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A clrcular cylinder of powdered ferromagnetlc
substance was mapgnetized to saturation along its axis
by a strong magnetlc flelde. A comparatively weak oscll-
lating fleld, with a frequency of elther 21,75 KC or
30450 KC, was applied normal to the axis, An Intensity
of magnetization due to a new gyromagnetic effect ap=-
peared in a directlon normal to the directions of the
two applied magnetic flelds. A guantitatlive theory for
this effect was developed, #Heasurements of the magni-
tude of thils ma;netlization indicated a value for the
gyromagnetic ratio of P =(I.O'+ > 0.06) 'é-"-for peruale-
loy and P =(|'091°_|°)’é—’-' for iron,
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I. Review of Helateu Research

4, Introduction

In scwe elementary descriptions of the magnetic proper-
ties of matter, it 1s assumed that the fundamental magnetic
particle consists of a magnetlc dipole. Thls description
has been found Inadequate to describe many magnetlc phenome-
na, 80 other wmodels have been devised.

Ampere suggested that parasagnetic and ferromagnetic
properties arise from intra-umolecular currents whlceh flow in
closed paths wlthout resistance. In accordance with a theory
of “eber, supportedc now by experimental evidence, electricity
has lnertia or mass. A3 a consequence of these two hyvothe-
ses, 1t can be expected taat there will be properties anala-
gous to angular wmomentum assoclated with tnase whirling
Ampore molecular currents,

Gyromagnetic experiments demonstrate the existence of
this angular mowentum by wmeasuring the numerical ratio be-
tween the angular mowentum and the magnetic woment (each ex-
pressea in proper units) of wmacroscoplc aggregates of Ampere
molecular currents. These studles have led to grester under-
standing of the origin and nature of magnetic properties.<l)

B, maxwell's Lxperiment

The first experiment designed to detect the angular
momentum asscciated with magnetization was made by Clerk
ﬁaxweil(z) about 1861, 1ie predicted that if a cylinder of

iron was permanently wagnetized along its axls, angular
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momentusr essocinted witn ths intensaity of magnetization,
would 1ie along the same cirection., If the rod was then
mechanlcally rotested sbouit an axis perpeniicular to the
direction of wagnetization, the rod would, 1n aceordance
witn the fundauwental princlples of mecnanics, satteapt to
mOVe about en &xis perpenclcular to both the dlrection
of tie magnetizetlon end to the dlirection of rotation.
“daxwell rotated e magnetized rod, and unsuccﬁssfully tried
to detect movement normal to the exls of rotaticn.(g) Yo
fnow to-lay that, even under the nost faverable cireﬁﬁstau-
ces, one couia naraly nops Lo detect eny aagular momentun
asgoclates wlth magnetizstion 0y such an experiment, hee
cause Unles engular momentum is so small.(ﬁ) fore sensi-
tive means were developes before tue existence of thls

concealed angular momentum could be revealed.

C. Barnett Lffect

Itie Iirst successful experiments in the entire field
oi gyromagnetisu were perforued Ly Professor 3.J, ,&rnétBQQ)
Hls report to boeta tne Chio Physical Society end to the
American Phys fcal Soclety in 1914 conteined the first ZYYrC=-
marmellic measurements cver presented. ilig results snd con-
clusions have besn fully substsntiatsd by subseqguent woék.

1f a previously demagnetized ferromsgnetic eylinder
1s rotatad 2uo0ut ite axlias of srmmetry, the Anpers currents

will, in sccordence with the laws of mecnenilcs, tend to
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precess., If the motion continues for an extended period
of time, the elementapy magnets will experience many in-
teractions with neizhboring particles. In the presence
of these interactions the magnetic elements will behave
similarly to maeroscople gyroscopes with friction., The
elementary magnets will tend to turn so that the direce
tion of thelr spins will be wore closely aligned with
the axis_of rotation.

In general, the elementary magnets in a solld sub-
atance are not free to rotate, for they are acted upon
by forces coupling thom with neighboring particles,

‘he eurrent whirls, therefore, will rnot all align cou-
pletely in the same direetion, but will show a tendenecy
to do 80,

when the elemontary magnets in a ferromagnetic sube
stance orient themselves in a preferred dircetion as do-
scribed above, the substance 1s sald to be wapgnetized.
The phenomenon of magnetization whieh appears during ro-
tation 1s known as the iarnett effect.

In Professor bBarnett's experiment, a bar of ferro-
nagnotic material was rotated in a region of space in which
the Iarth's magnetlc field was neutralized, and the ine
tensity of magnetizatlion acquired by rotation was compared
with that produced in the same rod by a known wmagnetic
fleld,
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Professor Bernett deflned the gyromagnetlc rat16§EL as the
ratio of the angular moumentum of the magnetle elemonts to the
megnetic moment of the elements. IHe measured the gyromagnetie
ratlo for various substances obtaining values betwecn 1.00 m/e
where m is the electron mass and o the electron charge in ENU
(here e 1s a negative number).

