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PREFACE 

Numerous instruments have been constructed and employed to 

record variations of the earth's magnetic field due to natural 

or artificial disturbances. There have been very little data re­

corded that will provide adequate information for comparing mag­

netic detector circuits and core materials when considering them 

for a prescribed use. In search for this t ype info rmation, 

Professor David L. Johnson concluded there was a definite need 

for compilation of data to make possible these comparisons. 

The author's intent was to make available this information to 

engineers who may be interested i n the design and construction 

of magnetic detection equipment. 
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CHAPTER I 

INTRODUCTION 

Socrates states in Ion that the mineral lodestone, a 

natural magnet, will support a chain of iron rings, each held 

to the on~ above it by magnetic attraction.1 Before Socrates 

time this mysterious mineral wa s known to attract iron and 

other pieces of like mineral. Shen Kua indica ted in his writ­

ings2 some knowledge of the property of a magnetic needle in-

· dicating direction. He lived from A.D. 1030 to A.D. 1093. 

1 

Since these discoveries of the cha racteristics of magnets, many 

theories, most of which ha,ve been !I).ysterious in na ture, have 

been advanced. The modern theory of ma~etic fields has made 

possible the development of .magnetic detection equipment. The 

most recently developed detector is one known as the saturable­

core magnetometer.3 The sa turable-core magnetometer detects 

cha·nges in the earth's magnetic f-ield. The earth I s magne t.ic 

field can be visua lized by assuming the north and south ma g­

netic poles to be points of references for orienting a very 

large ba r magnet. This field varies in intensity from 25,000 

gammas (1 gamma= 10- 5 oersted) at the magnetic equator to 

65,000 gammas at the magnetic poles. The observations conducted 

1 R.M. Boza rth, "Magnetism, 11 Reviews of Modern Physics, 
(1947) PP • 30-31. 

2 Ibid., p. 30. 

3 W.E. Tolles, "Application of the Saturable-Core Magneto­
meter," Proceedings of the National Electronics Conference, 
III (1947), pp. 504-513~ 
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1n the recording of the included data were made in an area with 

an earth's magnetic field intensity of approximately 55,000 

gammas. 4 The presence of an external magnetic field in the 

earth's field causes the net field to be increased or de-

cree.sed in intensity dependent upon the ne.. ture of the external 

field. This disturbance of the earth's f i eld, referred to as 

an anomaly, i s dire ctly p roportional to the magnitude of the 

external field's vecto r and inversely p r oportiona l to t he c ube 

of the distance between t :-ie p oin t of obse rvat ion and t he poi nt 

of application of the external field. The point of observation 

wo uld be the location of the ma gnetometer in the earth's field. 

The earth's field would have a particular field vector value 

dependent upon its direction e.nd magnitude at the point. The 

magnetometer detects and records any disturbance present. 

The purpose of this investigation was to determine the best 

independent uses and the best c ombination uses of the three 

types of known saturable-core magnetometer circuits and the four 

locally available core materials. 

A brief description of the analytical and graphical solu­

tion for the iron-clad inductor circuits is included, to pro-

vide an approximate solution, which can be used t o facilitate 

design of saturable-core magnetometers. Because of t he diffi­

culty encountered when approaching this type of problem, com­

plete analysis is practically impossible. If characteristic 

4 Carnegie Institution of Washington, The Geomagnetic Field, 
Its Description and Analysis, p. 20. 
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curves of the core material are plotted, theoretical predictions 

are possible.5 

5 Massachusetts Institute of Technology Electrical Engi ­
neering Staff, Eledtric Circuits, (1943), pp. 670-671. 



CHAPTER II 

REVIEW OF LITERATURE 

A. The Saturable-Core Inductor. 

The saturable-core inductor was patented by Alexanderson 

in 1916. It has been used as the technical basis for the de-

4 

velopment of the saturable-core magnetometer, which has been de­

veloped in the basic forms of: a single magnetometer unit, 

narrow or wide-base gradiometer, self-stabilized magnetometer 

and the combination of self-stabilized magnetometers. 1 The mag­

netic amplifier, Sperry flu.x valve, Bendix flux gate, and t _he 

Thomas and La Pierre compasses are other instruments employing 

saturable-core inductors. 

The saturable-core reactor used in _the magnetometer cir­

cuits is a magnetic core with ma.ny -turns of wire wound about it. 

High initial permeability, abrupt saturation when ~he magnetic 

field reaches a certain value and lovr hysteresis loss are re-

quired characteristics of the core material. The magnetizing 

force His directly proportional to the number of turns in the 

coil and the current I flowing in the coil. The product of tn_e 

flux density Band the cross-sectional area A of the core gives 

the magnetic flux. 

In the core of the saturable-core reactor, a large flux in­

crease is o~served with the first sm~ll increase of current 

through the coil surrou.nding it. This increase in flux becomes 

1 W.E. Tolles, "Applications of the Saturable-Core Mag­
netometer~ 11 Proceedings of -the _NationaLElectronics Conf·erence, 
III ;(1947 J, pp. 504-513. -
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smaller es the current is increased until the core r eache s a 

point of sa turation, vrh e re v e ry large inc rea ses of current are 

required t o g ive small increases in the flux. This point of 

saturation is an individual property of different types of core 

materials. The core mat erial is saturated 1.,rhen there i s ve ry 

little flux increase regardless of the current increase. The 

core used in magne tometer circ ui t s must show large increa ses in 

flux for rela tively small changes of current at first, but 

must soon rea ch the sa turation point 1.·rhere large increments of 

current cause little f urther increase in flux. 
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B. Magnetometer Circuits And Their Characteristics. 

The simplest magnetometer circuit is the basic magneto­

meter circuit2 shown in Figure 1. The reac tor behaves like an 

almost pure inductance as long as core saturation is not rea ched. 

