the components

developed to produce the equipment required to simultaneousiy measure

these two signals,

i
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B. . Detection Head Assembly .

The: detgction head consists of two parts:

<

(1)

(2)

I

The bias field ¢oil which produced a strong magnetic field to

modulate the permeability of the soil or the discrete object.
The radiofréquency coil which produces a radiofrequency field
from which energy is absorbed.at.a rate twice the frequency of
the bias field and which causes a modulation of the frequency
if the radlofrequency coil is the fregquency controlling element

of a. marginal-oscillator.

In the consideration of the proper probe geometry, the following

. . _ e v <
design considerations were made;

(1)

The :a,dms of both coils should be: comparable to the depth of
the buried. obJect, and'its area should be comparable to its
crosg-sectional area. . As derived from considerations of Biot-
Savgrt's law, the field* of a current loop is expressed as

NIa? ‘%

H(z) = -——-—-—-——-z(zz +a2)3/3

.....

distance along the. axis. From th1s expressmn, it is. under-
stood that the field intensity falls off as 1/23 and is inversely

" proportional to a at the center. From the natutre of the formula,

(z)

it is further understood that the field varies rather slowly until
Al approaches a. ‘I‘hus, if the object is to present a large filling
factor to’the probe, ii.is important that the object be within a

distance equal to‘the radius of the coil.

Since the ra&iofr‘equenci detector coil will be placed directly in

" the magnetic field of a bias coil, the geometry of the radio-

frequency coil must be such as to eliminate the industion from

-
—
o

*The validity of this expression at the frequencies of interest is supported by
expéeriment and by the fact that the periad of the operating frequencies is
much less than the propagation tirde in the region of greatest influence.




(3)

(4)

the bias fleld ditrectly into the radlofrequency detection coil
since large bias field voltages in the detector would greatly
reduce the sensitivity level of the detection system. Further,
for experimental flexibility, provisions for cancellation adjust-
ments should be made since the bias field is not uniform oveér
the sntire area of the radiofrequency coil.

The radiofrequency coil should be designed to provide shielding
from outside radiofrequency sources without degrading the-

~ sensitivity of the magnetoa.bsorptmn detection which is propor-

tlonal to, Q.

To. avoid microphonics, ~tl‘:le ghieldiﬁg, windings, and supports
foxr the coil should be. rigidly constructed.

The field of the bias coil, which modulates the permeability of-the

L

soil, was designed to serve as thé main structural member of the detector

¢
e

head aséembly. The Lucite coil form, designed to accept 176 turns of

-2

#16 AWG Formvar-clad coppér wire, is shown ih Figure 32. The form has

a radius of 6.5 inches which is comparable to the anticipated object!s 6-1inch

depth. The windings were packed tfghtl& on the bobbin to avoid vibrations

resulting from Lorentz-type forces between current carrying conductors.

The outer windings were {mpnegnated with epoxy cément and a fiber glass

cover was app}{ed to reinforce the Lmciteform, to seal the coil, .and to assure

additional winding rigidity. The designed and measured characteristics of

the magnetic bias field coil are shown in Table 1.

The radiofrequency coil was designed to fit concentrically within the

bias. field coil. The direct induction into the radiofrequency coil from the

bias field is cancelled by a mutual-aiding «double-D coil geometry. Early in

the work, "he necessity of precise geometries and adjustment techniques for
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TABLE I. MAGNETIC BIAS. COIL.CHARACTERISTICS

. Parametex

iR

Predicted’ Medsured

DC resistance 2.58 2,38

Inductance " 16.78mh 18.5 inh

Gauss/ampere \
at-the center of the coil 6
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improved cancellation Be,'ea’x'ne evident, Consequently; the radiofrequency

. . ‘- . . "
coil bobbin was. desighed to form a platfqi’&nhé.ving 3 degrees of freedom
corresponding to the di‘stance( and the two angles of a spherical coordinate
4 <
system with_in'an asséﬁibly supported;‘by the bias ¢oil, Measurements demon-

strated that, by thxs techmque, ti'xe voltage in the ra.dmfrequency coil from the
12 , 2

magnetic b1as coil at‘”.:O cycles; can be reduced to a value below I microvolt

with a bias field in;‘f.engiW of /24 gauss.

“

The first radiofrequency: coil qdnst;'ucted and.tested is shown in
Figure 33.. ,i}ge_il‘-llz-inch diameter coil form was threaded to separate

the Wﬁindi}}gs thereby reducing interwinding capacitance. The electrical

proper‘ties of the radiofrequency coil are listed in Table II, and Figure 34

gzves the graph of the qua.hty factor* of the co11 as a function of frequency.

e wh g R

‘The Q was\ measured w1th a Boonton, Model 260 -A, Q meter. A shield of

copper-clad flexible laininate was prepared for the coil. The shield was split

¥
AY
RO B
- » ane

TABLE II ELECTRICAL PROPEKTIES OF THE
¢ 11- 1/2-INCH RADIOFREQUENCY COIL

Type of'w‘i\:t\'e A , = , ;}‘30 AWG -enamel
Turns per inch . = 52

". Number of turns per ufyu s 24
\I‘nductaftce ' | = 1,16 mh

Q at 560 kilocycles b 85 {without shield)

ne

3

*mé auality foctor, @, of en inductor is defined as Q = wL/Rq
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are shown in