Theoretlcal conslderations showed that if the wagnetie
properties were due to the orbital wotion of the electrons, the
gyromagnetic ratlo would be 2,00 m/e ;.and if the properties
were due to electron spin, the ratio would be 1.00 w/e .
Profeossor Barnett's results were interpreted to show that the great-
er part of ferromagnetism 1s associated with the splinning electron,
with the orbital motion contribution at most a few per cent,

This exberiment gave the first direct proof of the existence
of Ampere's moleecular currents. 1t proved that these currents
were composed of negative charges and that the charges had maaé{
The Barnett effect is sometimes called "magnetization by rotation”
because 1t rovealed this new method of magnetizing a rod,

D Haas LEffect

Soon after Professor DBarnett presented his results,
. another experiment, closely related to the Larnett effect, was
reported by Linstein and de Haas.(V) Thelr oxperivent measured
in effect, the change in angulayr wotlon associated with a change
In wegnetization.

They obtained forve about 2 m/e, and concluded that the
(8)

sign was negative., Soon afterward Lorentz

some aunthors use a guantity as the gyromagnetlc ratio.
The ratio between @ andzis e:.%g/



wBu
cgemonstrated tnat theilr determination of the sign was incone-
clusive, In 1916 another determination of the sign was made
by Linstein{¥) and separately by de Haas{lQ0) , at walen
time they cemonstrated that the sign of e was negzative,
froiessor Hsrnett has studled and removed many

sources of error tnat sppear In this type of experiment(ll),
and obtained results in close agreement witn those obtéined

from the Barnstt effsct.

E. Resonance Lffects

In recent years a number of experiments using resonance
phenomena have been dévised to measure ggroﬁagnetic ratios
of tne atomic nuclel and of the slectrons, The variety of
these experiments nas greatly‘increased with the advance-
ment of microwave tecimigues.

Rabi(le) and others heve developed atomic beem reso-
nance methods (o measure tne gyromegnetlic ratio of tne
nuciel and otuer eleuentary particles, Bloch and vthers(la)
have mesasured gyromagnetic ratios of the nuclel and of persa=-
magnetic substances by applying oscillating fielda n§rmal to
steady fields,

Griffitas end others(14)(18){18)  have used rssonsnce
methods to measure the gyromagnetic ratlos for electrons in
ferromagnetic substances., In one of thelr experiments, one
plane wall of a resonant cavity was conatructed of the sub-
stance to be studied. The cavity was exclted In a mods of

oscillation suchh that the oscillating mesnetic flelds were
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in planes paraliei to this walil. & steacy magsnetle field
®¥a8s appllec In a cirection such tanat tus lines of f{orce

~iey in plases parsilel to tae plane surface of tie cavity
¥all, Under t.e Influence of tals fleld, the electrons in
the substence precessed as cdescrihes Ly Kitsel.(l
the Irequency of the cevity was equel to the precassional
fresquency, tae enerzy susorbed by tne well wa: incresszsd,
;y‘meaaurisg theé "J" of tﬂs cavity, this absorptica coula

o

be detected, anc the gyromernetic retlc calculatec iros
Rittel's formula.{la)

e nunericsl resulbs obtained by tuese resonsnce
metinoda Giffereu from tlicse obtained from thie ‘apanctt
effect and tre Elnstsln-cde ilasse effect.* Twe difierencas
lay culside tire exgerlmentnl errcrs inveived. Cherles
(1w)

Kictel hoe cffered e tneoretical expisnation of

tiiese clilerences,

Fo Experiments witn Rotating [ielcs
Y 4

sy =

In another type of experiment, clossly r to

(8.

Ilnte

o
(it

thiis present atndy, a cylinder of magnetic substance weo
hell statlonary, snd s rotabing csmetic fisld was A=

-

pdled ia suct e menner as slwsye to be perpendleuiar to
and rotate about the axis of tie cyllinder, “ince the vector
intensity of aagnetizatlion rotated with thls mar~etic rield,

a gyromainetic Intensity of macnetization along bthe axls

migat be expectec,

o

¥or table ol velues, sees paze {(8L).
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(20) _

d, W Fishior periormed experiments Ly this metaod
botween the ysers 13922 to 1926, He usd gxpectod to find &
laﬂgitgdlnal intensity of magnetization equal to thet which
would nave resulteu from meehsnically rotabing the rods,
initlally uamecnstized, at the sane high E%equency. de had
expcctew an effect of tnis wagnitude even when he eamployed
weak magnetic fielda,

fisuer employsid freguencles frox €0,030 to 50,000
cycles psr second, and fleld strengths of less than 100
geusses. e oibtalnel uagnetomoter dellectionsg of 1 wma op
iese In the wrony directieon. If the rod hed been mechani-
cally rcteted at the same frequency as 1s done tu*obtéin
the Zarnett effect, deflectlons of about 350 mm would heve
reaulteu.(gl}

Soom alterward Professor 3arnatt(22) nowsa that
Fisher's expected deflections, under tne sewe favorable
bgpotﬁesis, saoulc de mulbipiisd by tie small factor
351/25“ s Waeére Jl is the transverse intensity of maegne-
Cization, ana J°° is ohe saturation intensity of the nar-
netization of the rod. The actusl deflection was much
smaller tnen possible uﬁder tae most lavorable hypothesis,
In a serics of Investirations, more extensive and mors

