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Reissued Aug. 7, 1951 - Re. 23,397 

UNITED STATES PATENT OFFICE 
w 23,397 

MAGNETC FELD STRENGTH INDICATOR, 

Edwin P. Felch, Jr., Chatham, and Thaddeus 
Slonczewski, Summit, N. J., assignors to Bell 
Telephone Laboratories, Incorporated, New 
York, N. Y., a corporation of New York 

Original No. 2,468,968, dated May 3, 1949, Serial 
No. 483,755, April 20, 1943. Application for re 
issue February 18, 1950, Seria No. 145,063 

18 Claims. (C. 175-183) 
Matter enclosed in heavy brackets appears in the original patent but forms no part of this 

reissue specification; matter printed in italics indicates the additions made by reissue. 

This invention relates to the measurement of 
magnetic field strength and more particularly is 
it directed to the direct indication of the absolute 
strength of the magnetic field. 

It is a well-known fact that the earth's mag 
netic field over any given limited area is substan 
tially uniform except that this uniformity may 
suffer distortion in the presence of paramagnetic 
or diamagnetic material. This distortion usu 
ally results in a change in both the direction and 
absolute intensity of the field. In most cases the 
paramagnetic or diamagnetic body which pro 
duces the magnetic distortion is located at a con 
siderable distance from the field strength meas 
uring or indicating device and if the distorting 
material is to be detected, the measuring or in 
dicating device must be highly sensitive and well 
compensated against extraneous influence. 

In the copending application of T. Slonczewski, 
Serial No. 483,756, fled on even date herewith, 
there is described a system of three magnetom 
eters each comprising a length of low retentiv 
ity magnetic material, preferably of high per 
meability and upon which one or more windings 
are wound. These three magnetometers are 
mounted with respect to one another so that their 
principal magnetic axes are mutually perpen 
dicular. The magnetometer system described in 
the aforementioned copending application is 
theoretically independent of its orientation with 
respect to the direction of the magnetic field to 
be measured and for many practical applications 
is sufficiently free from response variations due 
to changes in the direction of the magnetic field. 
However, mechanical inaccuracies are bound to 
exist in every structure which are very difficult to 
entirely eliminate or compensate. For some ap 
plications extreme sensitivity is quite important 
and steps must be taken to eliminate or compen 
sate for these structural inaccuracies. 

It is the object of this invention to improve 
the sensitivity of a magnetic field strength meas 
uring device of the type employing three mag 
netometers having their principal magnetic axes 
mutually perpendicular. 
The foregoing object is achieved by this inven 

tion by providing in combination with a mag 
netometer system of the type described an orient 
ing system capable of maintaining one of the 
mutually perpendicular magnetometers in sub 
stantial alignment with the magnetic field to be 
measured, said orienting system comprising in 
combination a circuit means associated with two 

2 
of the magnetometers for deriving therefrom al 

O 

ternating current voltages proportional to the 
product of the field strength and the direction 
cosine of the angles formed by their principal 
axes and the direction of the magnetic field, a 
Second voltage Source of the same frequency as 
said derived voltages, two electromechanical 
driving means, one for each of said magnetom 
eters from which said voltages are derived for 
mechanically driving said two magnetometers in 
response to the combined action of the derived 
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Woltages and the Second Voltage whereby said tWO 
magnetometers will have their principal mag 
netic axes maintained substantially perpendicu 
lar to the magnetic field to be measured and the 
third magnetometer is maintained in substantial 
alignment with said field. 
This invention may be better understood by 

referring to the accompanying drawings, in 
Which: 

Fig. 1 schematically discloses three magnetom 
eters with their principal axes mutually per 
pendicular and each forming an angle with the 
direction of the magnetic fled 

Fig. 2 shows the magnetometers of Fig. 1 with 
one of the magnetometers in Substantial align 
ment with the magnetic field; 

Fig. 3 is a schematic diagrant in block form 
disclosing the principali features of the invention; 

Fig. 4 discloses in more detail electrical circuits 
which are Suitable for the detector channel 4, 
transverse channel 5 and axial channel 6 of 
Fig. 3; 

Fig. 5 discloses in greater detail electrical cir 
- cuits which are Suitable for the filter, low fre 
quency band amplifier and direct current meter 
circuit of Fig. 3; 

Fig. 6 discloses detail circuits suitable for the 
Oscillator-modulator-amplifier unit 4f of Fig. 3 
which drives the Orienting motors; 

Figs. 7, 8, 9, and 10 show alternative means for 
obtaining one of the phase voltages for control 
ling the Orienting motor drive of Fig. 3; 

Fig. 11 shows one form of gimbal mechanism 
for Supporting and driving the three magnetom 
eter elements; and 

Fig. 2 shows an alternative form of magnetom 
eter rotor per se for supporting the three mag 
netometers in mutually perpendicular relation 
ship with a gimbal structure such as shown in 
Fig. 11. 
Referring now more particularly to Fig. 1 

Wherein are shown the three magnetometers with 
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their principal axes mutually disposed perpen 
dicular with each other. This magnetometer 
system is more completely described in the aforea 
mentioned copending application. However, for 
the purposes of this specification and for the 
sake of completeness, it should be noted that 
these magnetometers have their principal axes 
arranged mutually perpendicular along the K, 
Y and z rectangular Cartesian coordinate axes. 
The magnetic field in which these magnetometers 
are placed is represented by a vector H passing 
through the origin O formed by the intersection 
of the three coordinate axes. The magnetic field 
vector H forms an angle a, b, and Y with the 
three axes X, Y and Z, respectively. To avoid 
confusion and for the sake of brevity, these 
three magnetometers are arbitrarily designated 
the detector magnetometer Mo which coincides 
with the Y axis, the axial magnetometer MA, 
which lies along the X axis and the transverse 
magnetometer MT which lies along the Z axis. 
Hereinafter these magnetometers will be referred 
to as the detector, axial and transverse nag. 
netometers, respectively. 
These magnetometers comprise essentially a 

core of low retentivity magnetic material prefer 
ably of high permeability and upon which one 
or more windings are wound. It has been dis 
covered that when the magnetic field is at a 
right angle to the principal axis of the core and 
the winding be excited by a voltage of funda 
mental frequency, no even harmonics will be 
generated in the winding. On the contrary, if 
the angle is other than a right angle the mag 
netic field has a component in the direction of 
the principal axis of the core and if the winding 
is excited by a voltage of fundamental frequency, 
even order harmonic voltages will be generated 
therein, the magnitudes of which are propor 
tional to the product of the field strength and 
the cosine of the angle formed by the principal 
axis of the magnetometer and the direction of 
the magnetic field. While any one of these har 
monics can be used, the second harmonic is se 
lected for illustrative purposes. 

It can be shown mathematically that the sum 
of the squares of these three second harmonic 
voltages is entirely independent of the Orienta 
tion of the three magnetometers with respect to 
the direction of the magnetic field providing the 
three magnetometers retain their mutually per 
pendicular relation and are equally sensitive. It 
can also be shown that the square root of the 
sum of the squares of these second harmonic 
voltages is proportional to the absolute strength 
of the magnetic field and likewise independent 
of the orientation of the magnetometer system 
with respect to the direction of the magnetic 
field. It is upon this fundamental principle that 
this invention is based. . Practical systems of 
considerable sensitivity and relatively high pre 
cision can be achieved by carefully constructing 
the magnetometer units and carefully adjusting 
them in final assembly. Where a higher order 
of sensitivity and precision is required, the in 
accuracies due to human inability to accurately 
assembly and maintain in perfect alignment three 
magnetometer units can be overcome by orient 
ing and maintaining one of the magnetometers 
in substantial alignment with the field. to be 
measured. By 'substantial alignment' is meant 
to within a small angle of the order of about 5 
degrees as it has been found that no observable 
errors appear within this range. 

If the three second harmonic currents gener 

4 
ated in the three magnetometers be separately 
squared and then added together, the total cur 
rent may be expressed as follows: 

I=K2H2(cos a-cos 3--cos y) =KiH (1) 
where: 
I-the sum of the three squared magnetometer 

currents; 
Ki-K2=proportionality constant (K. must be ef 
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fectively the same for all three magnetom 
eters); 

H=absolute magnitude of magnetic field vector. 
The validity of Expression 1 is clearly evident 

from the geometry of Fig. 1 and would be the 
oretically perfect providing the principal mag 
netic axes of the three magnetometers always 
maintain the perfect mutual perpendicular re 
lation. 