<
Ll

o

at the »transpbsitioﬁ. and at the ‘cuter edge of the &oubl‘e -D to prevent the effects

‘\\:’ -~

of eddy curtrents fror}r eithezl t):he‘. bias. or radiofr.eqi;ency fields, The shielded
xadioifeq@e:ngy coil mounted wii:hin ‘tile bi%.; coil is shown in Figure 35,

To: &égeémihe the s;aéiatiéﬁé with distance of the radiofrequency field
from th+ coil sho‘wng in Figurg 35; rela-t,ti;;a‘-f‘\igﬂld:rf}easgrenfxénts were performed

with a small search .coil at the surface of the coil form 4nd 2. inches frori the

mean-center-of the windings, THhe relative igfelns‘it’ies .of the vertical and
N R
horizontal components along-a. diameter perpéndicular to the center conductors

3

Figure 36.- The solid:curves were obtained with the shield on

thé coil, When the shield \%ia.é remoygd. the dashed-line curves were obtained,

‘Ata distance':“of 2 inches, thére was less change in the field caused by the

A}

‘shield than close on the coil. Further away from the coil, the field distri-

v

bution becomes.more 1iké that of two identical isolated loops, except for the

,increa.se in the horizontal compdhent at the center, If it were assumied that

the double-D were c'ornpos“ed«lbf two identical loops, then, from a comparison

*

} (' ' 3 . (3 » 3
of the relative ve#tical amplitudes at the center of each D shaped coil, it is

»

'e‘s‘tirr;ate&«that each coilhag an effectivé loop radius of 3 inches. This esti~

mate appears to be a reasonable value when the actual geometry is considered.
Since the field measurement of the bias coil indicated that the shielding
was se\‘re'i’.‘ely influehcing the field 4diatributiqr; at the coil surface and since the

shielding cag}ac,itan?:e adversely affects the quality and performance of the coil,

a second radiofrequency coil was designed, cungtructed, and tested. The
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FIGURE 35. A DEMONSTRATION MODEL -MINE DETECTOR
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de’?ign :J/E‘ecliuiredgiiﬁe"use- of.closely wound large diameter litz wire,..and the
design. dora.wings of the coil form are shown ih Figure 37. The electrical

parameters are listed in Table IIi’,:anti variations of Q with frequency are

s

' show;; 1n the ’gi'aph .of Figure 38. In laboratory experiments, this coil has
shown supenor pe‘rformanc:e £6 the f1rst coil, The imn»roved berformance is
a.ttnbutable £1rst of.all to the fact that the larger self-mutual between turns

‘ 1g‘crease)s its sensitivity tc; _inductioﬁ‘ variations, Secondly, the coil form

pivotal point was plaged so~ti1at: the winding lay closer to the soil. Lastly,
the winding is‘regesse]i from the outer diaméi:er, and the internal core for

[

' f .

material wasArernoved to.allow complete shielding without excessive shunt
capacz,tanq,e. It should be noted that radiofrequency leakage to the shield

cauees a loss ‘of 81gv1a1 since these currents hypass the resonating capacitor
and a:re not apphed to the detector. Several sh1e1d1ng schemes have been
Yoy f t

examined with this coil. The most succ'essful of thése shield configurations

B "
i +
Ty

ie shown in Figlre 3‘}'. A “sunburst" array etched from flexible copper-clad

laminate is securely fbonded to the inferior of the top and bottom cover plates.

~

TABLE I, ELECTRICAL CHARACTERISTICS:OF THE
10- 5/8 INCH R.AD.LOFRTQUENCY COIL

¢

Numbet of turns per "D 19

Type of wire ‘ © 20 - #44 lita
Inci;zctance - e 0.6 mh .
Selfwéeaox;gknt ffequencf . 4,1 mc

Qat 600 keps - 92

71




«
4
¢
A
- .
‘
<
-
)
N
i
s

’
x

]

I

el ¢ IR
. Y

aBG L .00et
) ' H-,"/-o

ke

o= WO

yWwe

Al vie

--‘-}v.“A . N 4 ,. . ewmT—IE

R ‘,5«‘,‘ . A ‘ 4

FIGURE 37., 10-5/8-INCH DOUBLE-I) RF COIL FORM

L e

g

.
¥ [

“\ \ -
. .
«
o .
Joe » s
v T LANREYY e o
N K
.. . -
. N BN s 5
- 4
. -
d -
- : ]
-
* -~
.o
. '
.
B
R
I S Payt B <
b
et Mv
b 1
N e
1 *
o
"y A
-
p
E
E
. B
R E
[ \ ] " 1 O | A k N

g

A LT

'FIGURE 38, QUALITY FACTOR, VARIATIONS WiTH
FREQUENCY: FOR 10-5/8-INCH DOUBLE-D COIL

,

“

78

T




. ’}\JU' Hnts g g .