) A e 23
preclse thsn the previous ones, Professop Jarnett( )

used
frequencics of 14,650 and 21,000 cycles per second, He ob-
talned; as was cxpscted, results far snellor than thie velues

caleulatod on tne moszt favorsble nypothesle,
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In consiudering these results, Proflessor Eins:alﬁ SUfe
gestec that tne magnetlc elements Gid not rocete witn the
intensity of magnetizaltlon vector, but nec their moments
periodically reversel by the roteting zagnetic fisld,

Uonsider a cylinder in a rcteting mametic {leld,
withh a cartesian cocrdinate system pleced so that the Z
covrcinate axis lles along the axis of tuos cyllnier; ‘e
rotating magnetlic fiald ls assumed slways to lle In the
XY plene., For simplicity cne may imscsine thmt one-nalfl
of ths mesnetic elexaents have their =aegnstic moments
orientau in the X direction, and oné-~half in the ¥ Cirec-
tion, and none in the 2 direction. Furtner, one csn aszsume
that these slementary magnets change their direction of
oriencation only by abrupt Jjumps of 1809, |

A8 the X anc Y components of the rotating fleld
cnange, tne elements In tnerx and Y groups will indepen-
dently jump in such nunters tnat the intenslity of magnetl-
zation, which is the vector sum of all the mawmetic mo-
ments per unit voliume, will rotete enu follow the masnetic
field, Under these conditlions, no gyromsznetic effect
would be expected,

Wie can extend Einstein's explenation and obtein a

simple claasical explansation for this null effect,
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Witn respect to the exis of the cyllnder, acme of- the
slements would revolve ciockwlse and some counterclockwise,
as they Jlomped from one position to snothesr., There is no
a priori reason to expect elther clockviss or counterclock-
wise rotstions to predominste. The clockwise rotating sle-
ments would glve rise $2 s gyroaagnetic efilect in one direce
tion slong the axis, whils the counterelcckwise rotating
ones would glve rise to an effect in tie opposite directlon,
In 8 polycrysieliine rod, the macroscopic gyromsgnetic
intensity of magnetization resulting from the jJumps of many
wagnetic elements would be close tec zeroc.

Frofessor Elnstein's explanstion 1s consistent with
evlicence on the process ol magnetizetion In weak fielas,
where 1t 1s unown tuat most of thne change in inteneity of
magnetlzation is associated with Carkheusen Jumps, involv-
ing simultaneous Jumps of the magnetic elements in reslons
inclosing as nany as lOlsatcms.(QS)

The present study describes s successlul asttempt,

4

using s procedure suggested In 15381 by Professor Elnsteln

i

pe

nd devsloped by rFrofessor Bernett and the asuthor te ellami-
nate Jjumps of the magnetic slements., !nder the conditlions
that were obtained in tnis study, elementary magnets could
be made to rotste, consldered classically, under the influe
ence of applled externsl filelds, and gyromagnctlc xneasure-

ments could be mece.






il. Derivatlon of Fguations

It 18 well known that in the reglon of near saturation
after the completion of most of the Barkhausen jumps,
changes in the direction or magnitude of the intensity of
magnetization oecﬁr as & result of rotation of the elemen=
tary magnets out of the direction of easlest magnetization
(along the 100 planes of the crystal) toward the direction
of the applied magnetic field.(QS) It was suggested that
2 cylinder be magnetized to near saturation along 1ts axis,
8o that practically all of the magnetic elements point in
the same dlrecﬁion. Then a small oscillating magnetie
tiold, appllied normael to the axis of the cylinder, would
cause the in tensity of magnetization to rotate through a
small angle about the axis of the cylinder., Since the rod
was magnetized to near saturation in one direction, one can
assume that all of the change in the direction of the intene
sity of magnetization would be due to rotations of the indie
vidual elements, and would not be due to guantized jumps.

If these elements could be made to rotate, then they
would precess, and glve rise to gyromagnetic effects. This
experiment employs procedures designed to detect this prew
cession,

In this work it is assumed that the results obtained
with the barnett orfect(4)and the EZinstein de limas effect
deuonstrate the valldlity of the concept of the gyromagnetic
ratio, and verify equation (3) page 13, This equation is
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used as a basils to develope the relations :ieeded for this

experiment. z

Y

X
A long circular cylinder of the substance to be studied

is placed with its mxls 1in the Z direction, in a homogeneous
time independent magnetic fleld H,, This fleld 1s sufficient-
ly strong to produce the axis along an intensity of magnee
tization Jz which 18 close to the saturation value, so that

one can assume that all of the magnetic elements point essentiale
ly in the 4 direction,

In a direction X, normal to 4, & comparatively weak
oscillating magnetie field 1s applied, 'hen the rod is ab-
sent, the magnetic intensity in the space the rod 1s to oc~-
cupy is uniform and can be described by the f.‘ormula“

Hx:' HO‘SIN wt (1

This oseillating magnetic field causes the total inten-
sity of magnetization of the rod always practically parale
lel to and equal to Jz to oscillate through the small
angle © in the X% plane, thus producing a small intensity
of magnetization Jxv synchronous with H , and proportional
to 1t. The angle © is glven by the relation =

Jx (2)
8= e
Jz

:., Here,( )= 27 when £ 1s the frequency.
Eddy currents are neglected in this derivation.
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The rotation of these elements glves rise to a gyromage-
netiec intensity of wmagnetization in the Y direction (normal
to X and Z2) eguivalent to that which wonld be produced by a