Referring to Fig. 1, it will be noted that the 
axial and transverse magnetometers form angles 
a and Y, respectively, with the magnetic field vec 
tor H. In accordance with this invention each 
of these two angles is maintained substantially , 
equal to 90 degrees so that their cosines are sub 
stantially equal to zero. Under these conditions 
substantially all of the current derived from the 
magnetometer system connes from the detector 
magnetometer MD and the angle b formed by 
this magnetometer with the direction of the mag 
netic field is maintained very small. 
The operation of this invention may be fur 

ther understood by referring to Fig. 2 in which 
the axial and detector magnetometers are shown 
shifted to an angle 0 about the Z axis. Perfect 
alignment of these magnetometers would be 
achieved when the principal axis Y of the de 
tector magnetometer MD coincides with the di 
rection of the magnetic field vector H as shown. 
When this condition obtains, the principal axis 
of the axial magnetometer MA necessarily coin 
cides with the X axis. When the axial and de 
tector magnetometers are shifted through the 
angle 0 as indicated by the dotted lines, the sum 
of the squares of the three magnetometer second 
harmonic currents would be still theoretically 
unchanged and independent of this shift in po 
sition. However, as just pointed out, it is desir 
able to shift the detector magnetoineter back into 
Substantial alignment with the magnetic field 
vector H. Under the conditions assumed the 
transverse magnetometer MT is normal to the 
magnetic field vector H and consequently has no 
second harmonic voltage induced in its wind 
ing. The axial magnetometer MA, however, has 
its axis displaced to a position X by reason of 
the displacement angle 8. This results in the in 
duction of a second harmonic voltage in the wind 
ings of the axial magnetometer. It is this volt 
age which is utilized in this invention for driv 
ing the axial magnetometer back to its original 
position coincident with the X axis and conse 
quently the detector magnetometer MD is brought 
back in alignment with the magnetic field vector 
H. If the axial magnetometer had been shifted 
in the opposite direction about the Z axis, a sec 
ond harmonic voltage of opposite phase would 
have been induced in the axial magnetometer 
windings to drive it back in the opposite direction 
to its original position. Similar consideration will 
show the same kind of control derived from the 
voltages generated in the transverse magnetom 
eter Mr. It is clearly evident that this combined 
driving action will maintain the detector mag 
netometer MD always in substantial alignment 
with the magentic field vector B. 
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Referring now to Fig. 3, a complete system in 
block form is shown for achieving the objective 
of the invention. In the lower portion of this 
figure, the three magnetometers are shown mutu 
ally disposed perpendicular to one another in 
the same manner shown in Figs. 1 and 2. Each 
of these magnetometers is disclosed as having a 
single winding with one terminal of each brought 
to ground. A source of alternating current it of 
fundamental frequency F is used to excite each 
of these three windings with fundamental fre 
quency. The output from alternating current 
source is amplified by a suitable amplifier 2 
and passed through a filter 3 capable of passing 
only the fundamental frequency F. The filter 
unit 3 is not shown in detail as any of the many 
well-known forms of filter units may be en 
ployed. It is only necessary to say that this 
filter unit 3 provides three separate filter chan 
nels for energizing through conductors, 8 and 9, 
the three magnetometer windings. The arrows 
in conductors 7, 8 and 9 denote the directions 
taken by the currents of fundamental and Second 
harmonic frequency, the latter being generated in 
the magnetometer WindingS. 

Since filter unit 3 will pass only Woltages of 
fundamental frequency, the second harmonic 
voltages generated by the three magnetometers 
will not pass through this filter unit but will in 
stead be carried on to three channels 4, 5 and 
6 denoting the detector channel, transverse chan 
nel and axial channel, respectively. The mean 
ing of these terms with respect to the magne 
tometers is obvious. An important advantage in 
the use of the filter unit 3 is that it prevents the 
transmission of secord harmonic voltages from 
one of the magneto' meter channels to another. 

In each of the clannels 4, 5 and 6 there is 
disclosed a second harmonic filter 0, 5 and 9, 
respectively. The second harmonic voltage Con 
ing from the detector magnetometer, for exam 
ple, passes through conductor , is rejected by 
filter 3 and continues on by way of conductor 

to filter O in the detector channel. Likewise 
the second harmonic voltage generated by the 
transverse magnetometer is carried by way of 
conductors 8 and 8 to filter 5 and the voltage 
from the axial magnetometer is carried by con 
ductors 9 and 9 to filter 9 in the axial channel. 
These three filters reject all voltages of funda 
mental frequency and pass only those of second 
harmonic frequency. So far these three chan 
nels 4, 5 and 6 are identical and it is possible to 
keep them so throughout. However, certain ad 
Wantages may be derived by making them differ 
ent as Will hereinafter be made clearer. 

In the detector channel 4 the second harmonic 
voltage leaving filter O is passed through the 
input circuit of a harmonic generator f. This 
generator is preferably of one stage, although it 
may have a plurality of stages as is well known. 
The output of this harmonic generator contains 
the second and fourth harmonics as symbolically 
indicated by the characters 2F and 4F adjacent 
the output circuit. A coupling unit 2 compris 
ing a transformer with primary and secondary 
Windings, a resistor R and capacitor C couples 
the output of the harmonic generator to a fourth 
harmonic filter 3 as well as to the orienting mo 
tor drive unit 4 by way of conductor 30. The 
Constants of this coupling unit are so propor 
tioned as to permit a ready passage of a fourth 
harmonic current through the primary winding 
and Substantially rejecting voltages of this fre 
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pass only the voltages of fourth harmonic fre 
quency and hence the second harmonic voltage 
from the harmonic generator passes through 
the transformer coupling to the secondary Wind 
ing of the transformer which readily transmits 
voltages of this frequency. 

Resistor R and capacitor C of the coupling net 
work 2 are so proportioned as to shift the phase 
of the second harmonic Voltage 2F by Substan 
tially 90 degrees with respect to the second har 
monic voltages generated in the magnetometer 
windings. The purpose of this phase shift is to 
provide a two-phase voltage for driving motors 
37 and 38 as will be hereinafter more clearly de 
Scribed. 
The voltage of fourth harmonic frequency 4F 

coming from filter 3 is passed into the input cir 
cuit of a linear rectifier 4. This rectifier may be 
of any well-known form and provides a rectified 
direct current in its output circuit substantially 
proportional to the magnitude of its input volt 
age. This direct current is represented as ID 
which is the rectified direct current from the de 
tector channel and leaves the linear rectifier out 
put circuit by way of conductor. 23. 
The transverse and axial channels are identi 

cal in structure. The outputs of the second har 
nonic filters 5 and 9 in these two channels are 
applied to the input circuits of amplifiers 6 and 
20, respectively. It should be remembered that 
the output voltage from the detector magne 
tometer MD is relatively large compared with 
the output voltages from the transverse and 
axial magnetometers MT and MA, respectively. 
For this reason it is possible to operate directly 
a harmonic generator in the detector chan 
nel Without the need of previous amplification, 
Of Course it is obvious that amplification could 
be used if desired. However, in connection with 
the transverse and axial channels, these second 
harmonic voltages are relatively feeble and ordi 
narily require amplification. This is provided by 
the two amplifiers 6 and 20, the outputs of 
which are fed into the input circuits of parabolic 
rectifiers f and 27, respectively. 
A Well-knoWn property of a harmonic genera 

tor is that the amplitude of its second harmonic 
voltage is proportional to the square of the ampli 
tude of its fundamental frequency input voltage. 
Consequently in the detector channel, the ampli 
tude of the fourth harmonic frequency voltage 
from harmonic generator is proportional to 
the square of its input second harmonic fre 
quency Voltage. In this connection it must be 
kept in mind that the harmonic orders referred 
to in the preceding Sentence are with respect to 
the frequency F of Source . This is the means 

O 

70 

employed in the detector channel for producing a 
voltage proportional to the square of the second 
harmonic Woltage generated in the detector mag 
netometer. 
In the transverse and axial channels, squaring 

is achieved in the parabolic rectifiers and 2. 
It is a Well-known property of these rectifiers 
that their rectified output currents will be pro 
portional to the Square of the input voltages and 
in the transverse and axial channels; these cur 
rents are denoted IT and IA, respectively. To 
each of these rectified currents is added the sec 
Ond harmonic frequency component 2F which is 
always superimposed on the rectified current of 
these rectifiers. These currents are passed into 
coupling networks 8 and 22. The rectified cur 
rents IF and IA are passed through resistors in 

quency in the secondary Winding. Filter 3 will is these two networks and into an output circuit by 
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way of conductors 2 and 25, respectively. The 
voltages of second harmonic frequency are passed 
through the primary windings of the transform 
ers in coupling units 8 and 22 by way of resistors 
through obvious circuits. The secondary wind 
ing of each of these transformers has one termi 
nal grounded and the other terminal connected 
by way of conductors 3 and 32, respectively, to 
the orienting motor drive unit 4. These second 
ary windings, therefore, transmit the voltages of 
second harmonic frequency from the transverse 
and axial channels to the orienting unit 4 f. 
From the description just preceding, it is evi 

dent that the rectified currents D of the detector 
channel, T of the transverse channel and A 
from the axial channel are each proportional to 
the square of the output second harmonic volt 
ages coming from the three magnetometer units 
MD, Mr and MA and their sun is collected through 
conductor 26 by reason of the juncture of this 
conductor with connectors 23, 24 and 25 of the 
three channels into a total current which is pro 
portional to the sum of the squares of these three 
second harmonic voltages. 
A filter 27 may be designed to transmit either 

Only direct current or only direct current varia 
tions which take place at a rate within a pre 
determined range. In either event the output of 
this filter is fed through a low frequency band 
amplifier 28 or in the alternative a direct current 
anplifier and impressed on a direct current meter 
29. It is evident that if filter 27 and amplifier 28 
will each pass, direct current, that meter 29 will 
indicate a current proportional to the Sum of the 
Squares of the three Second harmonic output 
voltages from the three magnetometers and con 
Sequently proportional to the Square of the 
strength of the magnetic field vector H. If direct 
current meter 29 is calibrated to read the square 
root of its input voltage, then it can be made to 
read directly the strength of the magnetic field 
vector H. 