£
® |
v i
y o k
o ‘

o ﬂwﬁb-,v‘-—

it b

e

: . S : o - ’ '» ‘v&‘é: p

FIGURE 39, DETECTOR HEAD WITH SHIELDING EXPOSED

a2 e

i

k¥




The legs of the top array are extended along the inner surface of the bias
coil to mate with the array at the bottom. With such a design, closure of the

-eddy current paths from elther the ]3ias coil field or the radiofrequency coil

!

~ is prevented. Therefs;;re, shield reaction to either coil is minimized. A

gingle ground point for the shield occurs at the entrance of the radiofrequency

’ P

cable to the detector hezd. It was important that the shield be bonded tightly

to avoid microphoni¢ action between ghield and radiofrequency detector.

. G, Marginal Oééil‘lﬁvtora

%

There are a number 6f methods whereby impedance changes can be
détected in the fédiofrequgncy c;%oil caused by permeability changes in ihe

soil or 'burieduobject" induced by the magnetic bias field. Perhaps the simplest
is a circuit de‘scﬁﬁe‘d: by Rollins [11}, wherein.a tuned &ircuit of which the

sample coil is the inductive element is driven at ite natural frequency by a

constant ,so‘hrﬁ:ei It is easily shown in this case that the impedance change

of the samiple-coil is. given by

' " > “‘50)13;5-'2 - . . - .
Az, s(2*] [4R +jusL] (1)

for'a-change AR ¥ juAL, in the coil. Bach symtol is defined in Figure 40.

YT ) o
‘ L
O 0

. FIGURE 40, THE ROLLINS' CIRCUIT FOR
MAGNETOABSORPTION DETECTION
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From Eq (1), it is understood that sensitivity to AR and AL changes are
dependent directly upon the quality factor, O < wL/R, of the sample coil.
This arrangement is, in principle, simple, but it suffers from several dis-
advantages which limit its use. In particular, the quality of a coil is physical-
ly limited and consequently limits the sensitivity. Secondly, it is hignly
inconvenient to obtain accurate tracking of the frequency of an oscillator with
the resonant frequency of the detection coil. Thirdly, it is highly susceptible
to microphonics such as changes in cable capacitance. Further, it can be
shown that mistuning only enhances the effects of microphonics [12].

An alternative, not having these disadvantages, is the marginal-
oscillator*, It can be shown that the marginal-oscillator i8 approximately
1/5 as sensitive to microphonics. The sensitivity to impedance changes is
not as severely limited by the quality of the coil since the regenerative cir-
cuit has a Q multiplying effect at low oscillation levels {13]. Further, the
marg?r;al-oscillator is more convenient to use since the oscillator frequency

and the detector frequency are determined by the same resonant circuit, and

no tracking is needed.
Among the many types of marginal-oscillators, the Robinson, Colpits,

and Pound-Knight-Watkins (PKW) types are the common types. The Robinson

*A marginal-oscillator is a generic term used to describe any oscillator
which is maintained at a very low oscillation level where it is operating
1. its Class A o1 linear region and where it has great sensitivity to AR a.d AL.
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type {12] consists of an amplifier followed by a limiter. The limiter serves
to stabilize the amplitude of the ascillator and to reduce the effects of noise

through a reduction of the noise figure for the oscillator amplifier. The

Colpitts {14], on the oiher hard, is a commonly employed oscillator of the
series resonant type and requires little further description. The PKW type
is composed of a buffer stage and noninverting amplifier [13]. For the most"’
part, marginal-oscillators employed in earlier magnetoabsorption measure-
ment and those reported in literature have been vacuum-tube models. Early
attempts with vacuum-tube and simple sclid-state marginal-oscillators
indicated the difficulty and the complexity of their use in extracting magneto-
absorption signals from soil where the concentration of magnetic material is
very small, and the filling factors for flat coils are also small. Measurements
indicated that typical signal amplitudes would range from the few miciovolts
to a maximum of 100 microvolts of modulation on the radiofrequency voltage.
With respect to the radiofrequency amplitudes, these signal amplitudes
represent modulations of one part in 104 to one part in 106, Consequently,
solid-state design techniques suitablie for low noise, high sensitivity marginal-
oscillators had to be investigated since no satisfactory solid-state marginal-
oscillators were described in tl;e literature. The following requirements
were specified:

(1) Amplitude stabilization without external circuits

(2) Freedom from microphonics

(3) High sensitivity

(4) High signal/noise ratio

(5) Low power consumption

(6) Small volume and weight

N/
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Since among the vacuum-tube types the Robinson exhibits some
superior qualities, the in;gstigation was confined to circuital applications
appropriate to the Robinson concept. Since amplitude limiting by solid-state
techniques is not well established at high ~frequem‘:ies, a short literature
search on this subject was conducted. The search revealed two types with
desirable characteristics. One employed unconventional circuitry to prevent
undesirable shifts in operating points with changes in level [15]. The other
employed ’.’.—ener diodes whose frequency range was extended by adding shunt
capacitors and series diodes.