(4) R)

real magnetlic intensity B

de
H B

In this equation h is the magnetic intensity weasured in

v of strength

(3)

de
gansses, e is the gyromag,netic ratio, and /= 1s the angular

dt

veloeclity of the magnetic elemonts,
Substituting in equation (3) the value for © from

equation (2), one obtains

H=edI‘ A fa)
o

An exact calculation of the intensity of magnetization

in a cylinder of finite length 1s difficult. iowever, a
close aporoximation for a long, narrow rod can be cbtalned

5

by assuning that the intoensity of magnetization 1s uniform

4

inside the rod along ire longth, It 1s, however,
important to include the vouapgnebtiging factor In the caleuw-
laticns,

A well known formala for the intensity of magnetlzation
inside a uniformly magnotized wedium is (See Appendix I,

page 88) e —

a4 4
Js e+ (s =)D,




ofd=
waere Jy is the intenslity of maﬁn@tizatian,(xs the p@rmea¥
bility, Lg the demagnellism faector depending upon the geo-
metrical shape of tne maclum, and iy the applied magnetic
intensity.

On subgtlituting the value for Jy from egquation (5]

into eagquation (4), cne obtsins

“__ t‘x*l e dH,
v 4w+ (D J, dt

o 23
l

(6)

(95}
A
Q'V‘
2y
cr
e
c
=
<t
e
-4
-
4
oF
2

the expression for H, from equation (1),

Vi (#x-1) e WH,, cos wt
1 47 + (px-1)Dy] J-

tiow, from equation (5) asain, one obtalins for the

velue of Jg the expreszion

2 Py |
J;'“ 4+ (Hy-1)D, %

Substituting for H. from equation ’”) into squation

o5

-
¥
.
L

k »

(8), one obtains *

2
J = J coswt = 5o S L el P
W aL.fa " culssl AR N

This is the formula for the Intensity of magnetiza-

'S 2
o
o
=

due to the gyromaynetic effect,

liere we asswn&ﬁ:éaﬂ; Px =Ly « From this polint on

tiie subscripts are elimlnated,
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It 18 of Interest at tnis polnt to deviate from the
main trend of the derivation, to estimate the order of
magnitude eof the effect. Lrom squation (9}, alter set-

ting U equal to its approximate value2Ty#, one obtains

z y
P ) SECIL BN, 07 W T (10)
i 2 | U4
gre (¢! <
Z
Now, the magnetic induction Sy 1s reisted to the
intensity of magnetlzation, in the case of a cyllinder of

1nfinite length, Ly the foramula

/

R T e o
Y ¢

Approximate values for the quantities concerned, as

obtained in the experiment, were

= 10
};’ = 5x10%
’ " B = 10 gauss
e = 5x1C~°
3= 10%

¥%ith these numerical values for the gquantitles in

equation (10), cne obtains for By from squaticns (10

L

and (11)

By = 107 gausses (12)

The problem of detecting an oscillating megnetic
= ] £ ‘b
fieic of & strength of 10 gauss in the Y direction,
witii an oscilliating magnetic flelu of a strength of

10 gauss in the X direction proved to be difficult.

~ See page (41) for an experimentslly deternined value of I,
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From equations (1) ana (10} 1t can be seen that the _yro-

masnetic field would be In quaurature phase with the applied

field,

fience the bwd® induced in a coll by b, would be in quad=-

rature phase with the Ul indueced by d This phase difference

J(‘

3

proved to be of fuportance in detecting and idenvifiing the

gyromarnetle efifect.

voiea

2

“o now reburn to the derivation of the foroula for the

ge induced in 8 secondary coll due to the pyromagnetic

induction. From equation (9), one obtalns for Joy

e
it LGP (25
e e e i

%

how, the secondary ccll, used to measure the intenslty

of magnetization, was wound on a frause syinmetrically supe

rounding the eylindrical samplo., (See firure on pago (985)).

dis

C:

thls eoll, of iengith &, was wound parallel to and at a

tance ¢ froit the axls of the eylinder. The e¢ylindrical

sample was of length 1 and raulus b, where L>1 and ¢>» be

<

From Appendix IV, the cxpression for the RES voltage B

{practiecal units) in this sceondary coll is

=

o

=2VZ TNbLAW (1482 ) J.

X |o~8 im)
5 :

‘he meanings of the symbols in equation (14) are as follows:

is the Lud voltage frow the pyroiasnotic effect,
measured In practical unita,
1s the transverse peormeabllity of the forrouapgnetic

subsbance,

oeda

g R e e e i e L R e 2 TR e RS T i
15 the de: ‘flj‘.u>Il’:-‘\)‘Jn::’ei!3:'., facbtor reasured across the rod.
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b 1s the radius of the rod,
is the number of turns in the secondary coll,

H 1s the amplitude of the applied oscillating magnetie

fleld,

(O 1s relateda to the frequency of the oscillating fleld W=2w¢

E is the gyromagnetic ratio.

Jz is the intensity of wmegnetization (near saturation)

along the axis of the rod,

1 1s the length of the rod.