Filter 27 and amplifier 28 may be adapted to 
pass variations in direct current within a pre 
determined frequency range, that is to Say, the 
circuit constants thereof may be so proportioned 
as to preclude the transmission of very slow 
changes of direct current as well as relatively 
rapid ones but permit the transmission only of 
direct current variations between predetermined 
minimum and maximum values. In this event 
meter 29 will be caused to indicate variations in 
the magnitude of the field strength vector H which 
occur at a rate within a predetermined range. 
This latter circuit arrangement is particularly 
applicable where the system is to be mounted in 
an airplane and use for detecting Submarine or 
Subterranean magnetic anomalies. 
The fundamental frequency F from alternating 

current source is preferably of the order of one 
or two kilocycles per second, although it may be 
either higher or lower without departing from 
the invention. If the voltage of fundamental fre 
quency is of the order of one kilocycle per second, 
then the second harmonic coming from conduc 
tors 30, 3 and 32 into the orienting drive unit 4 
will be of the order of 2,000 cycles per second 
which is too high for operating ordinary power 
machinery such as motors 3 and 38. In order 
to drive these motors the frequency of these volt 
ages is reduced to a frequency 'f'' as shown adja 
cent the arrows in conductors 42, 43 and 44 and 
which nay, for example, be 60 cycles per Second. 
This is achieved by means of combined modula 
tors and amplifiers 33, 4 and which are pro 
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vided with an input voltage from alternating cur 
rent source of frequency equal to 2F-f. The 
second harmonic voltages coming from the detec 
tor, transverse and axial channels by way of con 
ductors 30, 3 and 2 are combined with the volt 
age output from alternating current source 36 in 
the modulator section of combined modulator 
amplifiers , 4 and 35 to produce the required 
voltage for driving the motors 3T and 38. 

It is to be remembered that the voltage supplied 
by conductor 30 from the detector channel is 
shifted in phase by 90 degrees by reason of resistor 
R and capacitor C in the coupling unit 2. This 
voltage is supplied to the input terminals of modu 
lator-amplifier 3 and the output difference fre 
quency voltage is applied to one pair of windings 
in motors 37 and 38 by way of conductor 42. The 
other phase windings in these two motors are 
individually supplied by way of conductors 43 and 
44 from their respective combined modulators and 
amplifiers 34 and 35, respectively. 
The Operation of the system as described above 

is as follows: The three magnetometers are each 
excited with voltages of fundamental frequency 
from alternating current source . The second 
harmonic voltages induced therein are trans 
mitted to their respective channels 4, 5 or 6 
wherein their amplitudes are Squared and recti 
fied outputs are delivered proportional to the 
Squares of the respective second harmonic volt 
ages. These rectified components are added to 
gether through conductor 26 and applied to an 
indicating instrument which indicates the mag 
nitude of the magnetic field in which the mag 
netometers are immersed. Woltages of second 
harmonic frequency are derived from each of the 
three channels 4, 5 and 6 by way of conductors 
30, 3 and 32. These second harmonic voltages 
are converted in frequency by the oscillator-mod 
ulator-amplifier arrangement 4. The second 
harmonic voltage from the detector channel after 
being converted in frequency is applied to one 
phase winding of each of motors 37 and 38 by way 
of conductor 42 and is displaced in phase 90 de 
grees with respect to the converted voltages com 
ing from amplifiers 34 and 35 by way of conduc 
tors 43 and 44. If the detector magnetometer 
Mo is in exact alignment with the magnetic field 
H, it necessarily follows that both the transverse 
and axial magnetometers Mr and MA are substan 
tially perpendicular to the direction of the mag 
netic field vector H and consequently have in 
duced therein no second harmonic voltages. 
Under this assumed condition there are no second 
harmonic voltages applied by way of conductors 
3 and 32 to amplifiers 34 and 35 so that both 
motors 37 and 38 are fed only with the single 
phase voltage from amplifier 33 and consequently 
do not rotate in either direction. 
On the other hand, should either the transverse 

magnetometer MT or the axial magnetometer MA 
form an angle other than 90 degrees with the di 
rection of the magnetic field, there will be induced 
therein a second harmonic voltage of magnitude 
and phase depending upon the magnitude and 
direction of angular displacement. Displacement 
of the transverse magnetometer will cause motor 

to rotate in one direction or the other to cor 
rect the displacement as the shaft of the motor 
37 is effectively coupled to the transverse mag 
netometer through a mechanical linkage 39. 
Also any displacement of the axial magnetometer 
will cause motor 38 to rotate in the proper direc 

s 
tion to cause a correction, the shaft of this motor 
being effectively coupled to the axial magnetom 
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eter through a mechanical linkage 40. The me 
chanical structure for these linkages may take 
most any well-known form of gimbal mechanism 
and one such form is illustrated in Fig. 11. An 
other gimbal mechanism capable of two degrees 
of rotational freedom to provide the same func 
tions is illustrated by the disclosure of United 
States Patent 2,027,393 to H. J. McCreary issued 
January 14, 1936. 

Referring now more particularly to Fig. 11 it 
Will be noted that the three magnetometers are 
mounted with their axes in mutual perpendicular 
relationship as is shown in Fig. 3, that motor 37 
may, through a belt means 39 and pulley 39, 
rotate the transverse magnetometer MT about a 
mechanical axis normal to its principal magnetic 
axis and that notor 38 may, through a gear means 
40, rotate the axial magnetometer MA about a 
mechanical axis normal to its principal magnetic 
axis. It is thus evident that the axial and trans 
verse magnetometers are rotated by their respec 
tive motors about mutually perpendicular me 
chanical axes and that the detector magnetom 
eter MD will be thus Oriented into alignment with 
the direction of the field vector H in the manner 
previously described. In Fig. 11 the electrical 
windings and connections shown in Fig. 3 have 
been deleted for clarity. If Smaller angular cor 
rections only are required the connections may be 
made through flexible cables but if large angular 
rotations are necessary the connections must be 
taken through conventional slip rings which are 
well known in the art and commonly used for this 
purpose. 

Fig. 12 shows an alternative form of rotor 
mount for the magnetometers and is similar to 
a mount disclosed in the aforementioned copend 
ing application of T. Slonczewski. The only real 
difference between this figure and Fig. 11 is that 
the three magnetometers are each displaced with 
respect to the axis of rotation of the rotor or, 
Stated otherwise, the mechanical axis is not co 
axial with the magnetic axis of the axial magne 
tometer and does not intersect any magnetic 
axis. The magnetometers, however, still have 
their magnetic axes mutually perpendicular so 
that the magnetic action is obviously identical to 
that already described. In this connection it 
may also be observed that any one of the mag 
netometers may be positioned anywhere else 
about the support or anywhere within it providing 
its principal magnetic axis is kept normal to each 
of the planes in which the other two lie thereby 
retaining the mutually perpendicular relationship 
previously described as essential to the successful 
operation of the system. They are herein dis 
closed positioned on the three conventional 
Cartesian coordinate axes merely to simplify the 
description. 