In early efforts, the Robinson type of marginal-oscillator with solid-
state design shown in Figure 41 was constructed and tested. A 16w noise,
high frequency transistor type 2N3694 was employed for the input buffer-driver
stage. The output of the buffer drives a step down autotransformer which in
turn drives the limiter. The limiter is composed of a pair of switching
transistors which are dc coupled in such a manner as to prevent undesirable
shifts in operating _pc;ints. The first stage of the limiter switches between
cutoff and saturation, while the tuned circuit of the second state restores the
sinusoidal waveférm. The output of the tuned circuit was fed back through
Rpp to the sample coil. The output amplitude of the limiter was controlled
by adjusting the collector supply voltage for the limiter stages. Although
magnetoabsorption signals with a peak-to-peak amplitude as large as 150 mill:-
volts were obtained from ferromagnetic wires, none were vlservable from soil,

The unsatisfactory features in this design are the large number of inductive
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FIGURE 41. ROBINSON MARGINAL-OSCILLATOR EMPLOYING
A BIPOLAR TRANSISTORS LIMITER
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FIGURE 42. SOLID -STATE ROB VSON TYPE MARGINAL-
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elements in thé circiit and the low ihput ir;xpedance of the araplifier Q,. The
4

inductive elements are soufces of unwanted radiofrequency leaka ae and pickup.

& /

They cin also cause unde;ir:ﬁie os-ciliating frequencies to occur, The low in-
put impedance decreases the quality factor of the sample coil, which reduces
senaitivii:y dir;ctly in pr6porfion to the reduction in Q.

Ancther Robinaon,~-fype marginal-oscillator employing solid-state
componeﬂts was designed to eliminate both unsatisfactory conditions. The
circuital con’iguration is shown m Figure 42. Tﬁe oscillator consists of a
sample coil, high-pass filter, amplifier, limiter, and feedback. The low input
impedance problem inherent in'bipol‘ar trans:istor amplifiers was overcome by
the use of a capacitor impedance ma;;:hing arrangement, composed of the
three capacitors across tl:e Zoil, fro}n the high impedance of the resonant
circuit to the low imped;nce of the amplifier. The amplifier is based on a
complementary transistor design for improved temperature stability'r with a
broadband frequency response. The limiter employs Zener diodes whose
frequency response has been extended by adding series diodes and shunt f“

capacitors,

The internal stabilization of the amplitude is achieved by thLe action of
the limiter. As an example, assume that the radiofrequency amplitude at the

input to the limiter changes by amount AVl due to a change in amplifier gain

im
AA, ine- H

Avlim = (24) Vri
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where V. is the amplifier inp.ut. The amplitude of the first harmonic of the
radiofr,gusgsy,;ggcg tlx?f;gn?to;‘bcorption signal harmonic) at the limiter out-
put will be g_“ﬁfﬁy  dependent upon the limiting level if the level is better
than one-half of the peak radiofrequency amplitude limiter input. Under this
condition, tho”ra$d‘iofreg\39ncy amplitude across the sample coil will not
change as demonstrated by the graph of Figure 43, It is evident from this
graph that the output voltage is independent of the input when the inpu;: exceeds
the clipping amp.litude by a factor of 2. Consequently, for good amplitude

stabilisation, the clipping level should be less than one-half of the desired

level,

! - F ]

CLIPPING LEVEL = ONE VOLT

¥ L 3 3 4
PEAK VOLTAGE INPUT

FIGURE 43. FIRST HARMONIC OUTPUT AS A
FUNCTION OF INPUT FOR A LIMITER

Freedom'from ‘noiae and microphonics has been achieved by a2 number
of design iuturo.;. » First, 'atfdempnntratcd in Robinaon's’ paper, noise figure
enhancemert results from limiter action. Secondly, since marginal-oscillators
have only one frequency to control, spurious signals' (microphonics)

resulting from capacitance changes are reduced over that of the Rollins
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circuit wherein two frequency control elements exist. Microphonics, often

:h.“ A

a troublesome j.ctor ih vacuum tubes, ‘have béen reduced furtizer by the use

> Vi .L Bt e = --

0% tr:mswtdrs. Feegor— o0 o
‘ ’H"'igh' ééﬁﬁ&i‘}iéy’?s "‘.i\ghi!e'véa*by selecting a high quality sample coil

| vk T Ly L e .

and by assuring that shunt 16ading of the sample coil by the feedback and

amplifier input impedances has béen avoided. The high-pass filter across the

s

.u'!' }“

sarﬁﬁle coil is an addlflonal feature required to retain a high sensitivity for

n;{ I

magnetoabsorptzon detection wh:le reducing the effect of direct induction
s1gnalls r::sultmg from mhorﬁogenextxes in the soil and residual unbalance in
the' J;a.c{h‘ofr)equencry coil The filter excludes the low frequency induction -
signals from the oscillator where they would amplitude modulate the oscillator
and produce false ’méiné'toaﬁsoré‘tion-like signals,

Whén the arﬁpiii:ﬁdé :z"rio)dulation in 2 marginal-oscillator circuit is
small, c;xpéi'iensc):'é has shown that detection at the sample coil results in
better S/N ratios than attempts to detect the signal from a point within the
rr"xargina‘l:asvchzillla:tor? aﬁlpiifier'sections when solid-state circuits are used.
This is because the solid-state circuits are nonlinear at the high levels
requirexd 'i:o drive the limiter, ‘and the magnitude of the modulation can be
greatly reduced or eliminated entirely in the amplifier.