A is an experimentally determined constant of the secone

dary coll,

A 1s equal to eo~b,

D 1s the transverse demagnetizing factor. It 1s equal
to2T for an infinitely long cylinder. For & long, narrow
rod 1t will differ from 2T by & swall amount as indicated
by the relation

D=2W(]-0) (16)
where § 1s a smell number, This quantity 8 was measured ex=-
perimentally, as was described on page (41), and found to be
0.01.

Upon substituting the expression for Jo from equation

y
(13) into equation (14), one obtains

(1s)

) ((J-l)ze Hox o
(47 +(u-0P),

E=2vZ TNbRAW (1+8-£
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Substituting this expression for P iInto equation
(15), one obtains

2 -8
EE' ‘|2 NbHon‘Pewa‘o
E=>7 (?‘*') (1+36-¢) T= S

Solving equation (17) for@ , one obtains
Jz Ext108

+\?
e=\2'T (Jﬁ_—‘) (1-38+5) % b HexW?A ()

In developing these formulas, the discussion was

besed upon macroscopic arguments, A derivation based
upon microscoplic arguments would produce similar ree
sults, If the elementary megnets are aligned in the

& direction, by the application of a strong external
magnetic field, and if a small disturbing magnetice

field is snuddenly applied in the X direction, the ele=-
méntary magnets at first respond diamagnetically to

this change and start to precess. In the solid state,
this precession 1s dampened out by interactions between
particles, leaving the magnetic elements in & new oriene
tation such thaet the direction of thelr magnetic moments
is more closely aligned with the applied field. If,
instead of a single, abrupt change, one applies an oscil-
lating fileld with a frequency amqll compared with the
relaxation time, and small compared with the precessional
frequency, then the magnetic elements will continually
read just their positions so as to fellow the applied

field., In this way the magnetic elements will rotate
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ELL Appapratns

A. General Discussion of Experiment

The apparatus could, for convenience, be divided
into threes zroups?

1. The first group included all of the electronic
eguipment that aided in produclng strong osclllating
currents. These currents were nsed to energize the
primary coils ‘and produce the oscillating mapnetic field.

2, The second group included the primary coils which
aided In the production of the magnetle fleld lx; & large
200 1b. coll, which produced the'steady magnetic field H,;
the secondary coil, which was used to detect the gyromage
netic induction By; the substance to be tested; and ther-
mal devices to control the temperature of these colls.

S« The third group includsd the amplifier used to
Increase the streégth of the gyrowxagnetic slignsl apnear-
ing iIn the socondary coll, and devices to measure the
maznltude and phase of this slgnal.,

In selecting tue proper freguencles, it waa deslirable
to employ frequsncies in a range such that the permeabll by
of the coumpressed powders would be modifled only slightly
by eddy currents, It was also desired to use freguencles
such that the time of oscillation was long, compared with
the relexation time of the material. On the other hand,
since the voltage in the secondapy coll wonuld increase

with the square of the freqguency, (See equation (17)),
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it was desirable to use a high frejuency so as to obtain
large voltages. From those considerstions, frsguencles
in the range from 20 KC to 32 XKC ware gnlactad,

To make tne apparatus as symmetric as possible,
push-pull ecircuits were used where practicable.

Be Primapy Circulis

Tfhe circult adopted produces a steady output voltage
at a constant frequency, and provides an easy ineans to
change tiae frequency if desired (Figure 2). This oscillat-
or consisted essentially of & €SKN7 vacuum tube In a nulti-
vibrator eircult, with an attached cank cpil. Speclally

L s ; R 0.1 o
selected mlca condensers and a high "4 {ndut:ance were

used in the tank circuit to insure favorable resonance
characteristics. The ontput leads were symmetrically
placed on tha tank clireult.

The osclllator was followed by a 63N7 nughepull,
buffer amplifier, The coupiina between the oscillator
and the amplifier was gade small In accordsnce with ac-
cepted practices.

The plate power for these tubes was furnished by a
regulateu power supply, usling 5U4, 6B4, and 83J7 tubes in
standard circuits, furnishing a plate voltage of about
200 volts. A comuon 60 cycle filament voltage supply was
provided for these and other tubes.

The oscillator and buffer amplifier ﬁare inclosed to-
gether in a grounded lron box that provided magnetic

shielding. The tank circult was inclosed in a separate
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grounded copper box, witl additional thernal insulating
naterlsl, whien was, in turn, placed inslue thne iron box.,

wessurcments indicatea taat the oscllistor ccnld be
adjusted so that 1ts frequency would change only by 1/10
of 1% when the plate voltapge changed from 150 to 300
volts, Experiments indicated that the voltage output of
the regulated power supply changed by en auwosunt less than
1% during normal operation. ience, changes Iin the frequen-
cy due to changes in tue plate voltage could be neilected.
#xperiuents iandicated that the c¢hanges in frequency that
occurred during actual exveriments, resulting {rou all
canges, were less than 1/10 of 1%.