Fig. 4 shows in more detail the harmonic gen 
erator, amplifier and rectifier circuit for the de 
tector, transverse and axial channels 4, 5 and 6 
of Fig. 3. For example, the detector channel 4 
of Fig. 4 comprises the filter 0, harmonic gen 
erator , coupling network 2, filter 3 and linear 
rectifier 4, all of which are shown Schematically 
in the same order in Fig. 3. The harmonic gen 
erator i? may be of any of the well-known types 
and the circuits specifically shown in Fig. 4 are 
illustrative of those which may be used in con 
nection with a pentode. The circuit constants 
are so chosen as to cause the Second harmonic 
input voltage coming from filter ?o to generate 
and transmit the fourth harmonic to the output 
circuit. A more detailed explanation of the 
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O 
theory and method whereby such harmonics are 
generated may be found in the first edition of 
The Thermionic Wacuum Tube and Its Applica 
tion, by H. J. Wan der Bijl, page 168. It will be 
remembered from the previous discussion that 
the Output of this harmonic generator will con 
tain a second harmonic component, the ampli 
tude of which is equal to the square of the ampli 
tude of its input fundamental frequency. Since 
the input fundamental frequency is actually the 
Second harmonic of the frequency of the alter 
nating current supply of Fig. 3, this output har 
monic is referred to as the fourth harmonic, 
This fourth harmonic output voltage is carried 
through the primary of the transformer in coul 
pling network 2 and passed by the filter 3 into 
the linear rectifier 4. Here again the circuit 
may be of any well-known form. However, the 
principal requirement for the circuit in the form 
ShoWn is that the cathode resistor O should be 
relatively high, for example, in the order of 
100,000 ohms. The remaining circuits are quite 
Conventional for pentode tubes. It is to be re 
membered that the direct current output of this 
linear rectifier is proportional to the square of 
the second harmonic delivered from the detector 
magnetometer by reason of the fact that the am 
plitude of the input voltage to the linear rectifier 
4 was Squared by the action of the harmonic 

generator . 
In addition to the fourth harmonic output from 

the harmonic generator if it also amplifies and 
delivers into its output circuit some of the input 
Second harmonic voltage applied to its control 
grid. AS previously stated, this second harmonic 
voltage is readily passed through the transformer 
in network 2, is shifted in phase by reason of 
the phase shifting network comprising resistor R. 
and capacitor C and carried to the Orienting drive 
circuit of Fig. 3 by way of conductor 30. 

In the transverse channel 5 of Fig. 4 there is 
shown the filter 5, amplifier 6, parabolic recti 
fier 7 and coupling network 8. Amplifier 6 
may be of any conventional form, the circuits 
herein specifically disclosed being only suggestive. 
The cathode resistor is made variable to adjust 
the amplifier gain so that the effective sensitivity 
of the transverse channel may be made the same 
as the detector channel sensitivity. This makes 
the constant K of Equation 1 the same for these 
channels. It is to be remembered that due to 
the orienting function of the orienting system 
of this invention the transverse and axial mag 
netometers have their principal axes normally 
at right angles with the direction of the mag 
netic field. Consequently, the second harmonic 
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generated in either the transverse or axial mag 
netonnetter due to slight variations from the right 
angle relationship is relatively feeble and there 
fore amplifiers f6 and 20 are advisable, The out 
put of amplifier 6 is still of Second harmonic fre 
quency and is applied to the input circuit of a 
parabolic rectifier f7. The theory of square law 
or parabolic rectification is well known and for 
further theoretical discussion reference may be 
made to the Electrical Engineers Handbook, third 
edition, volume 5, by Pender-McIlwain, section 
7, page 115. Briefly, however, it may be stated 
that the cathode resistor O2 is of such magnitude 
as to produce a bias voltage on the control grid 
sufficient to bring the output plate current into 
the lower curved portion of is characteristic. 
The relative magnitudes of all the circuit param 
eters are so adjusted that a portion of the char 
acteristic curve is selected to produce an output 
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direct current component proportional to the 
square of the input alternating current voltage. 
The output of this parabolic rectifier is car 
ried into the coupling network 8 through which 
the direct current component is carried to con 
ductor 2. The parabolic rectifier. also de 
livers some second harmonic output, that is, an 
output of frequency equal to the second harmonic 
of the frequency of source . This output is 
carried through the transformer of network 8 
and delivered to the orienting circuit 4 of Fig. 3 
by way of conductor . . 

circuits of the axial channel 6 are ident 
cal with those just described for the transverse 
channel 5. The direct current supply for all of 
the tubes in Fig. 4 is from source 03. This 
source provides suitable screen grid and plate 
voltages through obvious circuits. 
The circuits of the filter 27 and low frequency 

band amplifier 28 of Fig. 3 are shown in greater 
detail in Fig. 5. For the purpose of showing one 
complete embodiment of the invention it will be 
noted that the circuits of filter 2 are in the 
form of a low frequency band filter. Referring 
for the moment again to Fig. 4 it will be noted 
that the output circuits of the linear rectifier 4 
and parabolic rectifiers T and 2 do not provide 
for segregation of the plate Supply voltage from 
the direct current output to conductor 26. This 
is because the circuits shown in Fig. 4 are Spe cially designed for efficiently showing variations 
in the rectified output which take place at a rate 
within a predetermined range. Proper segrega 
tion, however, is achieved by the filter network 

of Fig. 5 by reason of the inclusion of con 
densers 104 and 105. It will be obvious from 
the configuration of filter 27 that steady direct 
current voltages applied to conductor 26 are 
blocked from transmission by condenser O5, 
while variations in a direct current voltage ap 
plied to conductor 26 will be transmitted through 
the filter. It will also be obvious that by a proper 
selection of resistances and capacities for this 
filter network a very large attenuation Will be 
provided for rapid changes in the direct current 
supplied to conductor 26. Consequently, within 
a predetermined range determined by the circuit 
constants of filter 27 direct current voltage vari 
ations applied to conductor 26 will be transmitted 
through filter 27 to the phase inverter network 
o6 of the low frequency band amplifier 28. 
The output of phase inverter 06 is applied to 

the input circuit of a two-stage balanced ampli 
fier comprising stages 0 and O8. The coupling 
between the phase inverter and these two stages 
is by the well-known resistance capacity coul 
pling. In addition to this usual coupling, how 
ever, filter condensers 09 and 0 are also ap 
plied across the output circuits of the phase in 
verter Os and across the output circuits of the 
first stage 07 of the two-stage amplifier. These 
condensers are relatively large and may be of 
the order of 4 microfarads. These filter con 
densers aid in the suppression of any harmonics 
and permit the transmission only of low fre 
quency direct current variations. It may be 
stated that they are in the nature of an added 
precaution to insure that only the low frequency 
direct current variations will be transmitted to 
the meter 29 which is connected to the output 
circuit of the last stage 08 of the two-stage am 
plifier. With the circuit shown in Fig. 5, it will 
be apparent that the direct current meter 29 will 
indicate not only the magnitude of the direct 
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this purpose for the specific circuit shown it is 
preferable that meter 29 be of the zero center 
type. 

In Fig. 3 the orienting amplifiers and modula 
tors were shown in block form within rectangle 
4 f. One form of circuit arrangement capable of 
producing the function schematically represented 
in Fig. 3 is shown in Fig. 6. While these circuits 
may be described in some detail they should 
nevertheless be regarded as illustrative only as 
many other amplifier and modulator circuit ar 
rangements are well known in the art and may 
be substituted for those herein specifically de 
scribed. Referring again to Fig. 3 it will be noted 
that the second harmonic output of the detector 
transverse and axial channels are carried to the 
orienting amplifier and modulator 4 by way of 
conductors 30, 3 and 32, respectively. These 
conductors are also shown coming from the more 
detailed circuit diagram for the detector trans 
verse and axial channels shown in Fig. 4. In Fig. 
6 these three conductors 30, 3 and 32 are shown 
coming down from the upper part of the diagram 
and applied to the input circuit of each of three 
amplifiers. For example, conductor 30 is con 
nected to the input circuit of amplifier . It 
should be remembered that the function of this 
combined amplifier and modulator is to change 
the frequency of the second harmonic down to a 
lower frequency, for example, 60 cycles per sec 
Ond for operating the orienting motors 37 and 
38 shown in Fig. 3. This is accomplished in Fig. 
6 by means of modulating the voltage of second 
harmonic frequency 2F with a voltage of fre 
quency 2F-f. This latter frequency is provided 
by oscillator 36 shown both in the rectangle 4f of 
Fig. 3 as well as in Fig. 6. These two voltages are 
combined in modulator 2 by carrying the volt 
age of second harmonic frequency 2F to one of 
the control grids of modulator f2 through cou 
pling condenser f 3 and carrying the other volt 
age from oscillator 36 to another control grid of 
modulator if 2 through an obvious circuit. The 
operation of these electron coupled modulators is 
well known in the art and requires no further 
description. 
The voltage of difference frequency “f” is car 

ried from the plate of modulator f2 through re 
sistor 4, coupling capacitor 7 to the grid cir 
cuit of amplifier 8. Condensers f 15 and f {6 act 
as filters to prevent the transmission of the higher 
frequency components and permit the passage 
only of the lower difference frequency 'f.' ' The 
output of amplifier 8 is carried through capaci 
tor 20 to potentiometer 2 from which it is ap 
plied to the control grid of a driver tube 22. 
Plate resistor 23 and cathode resistor f24 of 
driver tube 22 are of equal magnitude so that 
the plate and cathode voltages will shift with re 
spect to ground by the same amount but of oppo 
site sense due to variations in voltage on the 
driver control grid. These voltage variations are 
transmitted through a conventional resistance 
capacitor network to the control grids of the bal 
anced power amplifier tubes 25 and 26. The 
output of these tubes is transformer coupled 
through transformer 27 to motor lead 42 which 
is connected to one of the phase windings of each 
of the motors 37 and 38 as shown in Fig. 3. In 
the secondary circuit of transformer 2 will be 
found a filter condenser f28 to prevent the trans 
mission of any second harmonic voltages. Also 
in the secondary circuit is a neon tube 29 which 
provides a convenient means of indicating the 

current variation but also its direction and for presence of a second harmonic voltage in the de 
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tector magnetometer M. This neon tube, to 
gether with similar tubes in the transverse and 
axial magnetometer channels, furnishes assif 
ance that the circuits are functioning propely. 