If the applied voltage is 

increased until the point 

of saturation is rea ched, 

the inductive reac tance be-

comes negligible and the. 

circuit becomes p redomi-

nantly resistive. To 

permit this condition the 

generator should have 

high internal impedance,t 

Driver 

Figure 1. Basic Magnetometer 
Circuit. 

sinusoidal output and sufficient current. The current rises 

abruptly at the point of saturation, its magnituq.e being limited 

by the series resistance. As the applied voltage is decreased 

the point of saturation is again reached and the core goes out 

of saturation. At this point the circuit abruptly becomes in-

ductive and the current decreases. The L = N 9:i 
dt 

is greater 

over the- straight portion of the curve than it is after the 

point of saturation is reached. This can be observed from the 

B-H curve, Figure 2. The Ri drop has the eff9ct on the tran­

sient state condition of governing the maximum current flow. The 

resistance has the effect on the steady state of determining the 

amount of time required for the circuit to reach the steady state 

2 Tolles, QJ2.oCit. pp. 505- 506. 



condition. 

The presence of an ex-

ternal magnetic field causes 

the core to become biased 

and the applied sinusoidal 

voltage appears distorted 

across the load resistance. 

This occurs because the ex-

ternal field aids the in-

ternal field on one-half of 

the cycle of the applied 

voltage and opposes it on 

the other one-half of the 

cycle. Saturation is reach-

B 

Figure 2. Magnetization 
Curve and Hysteresis Loop. 

7 

ed earlier during the ha lf cycle in which it aids, later d ur i ng 

the half cycle in which it opposes. The distortion a cross 

the load resistor appears as nonsymmetrical ·wave shape and can 

be detected, amplified and used to produce an . indication on a 

meter or other indicating ·device. · 

A ba lanced-bridge magnetome ter circuit3 may be made by 

arranging two identical basic magnetometer circ uits so that the 

secondaries of the input tre.nsformer and the magnetometer ele­

ments form a balanced-bridge circuit. This circuit is illustra t ­

ed in Figure 3. The magnetometer elements must be symme trically 

located on the core. If the external field is zero and the core 

3 Tolles, Q.2.· cit., PP • 506-507. 
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and coils are perfectly ba~anced, the voltage outp ut acro ss the 

load resistor is equal to 

zero. Pulses of current 

are present in the load 

resistor if an external 

field is present be-

cause the bridge circuit 

becomes unbalanced. The 

voltage output across 

the load resistor will 

indicate a voltage differ­

ence that increases with 

the external field 

strength. This voltage 

Figure 3. Balanced-Bridge 
Ma gnetometer. 

difference appears as pulses and is nonsymrnetrical about the 

zero axis which indicates t he presence of even harmonics. 

The bridge type magnetometer circuit has the advant age of 

being very sensitive in compa rison with the basic magnetometer 

circuit. 

An unbalanced-bridge type circuit may be formed by connect-

ing a resistance in series 1:r i th, or a cross cne leg of, the bal-

anced-bridge circuit. Cne form of this brid5e is indicated in 

Figure 4. This circuit p rovides a lower noise level than the 

ba lanced-bridge circuit. 4 

4 Tolles , QJ2.• cit., pp . 506-507. 



ver 

Unbalancing 
Resistor 

Figure 4. Unbalanced-Bridge 
Magnetometer. 

9 
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C. Characteristics of Core Materials. 

Rapid growth of the radio and communica tions field has re.-

quired the development of core mat eri a ls with specific charac-

teristics. The characteristics of those required for uses in 

magnetome ter circuits are: high initial permeability, low hy-

steresis loss, low loss from eddy currents, maximum pe rmea-

bility, reduced coercive force, and low magnetostriction 

effects. 5 ' 6 

Ordinary magnetic materie.ls show s low incre2.ses of initial 

permeability with temperature increases up to the Curie point 

where the pe rmeability suddenly decreases . The Curie point is 

lowered by the addition of n on-magne tic materials, such as 

molybdenu~, copper er chrcmimum, to the a lloy.7 Using proper 

techniques , initial permeability can be increased, but often 

with the ccnsec;_uence of mechani ce. l st res ses or large eddy 

current shielding . 

Low hysteresis lo ss ma y be ac complished by proper e. lloying 

and sufficient hea t treatment. The magnitude of this loss is 

indicated by the B-H c urve, co::nmonly ca lled t he hysteresis l oop . 

This curve shows the peak values 8m, the flux density remaining 

after the removal of a very l a r ge magnetization force Br, and 

5 "Magneti c Ma terials, 11 Electronics Buyers Guide, June, 
Mid-month XX.I (1948 ), p. M20. 

6 V .E. Legg , ''Survey of Magnetic Materials and Appl ications 
in the Telephone System, ff Bell Telephone System Journal ~ XVIII, 
1939, pp . 1+3 2-l.t-61. 

7 G, W, Elmen, "Magne tic Ma teria ls," 
cord 10, II, 1931, pp. 40-46. 

Bell laboratories Re-



the reverse magnetizing force required to bring the flux to 

zero, whi ch is ~oercive force H0 • If the core material is 

caused to go from positive magnetic saturaticn to nege.tive 

magnetic saturation and back e.5ain, the energy dissipated is 

indicated by the area of the hysteresis loop. Figure 2 illus­

trates a hysteresis loop. 

Eidy currents ;nay be suppressed by l amination or pulver-

ization of the core material and addition of molybdenum or 

chromiums to the alloy. The addition of these elements causes 

the re sis tivity of the material to be increased. Their uses 

are limited to resistivities of less than 60. 

11 

Maximt..."Il permeability may be had by proper treatment cf the 

material. The addition cf nick2l accompanied by magnetic e.n-

neal increases the ~erme abi lity. The magnetic anneal is a ccom-

plished by magnetizing the materia l several oersteds during the 

annealing pro ces s , keeping the temperature 400° to 600° centi­

grade.9 

Reduced coercive force also results from the magnetic an-

nealing. Coercive force is a f1.mction of mechanical strain and 

the heat during anneal relieves these .s trains o 

Magne to.striction is a term used to relate magnetizat ion 

and the change of l ength of~ material~ A large ~molffit of nick­

e 1 ':ri 11 reduc e this effect to a negl i gible amount .. 1 O 

8 I~id., ;p . 4C-~6. -- ' 

9 Electr::::inics Buyers Guide, loc. cit. 

10 Ibid., p. Iv120. 



A large n1-..1.mber of alloys possessing the requirements out­

lined have been developed. Those most widely used in magneto­

meter apparatus are: Permalloy, Permalloy 4-79 , Supermalloy 
11 and Mu Metal. Bees.use the se fc ur materials were availa ble, 

they were used to perform the test for this investigation. 