An FET* analog of the vacuum-tube infinite-impedance detector was

employed to ampi‘itﬁde demodulate the signal at the sample coil because of its

*FET - Field effect transistor

<o
~3




high input irppg%q?,ar{d linearity. The ’impedant;e‘ of such a device is
sufficiently high to prevent loading of the :sa;mple coil with subsequent loss in
sensitivity, The point at which the detector is conrected is shown as the
MAGNETOAESORPTION OUTPUT in the schematic of Figure 42. In addition,
an output for frequency demodulation is shown as the MAGNETOABSORPTION
FREQUENCY SIGNAL OUTPUT also in F:igure 42.

The success of this marygina'-oscillator together with detector and
detection-head assembly was demonstrated by the superior sensitivity and
signal-to-noise ratio over other solid-state and vacuum-tube marginal -
oscillators exarained in these efforts. Signal/noise ratios of 2/1 to 10/1 are
readily obtained.

D. Equipment for the Magnetic-Void Detection in Soils

The \Irarious components that were rontemplated for the use of
magnetoabsorption signals for the detection of magnetic voids are shown in
Figure 44. The system is based on a coherent detection scheme wherein
the frequency of the magnetic bias field is locked to the center frequency of tre
selective amplifier, and an amplitude -sensitive phase detector provides a dc
voltage directly proportional to the fundamental of the magnetoabsorption
signal in the radiofrequancy detection coil. In such a coherent system,
extraneous signals of different frequer.-.y or phase from the desired signal
are suppressed by the selective amplifier and he amplitude -sensitive phase
detector. TMe operation and design of the system ie described in the following

manney.
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:The tadxofrequency voltage at the detector coil is both amplitude
- ) and frcquency modulated at 3 frequency which is twice that of
' rthe magnetic bias field whenever magnetoabsorption occurs '

beneath the detector assemblv, The m-.rginal-oscillator serves
both a8 the source of the radiofrequency field and as the mag-
netoabsorption decector. The radiofrequency voltage which is
modulated by the magnetoabsorption signal is then either
amplitude or frequency demodulated. A selective amplifier,
tuned to the harmonic of the magnetoabsorptinn signal most
sensgitive to the presence of a buried magnetic void, provides
the signal source for an ainplitude -sensitive phase detector.
The reference signal for the phase detector is the appropriate
multiple of the bias field frequency derived directly from the

- same generator which produced thc magnetic bias field. When
the phase and frequency of the reference is adjusted to that of

- the selected harmonic, the output is directly proportional to

the amplitude of the selected harmonic, To assure that a fre-
quency drift problem is avoided in the system, a frequency
control loop operates from an error curve derived from the

phase characteristic of the select e amplifier and keeps the ’
frequency of the bias field oscillator at the peak of the selective
amplifier,

The magnetic void detection studies were performed with a system
similar to that of Figure 44 except that the frequency locking loop was not
cmployed, and tuning was accomplished by hand. A commercial oscillator
had sufficient frequency stability so that mistuning was seldom a problem.
A simple retuning of the selective amplifier or a resetting of the oscillator

frequency was sufficient for the .aboratory tests.

E, Equipment for Discrete Object Detection and Identification

The basic diagram of the discrete object detector, which is a combin-

ation of the magnetoabsorption detector and the induction detector, is shown

in Figure 45. It is a combination of two detectors with a common detection

Cowuy e
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head. The F-lanced feature of the radiofrequency coil to the bias field permits
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FIGURE 45. BASIC BLOCK DIAGRAM OF THE HIDDEN OBJECT
DETECTOR COMPOSED OF A MAGNETOABSORPTION
AND AN INDUCTION DETECTOR
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fundamental frequency alone as discussed earlier. Each is a complex

Wﬂ"”" {,M&WM R - S s e SIS ol MR o WD M 3

the same coil geometry for the magretoabsorption method to be employed for
induction method.{:}}(ith no object ip the vicinity of the detection head, there
is no magnetoabsforption signal and, because the double-D ccil is balanced,