is to be remembered that by reason of the 
orientation of the three magnetometers so that 
the detector magnetometer is kept in substanial 
alignment with the magnetic field while the 
transverse and axial magnetometers are each 
kept with their principal axes substantially pe 
pendicular to the direction of the magnetic field 
substantially all of the output from the three 
magnetometers is derived from the detector nar 
netometer while the transverse and axial mag 
netometers deliver only a very Small amount of 
the energy or none at all. For this reason the 
power amplifier stage of te modulator-amplifier 
network just described is designed for delivering 
a great deal more power than the modulator 
amplifier networks for the transverse and axial 
magnetometers. The power amplifier stage in the 
network just described comprises two tubes. 25 
and 26 connected in push-pull relationship. The 
power amplifier stage for the transverse magne 
tometer comprises tube 14t as shown in Fig. 6. 
The modulator and amplifier networks for the 

transverse and axial magnetometers are identical 
and a description of the transverse magnetometer 
network will apply to the axial magnetometer 
network with equal force. The second harmonic 
output derived from network 8 of Fig. 3 is trans 
litted from the transverse magnetometer chan" 
helby way of conductor 3 f to the amplifier 
modulator network 4 f. In Fig. 6 conductor 3 is 
shown coming from the upper part of the dia 
gram around to the left and into the input cir 
cuits of amplifier 30. After amplification this 
second harmonic voltage of frequency 2F is ap 
plied to potentiometer 33 through coupling Con 
denser. 32. The slider of potentiometer 33 is 
connected to one of the control grids of modula 
tortube 3. The output of oscillator S6 is COIl 
nected to another control grid of modulator 3. 
in the same manner as it was connected in the 
detector channel. The functions of amplifier 30 
and modulator 31 as well as these of condensers 
35, 36, 3T and resistor 34 are the same as for 
corresponding parts just described in connection 
with amplifier and modulator 2. The re 
sult is that a voltage of difference frequency f S 
transmitted to the control grid of an amplifier 
38 which corresponds with amplifier 8. The 
output of this amplifier is fed directly to the 
power amplifier 4 through coupling condenser 
40. A capacitor 39 is connected to the output 

circuit of amplifier 38 to filter any higher har 
monics which may attempt to pass into the power 
amplifier 4. The output of power amplifier 4. 
is transformer coupled through transformer 42 
to the output lead 43 which is connected to the 
transverse orienting motor 37 as shown in Fig. 3. 
Condenser 45 and neon tube 46 perform the 
same function as the corresponding parts 28 
and 29 of the detector channel previously de 
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scribed. The two-stage amplifier comprising 
tubes 33 and 4 are provided with some feed 
back through a feedback condens3r 44 connected 
to the upper end of the secondary of transformer 
42 back to the control grid of amplifier 38. 
This circuit also provides a path for the feedback 
of the counter-electromotive force from the 
notor to increase the motor drive stability and 
preclude hunting. The screen grid of power am s 

14 
plifier 4 is supplied with a suitable positive 
voltage through filter network? 43 from the power 
supply T. In this connection it may be stated 
that the screen and suppressor grids in not only 
the power amplifier tube 4f but also the modula 
tor tubes 2 and 3 and the power amplifier 
tubes 25 and 26 are connected in conventional 
manner and require no detailed description. 
The second harmonic output from the axial 

channel 6 of Fig. 3 is transmitted by way of con 
ductor 32 to the corresponding amplifier-modu 
lator network shown in Fig. 6 which is identical 
with those just described for the transverse 
channel. The output from this network is trans 
mitted by way of conductor 44 shown in both 
Figs. 6 and 3 to the axial orienting motor 38 
shown in Fig. 3. 

In Fig. 6 power supply T supplies all of the 
energy for all of the electrodes in all of the tubes 
shown. The power supply for the plates and the 
various bias potentials for the grids are clearly 
shown and while detailed circuits are not shown 
for the cathode heaters these circuits are entirely 
conventional and the energy may be taken from 
Source 47 as is well known. This statement also 
applies to the vacuum tube circuits of all of the 
previously described circuits. 

It is to be remembered in connection with Figs. 
3 and 4 that the voltage of second harmonic fre 
quency is derived from the detector channel 4 
and transmitted by way of conductor 30 to the 
modulator-amplifier network 4 to be applied to 
one of the phase windings of each of motors 37 
and 38 by Way of conductor 42. It is also to be 
remembered that this voltage is shifted in phase 
by reason of the resistance capacity network R, 
C of the coupling network 2 in the detector chan 
nel ... While this is a convenient method of ob 
taining this second harmonic voltage, it is clearly 
obvious to all those skilled in this art, that it is 
not essential that the voltage be derived from 
the detector channel. In fact it may be derived 
directly from source instead of from the detec 
tor channel and the harmonic generator of 

3 the detector channel 4 may be coupled directly 
to the filter 3, thereby eliminating the coupling 
network 2. 
By way of showing specific examples of other 

means of obtaining this second harmonic voltage 
properly shifted in phase for operating motors 
3 and 38, reference may be made to Figs. 7, 8, 9 
and 10. In Fig. 7, for example, the voltage of 
fundamental frequency F coming from source , 
amplified by amplifier 2 and transmitted to filter 
3 may also be transmitted to a transformer 45 as 
shown. The secondary circuit of transformer 45 
may be applied to a pair of diodes connected in 
balanced relation. These diodes 46 and 4 have 
connected in their common leg a network 48 
tuned to the second harmonic frequency. It is 
well known that diode circuits of this type will 
generate a number of harmonics including the 
Second harmonic. One side of the tuned net 
Work 48, for example the side connected to the 
cathode, may be connected to ground while the 
other side may be connected through the phase 
shifting network comprising resistor R, and ca 
pacitor C to conductor 30, which is connected 
to amplifier 33 of Fig. 3. The function of re 
sistor R and capacitor C is identical with that 
previously described for coupling network 2 in 
Fig. 3 and the operation will be obvious from the 
description previously given. ; 
In Fig. 8 the output of fundamental frequency 

F" is again taken from the output of amplifier 2 
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and applied to a saturable core reactor 49. This 
reactor is polarized by means of permanent mag 
nets 50 and 5... It is well known that a structure 
of this type which contains an unsymmetrical 
magnetic field will develop a series of harmonics 

- including the second harmonic 2F. This second 
harmonic voltage may be taken from the reactor 
through a secondary winding which is connected 
to filter 52 adapted to pass only the second har 
monic. The output of this filter is transmitted 
to conductor 30 through the phase shifting net 
work resistor R and capacitor C. Conductor 
is connected to amplifier 33 of Fig. 3 as previously 
described and the operation is obvious in the light 
of the previous description. 
In Fig. 9 a second harmonic is generated in the 

last stage of amplifier 2 and the pertinent por 
tion of the network is shown in sufficient detail 
to illustrate the invention. It is well known that 
power stages may easily be caused to generate 
harmonics and that a voltage of second harmonic 
frequency is easily developed in the common leg 
of a balanced amplifier. Actually the second 
harmonic may be derived either from the screen 
grid electrode or from the anode circuit. In Fig. 
9 the second harmonic is generated in the com 
mon leg of the anode circuit. The two amplifier 
tubes 53 and 58 are shown in the form of pentodes 
the screen grids of which are provided with suit 
able positive bias through resistor 57. The plates 
are provided with direct current through the coll 
of network 55 and the primary of transformer 
58. Network 55 is tuned to the second harmonic 
frequency 2F. The left-hand side of this net 
work is capacity coupled to ground through an 
obvious circuit while the right-hand end of this 
circuit is connected to the phase shifting network 
R., C and finally to conductor 30 and to amplifier 
33 of Fig. 3 as previously described. From the 
previous description the operation of this circuit 
is clearly evident to all skilled in the art. 
The operation of Fig. 10 is essentially ident 

cal to that described for Fig. 9. In this case, 
however, the tuned network is connected in the 
screen grid circuit rather than in the anode cir 
cuit. In this case the right-hand end of the 
tuned network 55 is capacity coupled to ground 
through condenser 58, while the left-hand end 
of the tuned network 55 is connected to the phase 
shifting network comprising resistor R and 
capacitor C as before. This second harmonic 
voltage after being shifted in phase is transmit 
ted to amplifier 33 of Fig. 3 by way of conductor 
30 as previously described. In all of these Figs. 
7 to 10, inclusive, a source of fundamental fre 
quency voltage , amplifier 2 and filter 3 cor 
respond with the source , amplifier 2 and filter 
of Fig. 3. 