11 Stephens. Atwood, Electric and Magnetic Fields, 3d 
Edition, PP• 325-355• 

12 



A. Introduction. 

CHAPTER III 

THE INVESTIGATION 

13 

Because the object of this investigation was to deter­

mine the characteristics of the different combinations of the 

three known saturable-core circuits and the four locally avail­

able core materiB.ls, it was decided to investigate various 

combinations of conditions and to record the results of sig­

nificant changes of conditions by means of oscillograms, with 

the respective conditions recorded in tabular form. 

The investigation was conducted with the three known cir­

cuits acting as the main basis for test with a number of other 

conditions varied. 

The basic mag.netc::meter circuit was the first one investi­

gated. The variable conditions included were load resistance, 

frequency of driver voltage, core material and external magne­

tic field intensity. 

The balanced-bridge mag.netometer circuit was the second 

one investigated. The variable conditions were the same as 

those for the basic magnetometer circuit. 

The third circuit investigated was the unbalanced-bridge 

magnetometer. The variable conditions were load resistance, 

frequency of driver voltage, core material, external magnetic 

field intensity and unbalancing resistance. 

The driver voltage ':ms kept constant a.t a value of twenty·­

fi ve vol ts across the secondary of the be.le.need i!"_put tra.nsfor.n­

er. This voltage was chosen because it was the optimum value in 



that it was the highest va lue tha t co uld be ma intained at all 

frequencies used without causing saturation of t he unbalanced 

input transformer. 

14 
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B. Magnetic Detector Circuits. 

The three magnetic detector circuits investigated were the 

basic magnetometer, the balanced-bridge magnetometer and the un­

balanced-bridge magnetometer. These three circuits were used as 

the basis for investigation with other conditions varied to per­

mit comparison of the circuit characteristics for each set con­

dition. Conditions were set up, readings recorded in the table, 

comments n oted and oscillograms taken for each condition that 

gave an indication sufficient to determine any of the operating 

characteristics of the circ uit under test. 

The first circuit investigated was the basic circuito 

Secondary voltage of the input transformer was kept at a con­

stant value of t wenty-five volts for s.11 readings . The four 

core materials available were interchanged for each set condi­

tion to determine the effect of core material on circuit charac­

teristics. The frequencies used to determine the changes in 

sensitivity with a frequency change were between 200 and 2000 

cycles per second. The load resistance value was changed to 

evaluate the optimum load range. The va l ues used we re 150 ohms, 

1500 ohms, 15,000 ohms and infinite resistance. Each combina­

tion of the listed variables was checked for sensitivity by 

cr~anging the value of the external field. The values used were 

zero and 13,274 gammas, in addition to any magnetic field force 

of the earth. This odd value was calculated for 1500 milli­

amperes flowing through the Helmholtz coils. The basic circuit 

is known to be the lee.st sensitive of the three known circuits. 

For this investigation it was used to permit a basis of 
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comparison for the other two circuits. The circuit diagram is 

illustrated in Figure 5. 

Two basic circuits 

were connected in a bal-

anced-bridge arrange-

ment to get the balanced­

bridge magnetometer. The 

conditions varied were the 

same as those varied in 

the basic circuit. This 

circuit is shovm in Figure 

Figure 5. Ba!sic Magnetometer 
With Varia bles. 

6. The balanced-brid5e circuit is a more sensitive circuit 

than the basic circuit, but,_.~~~~~~~~~~~~~~~~~--, 

requires more components to 

construct. The components 

required must be well 

matched to permit balance. 

The unbalanced-bridge 

magnetometer employes the 

bridge circuit similar ta 

the balanced-bridge except 

that one le5 of the bridge 

is caused to become unbal-

anced, 1:1hich causes the 

voltage across the load re-

Figure 6. Bala:nced·- Bridge 
Magnetometer with Variables. 

--~~~~~~~~~~~~~~~~~---' 

sister to be unsymmetrical. This circuit may be unbalanced by 

inserting a resistance in series with one of the bridge legs~ 

by shunting one side of the secondary o~ the input transformer 
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with a resistance or by shunting one of the magnetometer coils 

with a :resistance._ The circuit used is indicated' in Figure 7. 

This circuit is also more sensitive than the basic circuit. Of 

the three circuits, it has 

the disadvantage of re­

quiring the greatest num-

ber of components. To 

permit best calibration 

this circuit should be 

constructed from well b<ll-

anc-ed components but this 

requirement is not as es-

sential as it is with the 

balanced-bridge magneto-

meter. 

Unbalancing a,b,c. 

Figure 7 . Unbalanced-Bridge 
Magnetometer t-li th···Variables. 



C. Magnetic Core Materials. 

The magnetic core me,terials investigated 1.·re re Permalloy, 

Permalloy 4-79, Supermalloy and Mu Metal. All of these ma-

terials possess the requirements essential for use in mag-

netometer circLuts. They are n i ckel-iron alloys ranging from 

35 per cent to 90 pe r cent nickel. 

18 

The Permalloy used here is of the 45 Permalloy typ~. This 

material shows the highest va lues for residual flux density. 

The e.ddition of chromium, coppe r or molybdenum to this ma t erial 

increases its resistivity which controls the eddy current loss. 

Permalloy 4-79 shows lm·re r values of residual flux density, 

Br and He· Its resistivity values are not high enough for s ome 

applicationsl but are usable ones in magnetometer circ LU ts. 

Superma lloy has the cha r acteristics of high initi a l perme-

ability, high Hm and low He. This ma.terial is annealed in the 

presence of hydrogen gas at 1300°c. 2 

Mu Metal has the characteristic of lov,r va l ues of residual 

flux densities, B. 
r 

It is annealed a t 900°G 0 and then quenched. 

The following table3 shows the material, composition and 

characteristics of the four alloys used to perform this investi-

gation. 