Lhe ontput of the buffer stage was fed into two GLG
vacunm tubes In a resistor-condenser coupled, push-pull
auplifier (Flgure 2). Variable resistors were placed in
the prid and screen grid cirenits to provide a cholce of
output signal strengths, while variable tap plate resist-
ors were used to balance the galn of the two channels,

An lron box inclosed the BLE's and tane accoupanying cir-
euit elewents,

A separate rogulated power supply, euploying 524,
€A5, and 68J7 tubes in standsrd circuits, furnished the
270 volt plate voltage, 'This power supply was inclosed

in a sepsarate shlelded box,



In tihe next stage, the finel power amplifier, s palr of
803 vacuun tubes in pushn-pull were used, Two high "J" parale
ilel rescnant circuits, connecting toe grids with the ground,
removed tae nigher éarmonics gac insured thiat a relatively
pure.sina wave was applied to the input.

The plates were conneclted to the terminals of a center
tap transforner. Thls transformer waes dasign@d} in such a
manner es Lo provide excelient insulation and screening
vetwesn primary and gecondlary colls., Tne transformer func-
tioneu excellently at thnese relabtlvely high frequsencles.
"he 803 tubes and their circuits vwsre contained in s ground-
ed lron box. |

'ne 270 watt power supply that furnlshed tne plats cur=
rent for tue oOLE tubes in tuhe previous stepc slso furnisned
thhe current for the agcreen grid circuits of these tubes.

‘The plate voltage was supplied from a separate rscti-
fled power source. A continuocusly variable transformer
furnishecd voitapges between zero and 1200 volts., Ths output
of tne transformer was connected to two 869-L mercury-arc
tubes, used in fuil wave prectifier circﬁl o

.

The output of the push-pull 803's amplifler was fed

into a tuneGc series resconant circuit, tne Induetance con-

sisting of the nelmholtz coll used to furnlish the

FaTUE L A ! . - - i
Thils transformer was designec by Professor 5. 4. Barnett,
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csclliating magnetic flslc, and the capacity consisting of
two variable condensers, The two condensevs were so placed
as to provide symmetry and balence. 4 szmell trimmer conden-
ser was placed in paerallel with one of the large variable
condensers for a fine tuning control. These condensers were

closed in anothsr iron bDox.

C. Colls and Hagnetic Samplea

The second groupy ¢f saspparatus consisted of several
colls, the sample to be tested, and the thermal control de-
vices. Bome of these components showed microphonic behavior
and were placed on special tables, sepsrate from the rest of
the apparsatus. -

The output of the 803 amplifier was.used to excite the
primery coll (P-P in Figure (6)) &na provide the oscillat-
ing magnetic field Hy. . The primary colls finslly adopted
were constructed on a rectangular linen base bakelite
frame, 18% inches long and 3 snd §/10 inches widé, and
one inech thick., Two sets of grooves (Figure (3)), & inch

led in the bakelite, 3/1C ineh from

‘.._.'

by 8/10 inch were mi
the outside edge. In each groove 300 turns of #29 silk,
enanel covered copper wire were wounc in 15 layers of 20
turns per layer. Each turn was separated from the next by
a aingle layer of emplire clctn, and was liberally covered
witn General Elsctric electrical varnish, to increase the

mecnanical strength and electr
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ends of
the wire from each coil wers orought to sepasrate teraninals

onn the side of the frams,
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FIGURE 3— PRIMARY AND SECONDARY
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FIGURE 5- CROSS SECTION OF PRIMARY GOILS PP, PP,

ROD C, SECONDARY GCOIL S, ADJUSTING
SCREWS B AND COOLING JACKET W
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the ratio of the width m of esch coll to the distance n
separating the colls was (See figure 5) chosen so as to ape
proximate the conditions for maxioum uniformity of the magnetie
Intensity at the center of the colls,

he coil was placed in an electrical oven and baked at
75° ¢, for 18 hours, and at 100° C. for eight hours, This
process dried the varmmish, The resistance of the two halves of
the coil in series, measured with direct currents, was 52 ohms,

At each end of the coll frame, a hole, one inch in dia-
meter, was drilled so as to be centered accurately between
the two colls. %his hole was used to emplace and reuove the
sample to be tested, end to provide an opening through which
the sample and secondary coll could be rotated,

Three rods of covpressed powdered ferromagnetic material
were used in the experiment.ﬁ Powdered materiais, rather
than solld materlals, were chosen to reduce the effocts of eddy
currents. these rods were cylindrical in shapey about 25 cm,
in length, and averaged 1.411 ¥ 0.003 em. in dlameter. The
rods were formed from small disks of compressed iron and pere
walloy dust. Disks 1,211 cie in dilameter, cut frono rings of
the coupressed materlal, and packed closely, wlth cewent be-
tween them, in bakelite tubes 5/8 inch outside diameter and

1/32 inch thick., ‘The disks were squeezed together in a vise.

W These same rods, from the material suppllied by the Bell
felephone laboratories, were used by Professor 3, J,
Barnett 1in experiments with rotating magnetic flelds,
(See Reference (21)), '
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while the ceument dried. The length of cach rod 1s listed
below:

#1 Permalloy 25,07 cu

#2 Iron : 24 .40 cm

#3 Permalloy 24,00 cu

The secondary coll used in the final expepriment
(Figure 3) was constructed upon a linen base bakelite
tube 12 inches long, 1} fnches outside diameter, and 1
inen inside diameter. Narrow grooves (8-8 in Plgure 3)
were milled in tie tube, and 100 turns of #40 silk wire
wound in the grooves.