It may be noted that for the system shown in 
Fig. 3 wherein the common phase voltage for the 
two motors 37 and 38 is derived from coupling 
network 2 in the detector channel 4, a possible 
ambiguity may exist in that the orienting system 
is unable to distinguish between having the de 
tector magnetometer directly in line with the 
magnetic field, or 180 degrees from the initial 
alignment position. That is to say, the system 
will operate in such a manner that should the 
angle 8 as indicated in Fig. 2 be less than 90 de 
grees the detector magnetometer will be brought 
back to its original position. However, should 
the angle 8 become greater than 90 degrees the 
phases of the voltages in both the detector and 
the transverse channels will reverse and cause 
the orienting motors to drive the detector mag 
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netometer into alignment with the field but 180 
degrees from its original position. While this 
condition should theroretically produce no diff 
culty, as a practical matter it is undesirable when 
making absolute measurements in the magnetic 
field strength since perfect electrical and me 
chanical Symmetry is impossible of achievement. 
This difficulty is easily obviated by providing the 
phase voltage common to the two motors 37 and 

from a separate circuit associated with source 
instead of taking it from the detector channel 

as indicated in Fig. 3. For this purpose any of the 
arrangements shown in FigS. 7, 8, 9 and 10 or their 
equivalents may be used. When this is done it 
is evident that the phase of the voltage common 
to the windings in motors 37 and 38 will not shift 
irrespective of the position taken by the mag 
netometer. Under this condition it is immaterial 
what position the magnetometers take in the 
magnetic field. The detector magnetometer will 
always be brought back to the same initial posi 
tion. For example, referring again to Fig. 1 where 
the axial magnetometer is shown at an angle a 
from the direction of the field, it is clear that 
since the Second harmonic voltage generated in 
this magnetometer is proportional to the cosine 
of the angle a between its principal axis and the 
direction of the magnetic field that the cosine will 
be negative for all angles between 90 degrees and 
270 degrees and positive for all angles between 
--90 degrees and -90 degrees. A theoretical dead 
center will exist only when the angle 8 of Fig. 2 is 
exactly 180 degrees (when the angle a of Fig. 1 is 
270 degrees). This, however, is of no practical 
significance since a very slight movement of the 
magnetometer System will produce a small Sec 

40 

ond harmonic voltage of one phase or the other 
and immediately cause rotation to the original 
normal position which for the axial magnetome 
ter is 90 degrees with respect to the direction of 
the magnetic field. It is therefore evident that 
to derive the phase voltage common to the two 
motors from a means other than the detector 
channel is of considerable advantage for high 
precision measurements and very sensitive detec 
tion. 

56 
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Ts. 

While some rather specific and detailed circuits 
have been shown for Some of the elements of the 
broad combination disclosed in Fig. 3, it is clearly 
evident to those skilled in the art that many 
variations of the specific circuits described may 
be employed to achieve the same results. It is 
also to be understood that this invention is not 
limited to these specific circuits but that it in 
cludes any reasonable equivalents which may be 
substituted for the various component parts. 
shown in the broad combination in Fig. 3. Also, 
while the second harmonic generated in the mag 
netometers has been utilized in the specific emi 
bodiment herein disclosed it is obvious that any 
one of the other even order harmonics could be 
used. The second harmonic is preferred because 
it simplifies the filter problem since the higher 
order harmonics are increasingly more difficult 
to separate. 
What is claimed is: 
1. A magnetic field strength measuring system 

comprising in combination three magnetometers 
having their principal magnetic axes mutually 
perpendicular, each magnetometer comprising a 
length of magnetic material with electric wind 
ings thereon which are energized with an alter 
nating current of fundamental frequency to gen 
erate a voltage of second harmonic frequency 
therein proportional to the product of the field 
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strength and the direction cosine of the angle 
formed by the principal magnetic axis of each 
magnetometer with the direction of the magnetic 
field to be measured, an electromechanical orient 
ing system therefor comprising two reversible 
electric motors one for each of two of said mag 
netometers, a mechanical linkage from each of 
said notors to its associated magnetometer 
whereby the motors may rotate their associated 
magnetometers around mutually perpendicular 
axes, an electric circuit coupling each of said tWO 
magnetometers to its associated electric motor 
whereby each motor is caused to rotate in re 
sponse to the magnitude and phase of the second 
harmonic voltage generated in its associated mag 
netometer to maintain the principal axes of said 
two magnetometers substantially normal to the 
direction of the magnetic field, and the principal 
axis of the third magnetometer in substantial 
alignment with said field, and an electric squar 
ing means for squaring the amplitudes of the 
second harmonic voltages generated in the three 
magnetometers, a separate rectifier for each of 
the squared voltages, a circuit combining into One 
current the direct current from each of said rec 
tifiers, and an indicator responsive to the con 
bined direct current, 

2. A magnetic field strength measuring system 
comprising in combination three magnetometers 
having their principal magnetic axes mutually 
perpendicular, each magnetometer comprising a 

, length of magnetic material with electric wind 
ings thereon which are energized with an alter 
nating current of fundamental frequency to gen 
erate a voltage of second harmonic frequency 
therein proportional to the product of the field 
strength and the direction cosine of the angle 
formed by the principal magnetic axis of each 
magnetometer with the direction of the mas 
netic field to be measured, an electromechanical 
orienting system therefor comprising two two 
phase electric motors one for each of two of Said 
magnetometers, a mechanical linkage from each 
of said motors to its associated magnetometer 
whereby the motors may rotate their associated 
magnetometers around mutually perpendicular 
axes, a source of alternating current of frequency 
exactly equal to said second harmonic frequency 
coupled to one of the phases of each of said no 
tors, an electric circuit coupling each of Said 
two magnetometers to the remaining phase of its 
associated electric motor whereby each motor is 
caused to rotate in response to the magnitude 
and phase of the second harmonic voltage gen 
erated in its associated magnetometer to main 
tain the principal axes of said two magnetone 
ters substantially normal to the direction of the 
magnetic field and the principal axis of the third 
magnetometer in substantial alignment with said 
field, and an electric squaring means for squar 
ing the amplitudes of the second harmonic volt 
ages generated in the three magnetometers, a 

therein proportional to the product of the field 
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separate rectifier for each of the squared volt . 
ages, a circuit combining into one current the di 
rect current from each of said rectifiers, and 
an indicator responsive to the combined direct 
current. 

3. A magnetic field strength measuring system 
comprising in combination three magnetometers 
having their principal magnetic axes mutually 
perpendicular, each magnetometer comprising a 
length of magnetic material with electric wind 
ings thereon which are energized with an alter 
nating current of fundamental frequency to gen 
erate a voltage of second harmonic frequency 

strength and the direction cosine of the angle 
formed by the principal magnetic axis of each 
magnetometer with the direction of the mag 
netic field to be measured, an electromechanical 
orienting system therefor comprising two two 
phase electric motors one for each of two of said 
magnetomers, a mechanical linkage from each 
of Said motors to its associated magnetometer 
Whereby the motors may rotate their associated 
magnetometers around mutually perpendicular 
axes, an electric circuit coupling the third of said 
magnetometers to one of the phases of each of 
Said notors, another electric circuit coupling each 
of Said two magnetometers to the remaining 
phase of its associated electric motor whereby 
each motor is caused to rotate in response to the 
magnitude and phase of the second harmonic 
Voltage generated in its associated magnetometer 
to maintain the principal axes of said two mag 
netometers substantially normal to the direction 
of the magnetic field and the principal axis of 
the third magnetometer in substantial alignment 
with said field, and an electric squaring means 
for squaring the amplitudes of the second har 
monic voltages generated in the three magnetom 
eters, a separate rectifier for each of the squared 
Voltages, a circuit combining into one current 
the direct current from each of said rectifiers, 
and an indicator responsive to the combined di 
rect current. 

4. A magnetic field strength measuring system 
comprising in combination three magnetometers 
having their principal magnetic axes mutually 
perpendicular, each magnetometer comprising a 
length of magnetic material with electric wind. 
ings thereon which are energized with an alter 
nating current of fundamental frequency to gen 
erate a voltage of second harmonic frequency 
therein proportional to the product of the field 
strength and the direction cosine of the angle 
formed by the principal magnetic axis of each 
magnetometer with the direction of the magnetic 
field to be measured, an electromechanical ori 
enting system therefor comprising two two-phase 
electric motors one for each of two of said mag 
netomers, a mechanical linkage from each of 
said motors to its associated magnetometer 
whereby the motors may rotate their associated 
magnetometers around mutually perpendicular 
axes, an electric circuit including a phase shift 
network coupling the third of said magnetom 
eters to one of the phases of each of said motors, 
another electric circuit coupling each of said two 
magnetometers to the remaining, phase of its 
associated electric motor whereby each motor is 
caused to rotate in response to the magnitude 
and phase of the second harmonic voltage gen 
erated in its associated magnetometer to main 
tain the principal axes of said two magnetom 
eters substantially normal to the direction of the 
magnetic field and the principal axis of the third 
magnetometer in substantial alignment with said 
field, and an electric Squaring means for squar 
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ing the amplitudes of the second harmonic volt 
ages generated in the three magnetometers, a 
separate rectifier for each of the squared volt 
ages, a circuit combining into one current the 
direct current from each of said rectifiers, and 
an indicator responsive to the combined direct 
current. 