1 W.E. Rudder, "New Magnetic Materials," Proceedings of 
I.R.E., October 1942, PP• 437-440. 

2 Stephen S . Atwood, Electric and Magnetic Fields, 3d 
Edition, p. 346. 

3 V .E. Legg, "Survey of Magnetic Materials and Appli cations 
in the Telephone System," Bell Telephone System Journal, XVIII, 
1939, p. 440. 
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TABIE 1 

Magnetic Chemical Initia:.l Maximum Satura- Resi- Coer-
Material Composition Perme- Perme- tion dual cive 

ability ability (Gauss) -Flux .Force 
Ni Fe Mo Cu Mn (Oer- Hra. ( Oer- Densi- R 

steds) ty Br _ C 
(steda) (Oer-

! from st eds 
! 10000 

Gauss 

Permalloy 45 54.LJ .2 .E 2500- 23000- 16500 8 000 .3 
2700 25000 

Permalloy 
4-79 79 16A 4 .6 22000 72000 8500 4500 .05 

Super- 79 15 5 .5 125000 8 00,000- 8000 .05-
malloy 1,000,000 - .07 

Mu Metal 74 20 5 1 7000- 80000- 8500 2300- .05-
25000 110000 6000 . 06 
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D. Description of Equipment Used. 

The apparatus containing the magnetometer coils and core 

materials was construct-

ed by the author. Figure 

8 shows a working diag!am 

of the coil arrangement. 

The magnetometer coils 

were precision wound and 

of local: manufacture. 

Their characteristics 

were: Coil number 1 had 

a resistance of 96 ohms, 

an inductance of 2.38 

-millihenrys and 3000 turns; 

coil number 2 had a re­

sistance of 96.3 ohms, an 

Figure 8. Magnetometer 
Coils Arrangement. Cut­
away Assembly Drawinge 

inductance of 2.38 millihenrys and 3000 turns. 

The balanced push-pull input transformer was made by the 

Audio Development Company at Minneapolis 7, Minnesota. It was 

tran-a,former number 40604 ADC 14. The primary had 20,000 ohms 

impedance and the secondary ha,d 250 ohms impedance each side 

of center tap. 

The Helmholtz coils mounted on the chassis 1·1ere arranged 

by using ti;ro u.s.A.F. airborne type radio compass loops. Each 

l~op hPo. eight turns of' wire wound on a form with a radius of 

ten centimeters. The Helmholtz arrangement consists of two 
l 

coils, of identical con.struction, placed vertically radius 



distance apart.4 This generates a very uniform field some 

distance either side of the mid-point between the coils, if 

a current is caused to flow through the coils. The magnetic 

intensity5 at the mid-point 

H = 32 'I( 1 
5~ a 10 

where His in oersteds 
i is in amperes 
a is in centimeters 

can be exp~ssed as: 
• 2. 86 1[ 1 . 

10 a 

Table 2 shows the values used. 

TABIE 2 

i in milliamperes H in oersteds 
250 .0221 
750 .0664 

lQOO .0885 
1500 .1327 
4600 .4071 

H in Gammas 
2210 
6647 
8850 

13270 
40710 

The values of current were obtained by adjusting a rheostat in 

series with a standard cell, a mill1$IIllll.eter and both loops. 

These loops and the holder for the magnetometer coils may be 

observed in Figure 10. 

The signal generator was locally manufactured. It gene­

rated a sine wave at frequencies from 20 c.p.so to 3500 c.p.s. 
' 
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with sufficient voltage output to maintain 25 -volts across the 

secondary of the balanced transformer. The output of th~ ~ene­

rator was fed to a push-pull voltage amplif~er the output of 

which was passed through a twin -T6 sharp-cutoff filter adjusted 

4 ; Golding, Electrical Measurements and Measuring Instru·­
ments, pp. 31-32. 

5 Page and Adams, Principles of -Electricity, p. 269. 

6 Valley and Wallman, Vacuum Tube Amplifiersj Radiation 
Laboratory Series, Volume XVIII, 1st Edition, 1948. pp.387~388 . 
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to remove a 60 c.p.s. component interference. The push-pull 

amp lifier and the t win-T filter i.·re re both of local me.nufacture o 

The voltage acro s s the secondary of the balanced push-pull 

transformer was read on a vacm.un-tube audio voltmeter RCA type 

w'V-73A. 

The resistors were precision , tubla r, carbon type o 

Four magnetic core materials 1.·rere used. Their cha r ac ter­

istics 1:re re explained in part C of this chap tero 

Observa tions we re made on a Dumont Ca thode Ray Os cillo­

scope Model 250 H. The Oscillog r ams 1:rere mo.de 1.:i th a D1-'mont 

camera connected to a hood designed to fj t the Dumont C .R.Oo 
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E. Test Procedure. 

The procedure used in this investigation was as follows : 

1. Connect the desired circuitp 

2. Set the signal generator to the desired frequency. 

3. Adjust the generator output to produce 25 volts across 

the secondary of the balanced push-pull transformer as 

indicated by the RCA vacuum-tube voltmeter. 

4. Insert the desired core material with the magnetometer 

coils at the zero position. 

5. Check various positions of the magnetometer coils to 

observe any change in output waveform as indicated on 

the c.R.o. 

6. Connect the d-c source to start current flo w through 

the Helmholtz coils to produce magnetic fields. This 

c urrent we.s varied to observe changes, if any. 

7. Adjust the C.R.O. for proper settings. 

8 . Take the pi cture of the wave form$ 

9. Di s connect this circ ui t and reconnect the next desired 

circ uit to perform a s imila r test on it. This may _con­

sist of only a change of load resistance va lue or in 

some cases a complete change of circuit types. This 

information is indicated in the table of da ta. 

10. Repeat steps 2 through 8 for the new circuit. 
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F. Data. 

The data listed in the following table are those used by 

the a uthor in conducting the investigation. The oscillog rams 

that follow this table indicate any change of importance, as 

observed by the author. 

KEY TO TABLE -- --
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Circuits 
Basic 
Balanced-Bridge 
Un bale.need-Bridge 

Numbers Assigned 
1 

load Resistance Values --rso Ohms 
1500 Ohms 
15000 Chms 
Infinite Resistance (Open Circuit) 
Zero-Resistance (Short Circuit) 
One Ohm 
60 Ohms 
100 Ohms 
300 Ohms 
3000 Ohms 

Frequencies 
200 c .p, S • 

300 c .p. s . 
600 c •P. S. 
700 c .p. s . 
1000 c .p. s. 
2000 c.p.s. 