: .
there is no inducgioz; signal directly from the magnetic bias coil to the double-D
coil. When there is a ferromagnetic conductor in the field of the radiofre-

quency coil, there will be both a magnetoabrorption signal and an induction

signal in the l_;‘a,diof‘requency double-D coil at point A in Figure 45. The radiu-

i

freque_n‘tiy‘cdii {a J'thg iuned circuit of 2 radiofrequency oscillator. The total
oscilla.;:oi' i’s‘cgomi;qged of the tuned circuit, the high-pass filter, the amplifier-~
limiter, and the feedback network. The magnetoabsorption signal appears

as a modulation of the radiofrequency voltage at point A. The induction signal
also is at point A as‘ a ‘5(0-cyc1e sine wave in addition to the radiofrequency
voltage mb&ﬁiated by ‘th'e n;agnetoabsorption. Therefore, the high-pass filter
will paé‘s the ﬁxagrxetc;abaorppion signa.l modulated on the radiocfrequency carrier
and reject the induction signal by five orders of magnitude. Conversely, the
low-pass filter will pass the induction signal and reject the magneroaktsorption
signal by several orders of magnitude. Thus, the two signals are separated by
filters. The magnetodbsorption signal itaeif is obtained by means of the
amplitude detectoﬂr.t .'fhe ﬂi;x‘ductio'n signal requires no more processing beyond

the filter except amplification.

Each signal, magnetoabsotption and induction, has more than their

waveform composed of harmonics of the funda.nental. ZTach of the harmonics

bears some amplitude and phase relationship relative to the fundamental.
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Thus, the amplitude ani phase of the harmoniés of each signal, magneto-

) A TS St s ST VA S . . pe . .
absorption and induction, are of importance in the identification of objects.

It is of additional ifxigoijtéfncg that the fundamental for the magnetoabsorption
e : ) Coteboy fae e , e, ;. . .

signal is twice the frequency in the r:nagnetic bias coil or 100 cycles, while

the fundamental for the induction signal is 50 cycles. Therefore, it is possible

to have the ou.puts shown in A”F‘ltgure 46 to use for the identification of objects.

v “
KA ki

INDUCTION SIGNAL

} r'—v:L
50 00 1504,
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I= INPHASE COMPONENT
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FIGURE 46, S_.nEMATIC REPRESENTATION OF THE OUTPUTS
AVAILABLE FOR OBTAINING A FINGERPRINT OR
IDENTIFYING SIGNAL FOR HIDDEN OBJECTS
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F. . Equipment Development

... The first successful magnetoabsorption signals from soils were .
obtained with vacyum-tube circuits., For this portable application, solid-
...Yo a large extent, the components are adaptable for either \he magnetic-void :

or the discrete object detection systems. The equipment was constructed to

LAY S D

give the three signal channels and one reference channel listed in Table IV.

————
puriovcny

LR TR vy

K TABLE IV. EQUIPMENT BY CHANNELS

T
Aoy e L 3

Magnetoabsorption Am;ilitud‘é"'svignal Direct-Induction Signal Channel
' Chanmel * ' | L

¢
i

(2) Infinite Impedance Detector (a) Low-Pass Filter and
LT Amplifier

{b)} Selective Amplifier A
S (b) Amplitude-Sensitive

{c) Corpbipation Narrow or Phase Detector

Broadband -Amplifier :
Magnetoabsorption Frequency
(d) Amplitude-Sensitive Phase Signal Channel

Detector
o (a) Frequency Disciminator
Reference Channel

(b) Combination Narrow or

(a) Frequency Doubler ~ Broadband Amplifier
(b) Phase Shifter with Buffer (c) Selective Amplifier
(d) Amplitude -Sensitive . B

Phase Detector

I Where a compongnt occurs in more than one channel, only a single device
jg was conuotructed t9 serve in any of the channels. Each component was :
mounted on its own chaseis to facilitate testing and channel interchangeability.
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A discussion of the components constracted for the signal channels and the

reference channel are briefly described in the following sections.

1. . Signal Channel Equipment

-
i

au :'Déte‘cto%-Ampl?ﬁer

| Si};cq the 5.mp1itudg modulations can be exceedingly small,
that is 710"’51 to v10"46 of the ,fadiqflje‘quency voltage, not only the amplifiers
used but also the detection system must have good signal/noise characteristics
and linearity. The broadband noilse characteristics of the untuned amplifier
sections of the marginal-oscillator gave a noise level which obscured the
small amplitude modulat;ions. The limiting action of this amplifier also
reduced the modulation and thereby decreased the signal/noise ratic.
Detection directly irom the sample coil with an "infinite'' impedance detector
was found to yjeld better signal/r.oise ratiosand better linearity. The output of the
detector is amplified by a system which has a choice ¢f narrow or broadband
operations. The schematic for the amplitude detector and amplifier is shown

in Figure 47.

b. Combination Narrow or Wideband Amplifier

To monitor the magnetoabsorption signal with an oscillo-
scope in a broader bandwidth, a high gain amplifier having a bandwidth of
either 700 cycles or 100 kilocycles was employed., This amplifier is useful
in monitoring the noise characteristic that accompanies the magnetoabsorption.
It is anticipated that noise spactrum analysis may be useful in designing an

improved selective a...plifier. The schematic of this amplifier iz shown n

e
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c. Low-Pass Filter and Amplifier