5. A magnetic field strength measuring system 
comprising in combination three magnetometers 
having their principal magnetic axes mutually 
perpendicular, each magnetometer comprising a 
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length of magnetic material with electric wind 
ings thereon which are energized with an alter 
nating current of fundamental frequency to gen 
erate a voltage of second harmonic frequency 
therein proportional to the product of the field 
strength and the direction cosine of the angle 
formed by the principal magnetic axis of each 
magnetometer with the direction of the magnetic 
field to be measured, an electromechanical orient 
ing system therefor comprising two two-phase 
electric motors, one for each of two of said mag 
netometers, a mechanical linkage from each of 
said motors to its associated magnetometer 
whereby the motors may rotate their associated 
magnetometers around mutually perpendicular 
axes, an electric circuit including a phase shift 
network with resistive and reactive components 
of relative magnitudes capable of shifting the 
phase by substantially 90 degrees, coupling the 
third of said magnetometers to one of the phases 
of each of said motors, another electric circuit 
coupling each of said two magnetometers to the 
remaining phase of its associated electric motor 
whereby each motor is caused to rotate in re 
sponse to the magnitude and phase of the second 
harmonic voltage generated in its associated 
magnetometer to maintain the principal axes of 
said two magnetometers substantially normal to 
the direction of the magnetic field, and the prin 
cipal axis of the third magnetometer in substan 
tial alignment with said field, and an electric 
squaring means for squaring the amplitude of the 
second harmonic voltages generated in the three 
magnetometers, a separate rectifier for each of 
the squared voltages, a circuit combining into one 
current the direct current from each of said reca 
tifiers, and an indicator responsive to the com 
bined direct current. 

6. A magnetic field strength measuring system 
comprising in combination three magnetometers 
having their principal magnetic axes mutually 
perpendicular, each magnetometer comprising a 
length of magnetic material with electric wind 
ings thereon which are energized with an alter 
:nating current of fundamental frequency to ger 
erate a voltage of second harmonic frequency 
therein proportional to the product of the fieid 
strength and the direction cosine of the angle 
formed by the principal magnetic axis of each 
magnetometer with the direction of the magnetic 
field to be measured, an electromechanical orient 
ing system therefor comprising two two-phase 
electric motors one for each of two of said mag 
netometers, a mechanical linkage from each of 
said motors to its associated magnetometer 
whereby the motors may rotate their associated 
magnetdimeters around mutually perpendicular 
axes, a second harmonic generator connected to 
said source of alternating current of fundamental 
frequency, an electric circuit coupling said sec 
ond harmonic generator to one of the phases of 
each of said motors, another electric circuit cou 
pling each of said two magnetometers to the 
remaining phase of its associated electric motor 
whereby each notor is caused to rotate in re 
sponse to the magnitude and phase of the second 
harmonic voltage generated in its associated 
magnetometer to maintain the principal axes of 
said two magnetometers substantially normal to 
the direction of the magnetic field and the prin 
cipal axis of the third magnetometer in substan 
tial alignment with said field and always aligned 
in the same direction with respect to the direc 
toa of the field, and an electric squaring means 
for squaring the amplitudes of the second har 
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monic voltages generated in the three magne 
tometers, a separate rectifier for each of the 
Squared voltages, a circuit combining into one 
current the direct current from each of said rec 
tifiers, and an indicator responsive to the com 
bined direct current. 

7. A magnetic field strength measuring system 
comprising in combination three magnetometers 
having their principal magnetic axes mutually 
perpendicular, each magnetometer comprising a 
length of magnetic material with electric wind 
ings thereon which are energized with an alter 
nating current of fundamental frequency to gen 
erate a voltage of second harmonic frequency 
therein proportional to the product of the field 
strength and the direction cosine of the angle 
formed by the principal magnetic axis of each 
magnetometer with the direction of the magnetic 
field to be measured, an electromechanical orient 
ing system therefor comprising two two-phase 
electric motors, one for each of two of said mag 
netometers, a mechanical linkage from each of 
said motors to its associated magnetometer 
whereby the motors may rotate their associated 
magnetometers around mutually perpendicular 
axes, a Second harmonic generator including a 
phase shift network connected to said source of 
alternating current of fundamental frequency, 
an electric circuit Coupling said Second harmonic 
generator to one of the phases of each of said 
motors, another electric circuit coupling each of 
said two magnetometers to the remaining phiase 
of its associated electric motor whereby each 
motor is caused to rotate in response to the mag 
nitude and phase of the Second harmonic voltage 
generated in its associated magnetometer to 
maintain the principal axes of said two magne 
tometers substantially normal to the direction of 
the magnetic field and the principal axis of the 
third magnetometer in substantial alignment 
with said field and always aligned in the same di 
rection with respect to the direction of the field, 
and an electric squaring means for squaring the 
amplitudes of the second harmonic voltages gen 
erated in the three magnetometers, a separate 
rectifier for each of the squared voltages, a cir 
cuit combining into one current the direct cur 
rent from each of said rectifiers, and an indicator 
responsive to the combined direct current. 

8. A magnetic field strength measuring system 
comprising in combination three magnetometers 
having their principal magnetic axes mutually 
perpendicular, each magnetometer comprising a 
length of magnetic material with electric wind 
ings thereon which are energized with an alter 
nating current of fundamental frequency to gen 
erate a voltage of second harmonic frequency 
therein proportional to the product of the field 
strength and the direction cosine of the angle 
formed by the principal magnetic axis of each 
magnetometer with the direction of the magnetic 
field to be measured, an electromechanical ori 
enting system therefor comprising two two-phase 
electric motors one for each of two of said mag 
netometers, a mechanical linkage from each of 
said motors to its associated magnetometer 
whereby the motors may rotate their associated 
magnetometers around mutually perpendicular 
axes, a second harmonic generator including a 
phase shift network with resistive and reactive 
components of relative maagnitudes capable of 
shifting the phase by substantially 90 degrees 
connected to said source of alternating current of 
fundamental frequency, an electric circuit cou 
pling said second harmonic generator to one of 
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the phases of each of said motors, another elec 
tric circuit coupling each of said two magneton 
eters to the remaining phase of its associated 
electric motor whereby each motor is caused to 
rotate in response to the magnitude and phase 
of the second harmonic voltage generated in its 
associated magnetometer to maintain the prin 
cipal axes of said two magnetometers substan 
tially normal to the direction of the magnetic 
field and the principal axis of the third mag 
netometer in substantial alignment with Said field 
and always aligned in the same direction with 
respect to the direction of the field, and an elec 
tric squaring means for squaring the amplitudes 
of the second harmonic voltages generated in the 
three magnetometers, a separate rectifier for each 
of the squared voltages, a circuit combining into 
one current the direct current from each of Said 
rectifiers, and an indicator responsive to the corn 
bined direct current. 

9. A magnetic field strength measuring system 
comprising in combination three magnetometers 
having their principal magnetic axes mutually 
perpendicular, each magnetometer comprising a 
length of magnetic material with electric wind 
ings thereon which are energized with an alter 
nating current of fundamental frequency to gen 
erate voltages of even order harmonic frequen 
cies therein each of magnitude proportional to 
the product of the field strength and the direc 
tion cosine of the angle formed by the principal 
magnetic axis of each magnetometer with the 
direction of the magnetic field to be measured, 
an electromechanical orienting system therefor 
comprising two reversible electric motors one for 
each of two of said magnetometers, a mechani 

O 

5 

20 

25 

30 

35 

cal linkage from each of said motors to its as 
sociated magnetometer whereby the motors may 
rotate their associated magnetometers around 
mutually perpendicular axes, an electric circuit 
coupling each of said two magnetometers to its 
associated electric motor whereby each motor is 
caused to rotate in response to the magnitude 
and phase of a selected one of said even order 
harmonic voltages generated in its associated 
magnetometer to maintain the principal axes of 
said two magnetometers substantially normal to 
the direction of the magnetic field, and the prin 
cipal axis of the third magnetometer in sub 
stantial alignment with said field, and an elec 
tric squaring means for squaring the amplitudes 
of selected even order harmonic voltages gener 
ated in each of the three magnetometers, a Sep 
arate rectifier for each of the squared voltages, 
a circuit combining into one current the direct 
current from said three rectifiers, and an indica 
tor responsive to the combined direct current. 