Core Materials 
--rermalloy 

Pe~e.lloy 4- 79 
Supermalloy 
Mu Metal 

Magnetic Fields Generated .QI_ Helmholtz Coils 
Zero Gammas 
177 Gammas 
L~42 Gamma s 
708 Gammas 
885 Gam.inas 
1327 Gammas 
13270 Gammas 

2 
3 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 

1 
2 
3 
4 
5 
6 
7 



KEY , TO TABLE 

(Continued) 
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Points of Voltage Reading 12.Y 
C.R.O. - Oscillogram Component 

load Resistance 
Magnetometer Coil 

Numbers Assigned 

Secondary of Balanced Transformer 

1 
2 

(c.t. to lead) 3 

Magnetomete~ coil positions were read directly from the 

scale shown in Figures 8 and lOo 

The voltage across the sec?ndary of the balanced trans­

former (c.t. to lead) was held constant at 25 volts. 



0 C L 
s I 0 
C R A 
I C D R 
L u E 
L I s 
0 T I 
G s 
RN N T N 
A U u A U 
MM M NM 

B B C B 
E E EE 
R R R 

1 1 1 
2 1 1 
3 1 2 
4 1 1 
5 1 4 
6 1 1 
7 1- 1 
8 1 1 
9 1 1 

10 1 1 
11 1 1 
12 1 1 
13 1 1 
14 1 1 
15 2 4 
16 2 4 
17 2 4 
1 8 2 1 
19 2 3 
20 2 3 
21 2 3 
22 3 4 
23 3 4 
24 3 4 
25 3 1 
26 3 3 
27 3 3 
28 3 3 
29 3 4 
30 3 4 
31 3 4 
32 3 . 1 
33 3 4 

F 
R 
E 
Q 
·U 
E 
N 
C 
y N 

u 
M 
B 
E 
R 

1 
3 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 / 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 

C. 
0 
R 

TABLE 4 

TABLE OF DATA 

M 
A 
G 

EM N 
A E 
T T 
E I F 
R C I 
I N E N 
A U L U 
LM D M 

B B 
E E 
R R 

4 1 
4 1 
4 1 
4 1 
4 1 
4 7 
4 1 
3 1 
2 1 
1 1 
4 7 

r 3 7 
2 7 
1 7 
4 3 
4 4 
4 2 
4 3 
4 3 
4 3 
4 3 
4 3 
4 4 
4 2 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 4 
4 2 
1 3 

' 
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0 C C C 
s 0 R R 
C I 0 0 
I L . 
L C p y A 
L 0 0 I T 
0 M s G T 
Gp I A E 
RON T N I N N N 
AN U I U N .. U u u 
ME M 0 M M AM 

N B ·N B B T B 
T E E E 0 E 

R R R RR 

1 0 30 100-1 
1 0 20 100-1 
1 0 30 100-1 
3 0 30 100-1 

2&3 0 40 100-1 
3 0 30 100--1 
1 0 30 100-1 
1 0 30 100-1 
1 0 30 100-1 
1 0 30 100-1 
1 0 30 100-1 
1 0 30 100- 1 
1 0 30 100-1 
1 0 30 100-1 
1 0 60 100- 1 
1 0 60 100-1 
1 0 60 100-1 
1 0 30 100-1 
1 0 30 100-1 
1 0&3 30 100- 1 
1 0&3 30 100-1 
1 0 30 100-1 
1 0 30 100- 1 
1 0 40 100-1 
1 0 40 100-1 
1 0 40 100-1 
1 0&3 40 100 ... 1 
1 0&3 40 100- 1 
1 0 40 100-1 
1 0 40 100- 1 
1 0 40 100-1 
1 0 40 100-1 
1 0 40 1-1 



0 C 
s I 
C R 
I C 
L u 
Li I 
0 T 
G 
RN N 
A U u 

· M M M 
B B 
E E 
R R 

34 3 
35 3 
36 3 
37 3 
:;8 3 
39 3 
40 2 
41 2 
42 3 
43 3 
44 3 
45 3 
46 3 
47 3 
4 8 3 
49 3 
50 3 
51 3 
52 3 
53 3 
54 3 
55 3 
56 3 
57 3 
58 3 
59 3 
60 3 
61 
62 3 
63 3 
64 3 
65 3 

L F 
0 R 
A E 
D R Q 

E u 
s E 
I N 

'S C 
T N YN 
A U u 
NM · M 
C B B 
EE E 

R R 

4 2 
4 2 
4 2 
4 y 
4 5 
4 6 
4 3 
1 3 
4 3 
_5 2 
5 2 
6 2 
7 2 
8 2 
9 2 

10 2 
10 2 . .. 

4 2 
4 2 
4 2 
4 2 
4 2 
4 2 
4 2 
4 2 
4 2 
4 2 

C 
. 0 

R 

TABIE 4 

(CONTINUED) 

M 
A 
G 

E M N 
A E 
T T 
E I F 
R C I 
I N EN 
A U LU 
LM D M 

B B 
E E 
R R 

2 3 
3 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 
4 3 

0 . 
s 
C 

. . I 
L C 
L 0 
0 M 
Gp 
RON 
A N U 
ME M 

JIJ B 
T E 

R 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
l ' 
1 
1 
1 
1 
2 
1 
2 
1 
1 
1 
1 
1 
1 
2 
2 

Calibrat ion Oscillo~ram - Peak to Peak 
4 4 1 1 
4 · 4 4 3 1 

4 4 4 5 1 
4 4 4 6 1 

I 
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C C rJ 
0 R R 
I 0 0 
L 

p y A 
0 I .T 
s G T 
I A E 
T N I N N N 
I U N u u u 
0 M M .AM 
N B B .. T B 

E E 0 E 
R R RR 

0 40 l ~- 1 
0 40 1 - 1 
0 ' 40 1-1 
0 40 10=1 
0 40 10-- 1 
0 40 10-1 
0 30 10-- 1 
0 50 l ~l 
0 60 10- 1 
0 20 1 - 1 
0 6 0 10- 1 
0 100 l ··· l 
0 100 1 - 1 
0 100 1 - 1 
0 100 1-1 
0 40 1 -~l 
0 60 10-~ 1 
0 30 l ·-1 
0 6 0 10- 1 
0 60 10=1 
0 60 10-~l 
0 60 10-~ l 
0 6 0 10-, 1 
0 60 10- 1 
0 60 10=1 . 
0 40 10=1 
0 40 10-1 

10 Volts 10-1 
0 90 10- 1 
() 9 0 10-1-
0 90 10- 1 
0 90 10-1 



G. Oscillograms . 

The following oscillograms are numbered a ccording to the 

oscillogram number listed in the t a ble of data. 