£y

To meapuFe the low level induction signal in the radio-

frequency detector c,qi'l des;cribed previously, the low-pass filter and ampli-
fier shown in thure 49 Were used. The design uses a low noise, high fre-

i
quency FET as thé mpuf. stage to prevent the filter-amplifier combination
from loading the radlofrequency detector coil. The FET drives a low-pass
filter having a high frequer;cy c:ujioff at 10 kilocycles. The output of the filter
is amplified by a tranefortri‘e;, another FET amplifier and a bipolar transistor
amplifier. A choice of a high or low amplification is given at the output by
using the bipolar stage as a common emitter or a common collector amplifier.
In the high gain position, induction signals smaller than 1 pv can be observed
when a signal is displayed on an oscilloscope having a sensitivity of 1 mv per
cm.

This filter-amplifier has application primarily in discrete
object detection '«x;herein the metallic objects will cause unbalanced bias field
inductions in the radiofrequency detector coil, However, it was alsc employed
in magnetié-void detection studies tq‘assist in the balancing of the detection
head.

d. Phase Detector

A phase detector was constructed as shown in Figure 50.

It is an amplitude-sensitive phase detector using two dual-emitter transistors
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asvvﬂ;gf ‘s;%vitchin,g‘elieii'fi‘épﬁs;, "“The output of the detector is basically given by
E°=kEs co‘sw’,B - o)

where o
.Eg = signal amplitude
¢, = phase of reference

k = gain of the detector
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'Since\ the output is sgp\‘qi\tive tc the amplitude as well as the phase, it can
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serve as a cohercnt-detector. By exchanging the signal and reference

x
5
.
l'l
3
3
¢
¥s
73
"
N
e
o
el
55
g&
P
i
e
8]
%
>3

)
#
7
by
R -

PO

inpﬁi:s, the detector can be made insensitive to the amplitude of the signal

and can be employed to measure only phase angle between two signals of

. ? the same frequency. The latter mode could be useful in the harmonic
i{ analysis of the magnetoabsorption signal in discrete object studies. j
5 e. Frequency Discirﬁinator j
% :',
The device to convert the frequency modulation ol the x
marginal-oscillator to the magnetoabsorption frequency signal was the simple
frequency discriminator shown in Figure 51. A high-Q resonate circuit {g
tuned above th‘e frequency of the marginal-oscillator changes frequency mod- J

' ulation into amplitude modulation. The diode amplitude detector then con- G

H 5 verts these to the magnetoabsorption frequency signal. D. .de limiters D, 5“

and D, ahead of the resonant circuit eliminate any amplitude modulation
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present before frequency detection, iests indicated that the discriminator

had a zensitivity of 320 1 .icrovolts per cycle, It was found that the signal/
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noise ratio and amplitude of the magnetoabsorption frequency signal were the
same as those of the magnetoabsorptiofi amplitude signal, and, therefore, the
magnetoabsorption amplitude signal w~s used.

2. Theé Reference Channel Eguipment

2. Bias Field Oscillath
A Hewlett Packard Model HP-200CD oscillator served as
source for the bias field that ’mo.dulates the reversible permeability of the
so}l or ferromagnetic discrete object. In a field model, the HP-200CD
oscillator should be replaced by a small solid-state oscillator. Several
commercial oscillators and conventig:i‘;a.al circuits that can be frequency con-
trolled would suit this purpose.

»
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b. The Bias Field Power Ampiifier

A 20-watt amplifier served as the power amplifier for
the bias field coil. Power consumption in the bias field coil was typically
20 watts, For all measurements, the bias coil was series resonated to
decrease the voltage needed for the high current requirement of the bias coil.
This tuning a}so prevented a large phase shift between the bias field and the
generator ogtppt.

c. Frequency Doubler

A reference signal for the phase detector mentioned earlie.
is synthesized from the bias field oscillator output by means of a full-wave

rectifier and a passive filter network, The present design allows a choice of
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a 25, 50 and 100~-cycle bias field frequency through the use of filters at 50,
100 and 200 cycles, The circuit diagram. of this frequency doubler appears in -
Figure 52, The full-wave rectifier output is given by the expression

_ 2 2 .- 2
Viw) = Tr(1+3 osAZwt-lscosM+“.)

where w is the radial frequency of the bias field. The selective circuit then

passes the '"2w'" or second-harmonic co‘mponent to form the reference signal.
This design fealures low current, low noise, high impedance FET amplifiers
and a low outpuf impedance circuit prc—rided by a hybrid Darlington consisting
of an FET a:nd a bipolar emitter féllower.

k

d. Phase Shifter | .

A phase shiftex to compensate for all of the unwanted
phase shifts is accomplished in a conventional manner as shown in Figure 53,
The output of the phase shifting network is ampli.ied. by a Darlington pair of

transistors to provide a low impedance outpﬁt and the power amplification

essential for a good reference (switching) signal for the phase detector.