10. A magnetic field strength measuring sys 
ten comprising in combination three magnetom 
eters having their principal magnetic axes mu 
tually perpendicular, each magnetometer com 
prising a length of magnetic material with elec 
tric windings thereon which are energized with 
an alternating current of fundamental frequency 
to generate even order harmonic voltages there 
in each of magnitude proportional to the prod 
uct of the field strength and the direction cosine 
of the angle formed by the principal magnetic 
axis of each magnetometer with the direction of 
the magnetic field to be measured, an electro 
mechanical orienting systern therefor comprising 
two two-phase electric motors one for each of 
two of said magnetometers, a mechanical link 
age from each of said motors to its associated 
magnetometer whereby the motors may rotate 
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their associated magnetometers around mutually 
perpendicular axes, a source of alternating cur 
rent of frequency exactly equal to a selected one 
of said even order harmonic frequencies coupled 
to one of the phases of each of said motors, an 
electric circuit coupling each of said two mag 
netometers to the remaining phase of its associ 
ated electric motor whereby each motor is caused 
to rotate in response to the magnitude and phase 
of the selected harmonic Voltage generated in its 
associated magnetometer to maintain the prin 
cipal axes of said two magnetometers substan 
tially normal to the direction of the magnetic 
field and the principal axis of the third mag 
netometer in substantial alignment with said 
field, and an electric squaring means for squaring 
the amplitudes of selected even order harmonic 
voltages generated in each of the three mag 
netometers, a separate rectifer for each of the 
squared voltages, a circuit combining into One 
current the direct current from said three rect 
fiers, and an indicator responsive to the combined 
direct current. 

11. A magnetic field strength measuring sys 
tem comprising in combination three magnetom 
eters having their principal magnetic axes mu 
tually perpendicular, each magnetometer con 
prising a length of magnetic material with elec 
tric Windings thereon which are energized with 
an alternating current of fundamental fre 
quency to generate a voltage of second harmonic 
frequency therein proportional to the product of 
the field strength and the direction cosine of the 
angle formed by the principal magnetic axis of 
each magnetometer with the direction of the 
magnetic field to be measured, an electromechani 
cal Orienting System therefor comprising two two 
phase electric motors one for each of two of said 
magnetometers, said two motors being designed 
to operate at an operating frequency differing 
from said fundamental frequency, a mechanical 
linkage from each of said motors to its associat 
ed magnetometer whereby the motors may ro 
tate their associated magnetometers around mu 
tually perpendicular axes, a source of alternating 
current of Said operating frequency derived from 
Said alternating current of fundamental fre 
quency, circuits coupling said source of alternat 
ing current of operating frequency to one of the 
phases of each of said motors, a frequency chang 
er coupling each of Said two magnetometers to 
the remaining phase winding of its associated 
electric motor, said frequency changer being 
adapted for changing the frequency of the second 
harmonic voltage generated in its associated 
magnetometer to a voltage of said operating fre 
quency whereby each motor is caused to rotate in 
response to the magnitude and phase of the sec 
Ond harmonic voltage generated in its associated 
magnetometer to maintain the principal axes of 
Said two magnetometers substantially normal to 
the direction of the magnetic field and the prin 
cipal axis of the third magnetometer in substan 
tial alignment with said field, and an electric 
Squaring means for Squaring the amplitudes of 
the Second harmonic voltages generated in the 
three magnetometers, a separate rectifier for 
each of the squared voltages, a circuit combining 
into One current the direct current from each of 
said rectifiers, and an indicator responsive to the 
combined direct current. 

12. A magnetic field strength measuring Sys 
ten comprising in combination three magnetom 
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eters having their principal magnetic axes mu 
tually perpendicular, each magnetometer com 
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prising a length of magnetic material with elec 
tric windings thereon which are energized with 
an alternating current of fundamental frequency 
to generate even order harmonic voltages there 
in each of magnitude proportional to the prod 
uct of the field strength and the direction costine 
of the angle formed by the principal magnetic 
axis of each magnetometer with the direction of 
the magnetic field to be measured, an electro 
mechanical orienting system therefor comprising 
two two-phase electric motors one for each of two 
of said magnetometers, said two motors being 
designed to operate at an operating frequency 
differing from said fundamental frequency, a me 
chanical linkage from each of said motors to its 
essociated magnetometer whereby the motors 
may rotate their associated magnetometers 
around mutually perpendicular axes, a Source of . 
alternating current of said operating frequency 
derived from said alternating current of funda 
mental frequency, circuits coupling Said source 
of alternating current of operating frequency to 
one of the phases of each of said motors, a fre 
quency changer coupling each of said two mag 
netometers to the remaining phase winding of 
its associated electric motor, said frequency 
changer being adapted for changing the frequen 
cy of a selected one of said even order harmonic 
voltages generated in its associated magnetom 
eter to a voltage of said operating frequency 
whereby each motor is caused to rotate in re 
sponse to the magnitude and phase of the select 
ed harmonic voltage generated in its associated 
magnetometer to maintain the principal axes of 
said two magnetometers substantially normal to 
the direction of the magnetic field and the prin 
cipal axis of the third magnetometer in substan 
tial alignment with said field, and an electric 
Squaring means for Squaring the amplitudes of 
selected even order harmonic voltages generated 
in each of the three magnetometers, a separate 
rectifier for each of the Squared voltages, a cir 
cuit combining into one current the direct cur 
rent from said three rectifiers, and an indicator 
responsive to the combined direct current. 

13. In combination, a magnetic detecting ele 
ment for producing an electrical quantity in ac 
cordance with the intensity of a magnetic field, 
positioning means for said element comprising a 
pair of coils, the aces of said pair of coils being 
aligned in respectively different directions per 
peridicular to said element, an amplifier for said 
detecting element, a pair of amplifiers for said 
coils each connected to a different one thereof, 
and neares corrected betaDeer the first men 
tioned amplifier and said second mentioned an 
plifiers for introducing in the former a correction 
factor proportional to the squares of the respec 
tipe output electrical quantities of the second 
nerationed amplifiers. 

14. In combination, a magnetic detecting ele 
ment for producing an electrical quantity in ac 
cordance toith the intensity of a magnetic field, 
positioning means for said element comprising a 
pair of coils, the aces of said pair of coils being 
aligned in respectively different directions per 
peridicular to said element, are amplifier for said 
detecting element, a pair of amplifiers for said 
coils each connected to a different one thereof, a 
pair of rectifiers connected betpeer the last men 
tioned amplifiers and the first mentioned anap 
fler for introducing therein a correction factor 
proportional to the squares of the respective out 
put electrical quantities of the second 7entioned 
angplifiers. 

24 
1. In combination, a magnetic detecting coil 

the acts of aphich is positionable in a magnetic 
field, positioning means for said coil comprising a 
pair of mutually perpendicular coils perpendicu 

5 lar to said airis, amplifying means connected to 
8ad detecting coll, a pair of amplifiers each con 
flected to a different one of said pair of coils, and 
Treans controlled by said pair of amplifiers for 
modifying an output electrical quantity of the 

10 first mentioned amplifier in a manner proportion 
all to the squares of the outputs of said perpen 
dicular coils thereby constituting first order cor 
in for the errors incident to these devia 

5 16. In combination, a magnetic detecting ele 
ment for producing an electrical quantity in ac 
cordance upith the intensity of the magnetic field, 
positioning means for said element comprising a 
pair of mutually perpendicular coils perpendicu 

20 lar to said element, an amplifier for said detecting 
element, a pair of amplifiers for said coils each 
connected to a different one thereof, and means 
Comprising rectifiers connected between the first 
mentioned amplifier and the second mentioned 

25 amplifiers for introducing in the former a correc 
tion factor proportional to the squares of the re 
spective outputs of the second mentioned ampli 
flers. 

17. In combination, a magnetic detecting ele 
30 ment for producing an electrical quantity in ac 

cordance oth the intensity of a magnetic field, 
positioning means for said element comprising a 
coil movable with and perpendicular to said ele 
ment, and means for correcting said electrical 

85 Quantity for errors incident to the angular posi 
tion of said element with respect to said field con 
prising a rectifier responsive to said coil for modi 
fying said electrical quantity in a manner propor 
tional to the square of the controlling effect of 

40 said coil. 
18. In combination, a magnetic detecting ele 

ment for producing an electrical quantity in ac 
cordance Dith the intensity of a magnetic field, 
positioning means for said element comprising a 

45 pair of coils angularly arranged upith respect to 
each other and at a predetermined angle from 
said element, an amplifier for said detecting ele 
frient, a pair of amplifiers for said coils each con 
7tected to a different one thereof, and means con 

so nected between said detecting element amplifier 
and said coil amplifiers for introducing in said 
detecting element amplifier a correction factor 
proportional to a function of the respective out 
put electrical quantities of said coil amplifiers, 

is said function being determined by the said angu 
lar relationship betaDeen said coils and said ele 
7en. 

EDWIN P. FELCH, JR. 
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