The oscillograms pictured in this thesis are tra cings 

made from negative prints. Every measure possible was taken 

to assure that the retracing did not a lter the p roportions 

of the oscillogram pulses in shape, height or width. Since 

these are the comparative dimensions a ll information of value 

has been retained. 
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OSCILLOGRAMS 

OSCILLOGRAM 1 CSC II LOG RAM 2 

OSC ILLOGRAM 3 OSGI II-OGRAM 4 

OSCil lOG?,AM 5 
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CSC ILLOGRAMS (C:)nt i nued ) 

OSC ILLQGRAM 7 OSCILLOGRAM 8 

OSCI LLOGRA?-'I 9 C•SC I LLOGRAH 10 

OSCILLOGR.AM 11 OSGI LLOGRAM 12 
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cs:.::: ILLOG}-J .... 'I.MS (Conti:nuect) 

08CILLOGBAM 13 OSCillCGRAM 14 

OSCILICGRAM 15 OSCIILOGRAM 16 

CSCILLOGRAM 17 OSCill OGRAM 18 



OSCIL~CGRAMS, (Continued) 

I 

_____ .. ___ ... _ 

OSCILLOGRAM 19 OSCILLOGRAM 20 

OSCILLQGRAM 21 OSCILLOGRAM 22 

CSCILLOGRAM 23 OSCILLOGRAM 24 
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OSCILLOGRAMS , (Continued) 

OSCilLOGRAM 25 OSCILlOGRAM 26 

c::=: c ILLOGRAM 27 O.=lC ILLOGRAM 2 8 

ObCILLOGRAA 29 o;:)cr LIDGRA:l'-1 30 



CS CIUCGRAMS (Coc1tinued) 

OS CI LLOC~ RJI.M Yl L'SCI Ii C1(3--?JlJ1( 3 2 

08CILLOGR.AM : > 



~.; '7 
- · I 

J :5GILLOJ ~AA ,39 03C I LLOGRAM Li-0 

OSCILI.OGRAM L:-1 Ci3CI LLOCHU'.'.\.f 1.:.2 



OSCILLOGRt~MS ( Co r:. tin.ued) 

C:, CI LLOGRAA 

!1 '=' ,,. L ' 
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OSCILLOGRAMS (Contirn~ed) 

. OSCI LLOGRAM 49 OSCILLOGRAM 50 

OSCILLOGRAM 51 OSCILLOGRAM 52 

OSCILLOGRAM 53 OSCILLOGRAM 54 
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OSCILlOGRAMS (Continued) 

OSCILLOGRAM 55 OSGI LLOGRAM 5q 

OSCILLOGRAM 57 OSCILLOG-RAM 58 

OSCILLOGRAM 59 OSCILLOGRAM 60 



OSCILLOGRAMS (Continued) 
I 

OSCILLOGRAM 61 

OSCILLOGRAM 63 

OSCILLOGRAM 65 

41 

OSCILLOGRAM 62 

OSCILLOGRAM 64 
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H. Analytica l and Graphical Solution. 

The iron-clad inductor belongs to a l arge class of circuit 

elements known as non-linear par ameters . The study of non­

linear circuits has become an import ant branch of electrical 

enginee ring . The mos t gene r al type of circuit is the non-linear 

type, altho ugh usuall y circuits are treated as linear systems 

to simplify analysis. 

In the comp lete solution of linear- circuit t heory one 

equa tion may be written for .ea ch mesh in terms of current, im­

pedance and v oltage and an answe r obtained by the clas s ica l meth­

od of sol uti on . This is pos sible because mathematicians know 

methods of solution for equa tions linear in the derivatives and 

the function itself. S~~erposition holds for this type problem. 

The more r e cent Heaviside's operat ional methods or laula, cian 

transforms may be used wi th l ess difficulty than would be en­

co lmtered by the class ica l method if the engineer prefers to 

use them. 

If the re is in the circ uit a non-linear par ame ter whi ch is 

a f vnction of the current through it or voltage a cros s it, the 

circuit e._qu9.tions become diffe rential equa tions that a re not 

linea r. Ma thema ti cia,ns do not have general methods of solutions 

for these e quations nor does t he principle of superpositi on 

hold. Special non-linea r diffe ren ti a l equations may be -solved 

by special means such as se ri es expansions by Bessel 's equation, 

but the solutions are 1.msati s-factory for most p roblems because 

the r esults bec ome too involved. 

The need for methods of so lution are becoming more 



important each day. The intention in this section is to pre­

sent one of the typical approaches to this type problem. This 
:--. 

method is the graphi cal solution as it is presented by the 

Electrical Engineering Staff of the Massachusetts Institute of 

Technology in the text Magnetic Circuits and Transformers, 

pages 164-166. The magnetic core material chosen for this pre­

sentation vms Permalloy~ 

If the current from the generator is a known sinusoidal 

func tion of time, for the basi c magnetometer circuit the curves 

of_the flux and the voltage across the inductance can be deter­

mined as shown in Figure 11. 

wt t> 

I 
I 
I 
I 
I 

- /) _.,. 

a. Sinusoidal Curve 
of Exciting Curre~t. 