Two groups of four holes were drilled in the bsake-
lite tube, the groups Being about 9 inches apart. In
each group, the four %ioles were accursately spaced at 20°©
intervals éround the cylinder, and fhreaded. The c¢ylin-
drlcal sample of the substance to be tested was placed
inside the tube. BSilnce the diameter of the tube was
greater than the diemeter of the rod, a small space re-
mained between the saumple and the walls of the tube.
Eight bakelite screws ( B-B , Figure §) penetrated the
cylinder through the holes, and clamped the rod in'the
center of the tube, W%With these screws, the rod could be
alligned and centered with respect to the tube.

The secondary coil, with the sample inslde, was
placed in the center of the primary Helmholtz coil.

(Figure 5), in such & position that the wutual Inductance
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between primery and secondary was close to zero. A bakelite
bearing (D, Figure (3)) fastened the bottom of the secondary
coll to the bottom of the frame of the primery coll., At the
top of the secondary coll, a plece of one inch outslde diae
meter bakelite tube (A-A, Figure (3)) was fastened to the
secondary coil with bakellite screws., This tube extended
through & hole in the primary coll frame, and several

inches beyond. A brass bar (£ « %, Figure (3)) was fastened
to the top of the tube, sc as to provide a lever to rotate
the tube and secondary coll, GScrew clamps, mounted on fixed
supports, provided means of rigldly holding the bar, and

hence, the secondary coll, at eany selected angular position,

D, Secondary Circuits

In order to detect the small gyromagnetic signal it was
important to reduce to a small value all extraneous voltages
in the secondary coll that might mask the effect. Since the
secondary coll was placed in the osclllating fleld of the
privary coll, precautions were taken to reduce the induced
vodtages in the secondary cell, To do this, first the second-
ary coll was mechanlcally rotated in agimuth into a position
of approximately minimum mutual inductance and clamped in
this position. To reduce the coupling between the two colls
further, a varieble mutual inductance, coupling the primary

and secondary circults was used. (Figure (2)),



The stationary coll of the variomecter was placed in
series with the primary coll. Two rotating coils, one
with a large effective area for coarse adjustwent, and
thie other with a small area for fine adjustuments, were
pladed in series with the secondary circult. By adjust-
ing the two rotating colls, the coupling between the
primary and secondary circuits, and, hence the induced

voltages, could be reduced to & small quantity.

The large coil,(24) used to produce the steady

wagnetic fleld, H, , was constructed of about 300 pounds
of copper wire, wound in 3900 turns, giving a D.C: resisi-
ance of 10.4 ohms at room tewperature. (Figure 4). It pro-
duced a magnetic field of approximately 90.2 gauss per
ampere, averaged over the reglon in which the sample was
placed. :

The c¢ircular opening in the center of the coil, into
which the apparatus was placed, was about 6 3/16 inches in
diameter and 20 inches long. The current for this coll,
from zerc to 30 amperes, was furnished at firsi by storage
batteries, and later by a generator., Large varlable re-
sistors and a reversing switch were placed in series with
this coll to control the magnitude and direction of the
current. '

On top of the large magnet two screw adjustuents were
bolted,s These adjustments engaged the brass bar (E S,Fig-
ure 4) and rotated the sample and secondary coil through

small angles as described above,
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The large coll, a3 well as the primary coil, at first
Lecame excessively not during the experiment, disturbing
the stabilicy 6f the apparatus and making it necsssary to
provide a coolilng coll to stabllize the temperature. for
this, a coil was wouné in che form of a helix from a3/a
inch copper tublag, on the curved surface and oottom of a
brass tube 4} inches In dismeter anc 20 inches long, with
large quantlities of soft solcer fiillnz the space between
turns, 1Ihe cooling unit assembly fitted tightly in the
circular nole of the 300 1b coil. Connections tc thne water
malns were provided so taat tap water could be forced
tarougn the colls from bottom to top. The prlmary coll
&nC assembly were placed inside this tube and held there
by machined bakelite discs bolted to the primary coil,
end fitting closely to the brass tubs., The remsinder of
the space inside the brass tube vas filled with transe
former oil. In this way, temperature chanpges in tﬁe region
inslde tne cylinder could be kept to less than & tenth of
e degree during all experiments.,
The thirc group of apraratus included an anplifiler
(Pigure (6)), used to increase the strength of tue gyronage
netic signal of a few tenths of @& uiliivolt, to a magni-
tude most convenient to measure by standard inastruments,
Ine circult finally adoptec emplceyed a O8J7 vacuum tube
With a tuned gric, tuned plate circuit. The galn wes 1U.8

at 22KC ana 17.5 at 30 ZC.
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The amplifier was provided wlth 1ts own filament trans-
former and with a bank of batteries for its plate supply.
special shilelded leads were used for input and output con-
nections for all power leads, The amplifier was inclosed in
a grounded boOX.

High "u" parellel resonant cirenits were used in the
grid and plate circults to peak the amplifier and allow only
a narrow band of frequencies to be amplified, In this way,
background nolise, a;ways troublesome, was greatly re@uced.

An oscilloscope and an electron volt weter were attache
ed to the output of the amplifier (Figure (1)) to weasure
the phase and magnitude of the signal. The oscllloscope
was operated on external sweep, wlth a synchronizing signal
tapped frow the output of the 803 amplifler.