‘3. Indoor Tmest Facility
| To cc;n;reniently make repetitive measurements from a large
box of soil having a nonmetallic mine buried at the center, a powered dolly
and track were designed and constructed using available materials and com-

ponents, The dolly and track mounted on the box are shown in Figure 2. The A

solid-state components asszmbled into a magnetic void-detection application

s
o
W

» M

are silown in the small labeled boxes on the bench behind the box of soil.
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1V. CONCLUSIONS

LN

A. Magnetic-Void Deteétor

The ;ribi;fc of this pro'g‘ré:“r'x'ha's given a detection head with a coil for
prvducing the magnetic bias field ahd a double-D shaped radiofrequency coil
which can be used for detection of thé direct induction signal with a fundamental
at the ma,ghéti‘c bias ffequéncy and a magnetoabsorption signal with its funda-
mental at twicé the magnetic bila#'frequéncy. The electronics for the mag-
netic-void type of detection systerd tising only the magnetoabsorption signal
was designed, constructed ahd tested satisfactorily. The magnetic-void
detection system was tested in the laboratory and found to give the expected
decréase in magnetoabsorf)éion signal when traversing over a buried mag-
netic void. The percentage decrease in the magnetvabsorption was 35 percent
for a type M-19 mine casing buried with its top 1 inch from the surface of the
soil. The percentage change was 15 percent with the casing buried 2 inches.
The percent drop in the magnetoabsorption signal caused by the magnetic
void was found to be independent of the height of the detection head above the

soil and dependent upon the depth of the mine.

. -

" “Because of these vesults, it is concluded that: (1) magnetoabsorption
signals can be obtained from the magnetic materials within the soil, (' these
magnetoabsorption signals have a useable signal/noise ratio for detection

head heights of from 0 to 2 inches and for void depths (to the top of the
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void) of 2'inches, (3) the double-D radiofrequency coil and magnetizing coil
H
: o r\\’f

combination can be made to obtam suﬂmient sensztivity, rigidity and lightness

of weight for a portable field device, {4) that the ma,gngtoabaorption system

.....

a

laboratory tested and found practical for.a portable field device, and (6) that
the variations in signal caused by Ch?{’}_l‘f‘ﬁ}“;?h# height of the detection head
can be made less effective if an automatic gain-control system is used to make

the output read the percentage change which is independent of height.

B.  Discrete Object Detection and Identification

?he same detection head used for the magnetic-void detector was also
used for the discrete object dgt{g&tqi‘.,, ‘The high-pass filter to select the
magnetoabsorption signal plus t,h% loy-pass filter to select the direct induction
signal worked weJ‘L.,viith the marginal-oscillator used for the magnetic-void
detector with no reduction in the sensitivity tg the detection of the magneto-
absorption signal. A laboratory model of the discrete object detection and
identification system was made from the components of the magnetic-;roid

system. Lissajous patterns and harmonic amplitudes were obtained from

twenty -one different discrete, objects.

N

Because of these results with the discrete object detection and identi-

fication laboratory tests, it is concluded that; (1) a sensitive detection of




P
s

.-

both the magnetoabsorption and the direct induction signals can be obtained
with the detection head used; kZ) that a marginal-oscillator provides a useable
signal/noise ratio with both high-pass and low-pass filters‘attached to select

and separate the magnetoabsorption and direct induction signals, and (3) that

R o o {0t E

the system developed can, with a combination of the Lissajous patterns of

s, 2

i
“/S(.’g PO

magnetoabsorption and direct induction, both detect the presence of all of the

:
e

discrete objects used and identify the type of material from which they are
made. That is, the system can discriminate between nonmagnetic conductors,
magnetic nonconductors, magnetic conductors, magnetized magnetic noncon-

ductors and magnetized magnetic conductors.

v, y
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On the basis 6f:the successful laboratory tests of the magnetoabsorp-
Eo At e ~-<J4'm U (LN SR
tion magnenc-void detector, itis recommended that the portable field model
O N A B N :
be constructed usmg a ruggedwed version of the detection head and a minia-
T e L R - :
turized version of the electronics proven successful by these tests. It is
T: ‘“h;.-.: N rty e 5
further recommended that the automatxc gain system for detect10n~head-he1ght
I T S P S L N

compensation be’ desxgned developed tested and included w1thm the field

+ .
: 1 A

model. Upon the conclusion of these tasks, it is recommended that the field
model of the magnetoabsorption magnetic-ynid detector be given complete
field tests with many different types of soil.

B. Discrete Object Detection and Identification

On the basis of the successful test of the discrete object detection and
identification system using only the Lissajous patterns and the harmonic
amplitudes, it is recommended that a complete discrete object detection and
identification system be designed, developed and tested with amplitude and
phase measurements on all necessary harmonics. It is further recommended
that the detection head be studied both theoretically and experimentally to
obtain the highest sensitivity for both the magnetoabsorption and direct induc-
tion signals with discrete objects. It is then recommended that the field test
device be constructed and tested and that identification systems be worked out

with the greatest simplicity and accuracy.
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