I 
I 
I 
I 
I 
I 
I 

b. Symmetrical Loop 
Relating Flux- and 
Current Determi ned by 
Means of a Ballistic 
Galvanometero 

Figure 11. ··Demonstration of Graphical Solution 

Curve b is the loop of flux-current relations with a ·- c magnetic 

effects of eddy currents neglectedo 
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From curve a the times t 1 and t are equal. An increas·-
- 2 

ing value may be observed at t 1 and a decreasing value at t. 
2 

The values of current for times t 1 and t 2 show different corre-

sponding values for flux in b. The curve for flux,¢, in a can 

be p roduced by combining graphically the instantaneous values of 

the i¢ curve with the hysteresis loop. The presence of only 

odd harmonics in the flux variations is indicated by the sym·­

metrical hysteresis loop. Hysteresis causes the flux to lag 

the exciting current as sho v,rn in .§_. 

The induced voltage waveform shovm in a can be produced 

graphically by determining the slope of the fl u.x ·wave. This 

voltage is proportional to the slope gi of the flux wave o 

dt 
The app roximate method introduced here is one of the few 

that may be used to predetermine the flux wave and th~ voltage 

wave in an iron- clad inductor circuit. 

A mathematical method for p redetermining the approximate 

maximum value of the transient exciting currents in an iron-clad 

inductor ':rith an alternating voltage applied is demonstrated in 

Electric Circuit~ written by the Electrica l Engineering Staff 

at the Massachusetts Institute of Technology » page s 699 to 7020 

Operational Circuit Ana~§_ by Bush 11 pages 92 9 93 and 

212, indicate further mathematical treatment of the iron·- clad 

circuit . 

Kerchner and Corcoran in their text Alte:rns ~il}.5 Circu1ts9 

page 532 1 show methods of analysis of the iron-· clad R- L cir-­

cui t energized by 2.n alternating potential difference. 

Waveform changing is treated by Leonard R .. Crow on _pa..ges 

130, 137 and 172 to 176 of . Saturating Co~~ ~~o 



Gardner and Barnes show solutions f or two ·· loop networks 

with mutual inductances in their book Trans i ents in Lin~ 

Systems Vol ume I, ps'.ges 139 to 150. 

"An Experimenta l Verification of a Method of Calculating 

the Characteristics of Satura ted Iron Cored Reactors" has been 

written in a thesis by Rueben E. Alley, Jr., at Princeton Uni­

versity. The verified methods of ca lculations are by series 

expans ions. 

The functional _ relationships bet':reen parameters and the 

dependent or independent va ri abl es must be known to make poss­

ible a gr aphical or analyt ical sol ution of the iron-clad cir·­

cut t. 

Magne tic ~aterials are subjected to test to a cquire in­

formation to be used to p lot cha r ac teri s tic curves of the 

materi al to make pos sible desired predictions . Purely theo­

r e tical predictions are not possi ble s ince the theory of 

magnetiq·. materials has not been sufficiently established. 
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Non·-linear relationships may be approxim2. tely established 

with the uses of gr a.phi cal forms, models or full -s c2. le ex~ 

perimentati on , step-by- step calcula tions, s tra i e;ht~,line approx~· 

imations and t he differentia l analyzer. These methods are 

possible approxi~ating ones that may be used to estimate ex­

pected conditions. 



CHAPTER rl 

INTERPRETATION OF DATA AND CONCLUSIONS 

.,,, 

The purpose of this 1nvestigati'on was to compi}~ data on 
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known saturable-core _magnetome_ter circuits. This information is 

very valuable when considering the design of a magnetometer for 

a specific use. This thesis seems to be the only source of in­

formation available. Saturable-core magnetometers have been 

constructed by various engineers but the design procedures, such 

as the process of development and decision as to the most suit­

able circuit or components to employ have not been publishedo 

The non-linear nature of the saturable-core circuits comp-

licate their matheme.tical solt:tions, No ~ttempt has been made 

in this thesis to show a complete analysis of this type of cir­

cuit. The graphical approach has been indicated on pages 42·-45, 

Some methods of solution have been attempted by various authors, 

A partial listing of these follow the graphical solution . Many 

recent a rticles and papers have been written showing sol utions 

for magnetic amplifiers which can be partially used to solve 

the saturable-core magnetometer circuits. The increasing uses 

of the saturable-core reactors are making information of this 

nature more necessaryo There is much to be done before the 

engineer ~ill have adequate information to completely design a 

particular magnetometer on the basis of applications of estab,, 

lished theory. Magnetometers have been constructed from labora­

tory models and their operations have been p roven successful. 

The _following analysis of the os_cillograms indicates the 

reason the author has concluded that the basic magnetometer is 
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the least sensitive and the unbalanced-· bridge ma3netometer is 

the most sensitive; that, cf the four core materials tested, 

Mu Metal is the best to employ for most uses; and that the less 

sensitive circuits could be economically used for particular 

applications. 

Oscillogram 3 shows that the basic magnetometer has a 

maximum indication of saturation with a driving signal of 

600 c .p. s. 

Oscillogram 5 indicates the waveform taken across infinite 

load resistance, or across an open circuit. This is the same 

as observing the waveform across the magnetometer coil in series 

with the secondary of the balanced transformer (c.t. to lead)o 

These two oscillograms (3 and 5) indicate Mu Metal to be the 

most desirable magnetic core material, 600 c.p.s . driving sig­

nal to be the preferred frequency for a load resistance of 150 

ohms, and a driving frequency of 200 c.p.s. for an infinite 

load. Both of the waveforms of 3 and 5 show definite incre~:i.ses 

of current at the point of saturation of the core material. These 

could be used to give indications on a meter or similar indica­

ting device or could be used as the input voltage to following 

amplifier stae;es. 

Oscillogram 16 shows the balanced-bridge with sufficient 

external magnetic field to produce equal voltage peaks from both 

legs . Oscillograms 17 and 18 sho'..r values of an external mag~ 

net1c field equal amounts above and belovr the balanced val ue i 

The first adds to the value necessa ry for balance, the second 

subtracts from it. The subtractive va lue shows a l ittle larger 

response than the additive value. 
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Oscillograms 19 s 20 and 21 1:rere ts.ken to indicate the ef-

fects of placement of the magnetcmeter c oil s on the core-me,te-

rial strip. Oscillog r am 20 shows that best results were obtain­

ed when one of the coils was displaced from the center position 
-

about one-- fourth the length of the core strip. 

Osei llograms 22, 23 2,nd 24 sho':r no appreciable change of 

waveform ':Iith a change of externe.l field, indicating these con­

ditions do not provide a very sensitive circuit ,. Number 22 

shows the most distinct change of voltage waveform when core 

saturation is rea ched. This is the result of an infinite load 

for the unbalanced-bridgeo 

The next five oscillograms through number 29 show that the 

most desirable load is an open circuito This can be observed in 

number 29 .. 

Oscillogre.ms 30 1 31 and 32 were taken of the unbalanced, .. 

bridge to show the effects of the three extern2.l me.5netic fi e ld 

val 1...1_es that ':!e r e used in the basic magnetometero The subtrac t i ve 

value indicated more response in the unbe.lanced~bridge magneto-· 

meter, as it did in the basic magnetometer. 

Os cillog:r.ams 33, 349 35 and 36 were t aken ';.'"ith e. 300 C o~oOo 

driving voltage applied to permit comparisons of the corE mate~ 

rials. For this dri vin5 frequency~ Mu Metal indicates the max·~ 

imum voltage peaks with the smoothest waveforms at the p o i nts of 

saturation e 

Numbers 37, 38 and 39 show the effects of changes in the 

frequency of the driving voltage . Mu Metal j the optimum core 

material determined in the test above 9 was used to produce these 

comparisons . The frequencies checked were respectively 600 v 
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~.000 and 200Q.c .p.s . to compa re with oscillogram 36 which was 

a te st for Mu Metal 'rri th a driving voltage frequency of 300 

c.p . s . Of the las t three checked, the 600 c .p.s. ga ve the best 

.results, but the 300 c ,p. s. frequency was better than 2.ny of 

these three. 

Oscillog r a ms 40 and 41 were ones to check results of a 

higher frequency input voltag e for Mu Mete.l used in the bal­

anced- bridge circuit. This frequency was 2000 c .p .s . Thi s 

frequenc y was not a better v a lue to use than 300 c ep. s. Number 

42 was taken to facilit a te comparison of the balanced-bridge with 

the unbalanced- bridge when a frequen cy of 2000 c.p.s . was used 

as the driving voltage and an infinite loa d was p resent. 

Since the optimrnn frequency was determined to be _300 c .p "s. 

and the optimum core materia l was Mu Meta l the remai ning portion 

of the investigation, performed for the unba lanced---bridge mag·­

netometer, was done with these t wo conditions kept constant. Os ­

cillograms 43 through 60 were t aken to determine the opti mum loa d 

re sistance ~nd the op timum unbalancing resistance. Os c i llograms 

55, 57 and 59 sho1.1 the optimum value for load resistance to be 

an infinite load, 'di th lower values shm-ring decre2,ses of output 

v ol t a3e a nd the op timum unbale.ncing resistance to be 2000 ohms. 

Oscillos rams 61 through 65 1·.rere t a ken to g ive compari s on 

.pictures on a ca librated s c o. le of four differen t v2.lues of ex, .. 

terna l fi e 2.d ':rhich 1:rere respectively zero, 4lJ-2, 885 and 1327 

gammas. Number 61 ';-ras the calibration oscillog r2.m a.nd it shows 

a peak to peak voltage of 10 volts. These tests were made with 

700 c.p.s. uced a s the drivi~g voltage fre quen cy applied to a 

balanced-·bri dge mag.netometer. 



Wnen cons idering Et core mat eri e. l the mexrnfa :; turer ' s con­

ditions of a nnee, l are very impo rtant . This for the most p2,rt 

dete r mines the v a lues for minimrnn coercive force and maximv_m 

permeability . An examp le is the p roces s ing of Supermalloy. 

The presence of hydrogen during the annea l produces both of 

the desired characteri stic s . The hydrogen i n this ca s e chemi·­

cally r e ac t s \·ri th the magneti c-material mole cule s to produce 

the d es ired r esults. 
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Ano t her conside r a tion of importance i s to make sure during 

the placement of the core material that it is free from mechan­

ical strain or distortior.. T:'le re should be no cra cks, breaks 

or othe r s i mila r defects in the strip and it should be uni form in 

shape o 

It is intended tha t thi s invest i gation will supp ly informa-· 

t ion that will help in selecting p roper circuit, core materi a l ~ 

driving- volta3e frequen cy, loe.d re sist an c e and components a cross 

whi ch a voltage change may be observede 

The chara cteristics of operation of the saturable- core mag­

netometer and its physical adaptability sugges t its use s ~s a 

bas ic ins tru..~ent for maki ng physical measuremen t s. Some of its 

sugges t ed a d apt a tions a re: 

1. The arr angemen t of bro parallel mag.netometer elements 

to form a g r e,diometer. 

2. An anomaly detector for use in submarine detection or 

water surveys for unobservable magnetic objects . 

3. A geological survey i nstru"!lent to dete '.:) t mag.netic de .,. 

posit s from the air o r surface o 

4. In the l a boratory to measure permanent and induced 
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magnetic moments of ferromagnetic bodies, magnetic 

fields arising from eddy currents induced by conducting 

mat~rials moving in the earth's field, or the impurities 

of ferromagnetic materials in non-ferrous materia ls. 

5. To measure minor varia tions of the earth's magnetic 

field due to solar sources. 

6. To observe magnetic disturbances of the earth's field 

due to terrestrial or atmospheric sources. 

7. As a magnetic-field probe to give both direction and 

magnitude of existing magnetic fields. 

8. To a ct as navigational indices for local operation 

or remote contr0lled airborne equipment when used in 

conjtmction ·with an instrument furnishing another set 

of coordinates. 

9. As an instrument to furnish more accurate navigational 

indices than are presently available with airborne 

navigational aids. 

Eacn of the above adaptations suggests many other uses for 

the magnetometer. The possibilities for this phase of instru­

mentation a re e;rea t in number. In this instrument there appear 

to be the accure.cies and poss ible applications hoped for by many 

engineers. This phase of measurement investigation is in its 

infancy and the possibilities are unlimited for the agressive 

engineer desiring research in this field of study. 
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