In all, four different meters were used in the course
of the experiment. Two were manufactured by the Ballantine
Corporation, and two by the Hewlett Packard Company. One of
the Hewlett Packard weters was callbrated by comparison with
a thernoanmeters The two Ballantine meters were also sepa-
rately callbrated by another laboratory. The ueters were
then compared among thewselves for all scale readings, In
the final calculations, data taken with each of the four
meters were used, properly welghted, to calculate the gyroe-

uagnetic ratioc,.



IV, HKessurement of Experimenbal guantitlies

Ae (onersl [Liacussion

(¢

From eguation {18), tne gyromagacetic ratio e i
related to other exporimentally determined quantities by the

eguation »

3
Jz Exi0
NbA Ho W™ A

(1¢)

2
+1
e:fz-"fr ::_, (lf—ﬁ-—38)’

in order to ceslculate tue value of (1 s EAChH Quantity
on the rignt nend sicde of tinle equation had to be deternined

eaperimentelliy. Thie messurenent or tmese gquantities will be
discussed in the order w H ) b f N A and E.

1 Vlex ) tp—|

The frequency "f" sppears explicitly raissc to tae

L, ’
second power in formula (1¢), and appears Lmplicitly in tue
measuremsnt of several of the othsr guantities. 30, it was
desirable to determine the f{requency te an accuracy of
about one peart in a thousand, in order tc obtein satlsfacto-

ry preciaslon in the final value for e

The frequenecy I of tne GEN7 oscilistor was measured by
comparing its freguency with taat of 8 Westsrn Ylectrlic
oscliiator, Hocel #138-4, The Weatern Electric cscillstor

was firat caiilbrated by means of tihe vibratling resds fur-

nished with U=zs iInstrument. Then tne callbraetion was

,ﬁ‘.';‘.
The frequency T is related to the quantlty W of
. : I 4Q . ; 4 % e
equation (18) by the relation W = 27}'.{.’



checkel at the dial settings ©0, 120, 180 and 240 cycies per
second by observing Lissajou's figuree on an oscilloscops
synenronized with a 80 cycie line voltage. The 60 cycle fre-
guency was ciiecked with a frequency meter manufactured by
the Wweston Llectrical Instrument Coapsny, Hodel %214, and
found to vary less then 1/10 of 1%. In thls wey the dial

: ¥

readings of the Western Electric oscillstor wers checked

and found to be correct. :

Tnen tans signal from the 63SN7 oscilllator (tapped from
the anplifier of the secondary circult) was applied to the
horizontal sweap, and a signel from the weatern Electric
gscillator applied to the vertical s@eep of an oscilloscope.
The western Klectrie oscillator was adjusted untll Lissajou's
figures were obtalned.

Next, the eamplifier leads were disconnected from tne
norlizontal swoep, snd a Hewlett Fackard oscillator, which
naé been previously turned on for a sufficlently long time
to reach a steady state, was coniected to the cscllloscopse.
hew Lissajou's flgurés were obtalnec when the lewlett Packe
ard oscillator was adjusted to exactly 1/5 of the original
frequency. ¥ext, the Hestarﬁ Tlectric cosclilator was reac-
Justed auntil its {requency was 1/25 the original frequency,
and new Llssa

outs filgures were obtelned, T™is process was

-
1
L
™%

continuel until the setting on the Weetern Electric oscil=

lator {eil withir tnhe range of from 60 to 240 cycles per
second, hen tioe frequency coulld bs computed Ifrom the

reading on the calibrated part of the scals of the Weatern

Electric oscillator.
*



By these procedures the two frequenclss used in the

experiment wers found to be 21.70 KC and 30.50 «C.

C. Oscillating Magnetic rield

Tne amplituce of the oscillating megnetic fleld Hgpy
was determined during tne experiment from a knowledge of
the curren:t in the primary coll, and an empirically dJde-
termined constant £ (gauss per aumpere) of the primery coil.

To determine tne constant X, a test coil wes con-
structed on a bakelite frame, shaped to the. approximate
Gimensions of the samples of powdered ilron anc powdered
permalloy. On tais frame 40 turns of #40 slik covered
wire were wound in a single layer, pressed close to the
frane, and varnisned into place, The dimensicns before
and after winding were measurec, and averaged to ¢lve the
mean dimensions ¢f the coll,

The test c¢oil was placed in the region ordinarily
occupied by the materiasl bLelng tested, and a meter connect-
ed acress tne terminsls., Tne test cell was then rotated in
ezimuth until a maximum voltage appeared scroes the termin-
als, and then the coll was locked in place., XKnowing the
freguency of the magnetic field in which the coll was placed,
and tane dimensions of tne coll, one could calculate the mag-

netic field strength from the induced voltagze.
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Yo measure the primary current, & thermoamueter was
connected In serigs with the primary cireult. Humerous
readings of the pricary current Ip were recorded along
with the voltage induced In the secondary coil. In all,
four daifferent voltumeters were used o reduce possible
systematic errors arising from the meters.

An averapge value of the voliage wes caleuleted for
eachl separate value of Ip e ¥rom thls inforuation 1t was
posslble to determine K,

In order to determine Hg at any time during the
experiment it was necessary oniy to neasure ip with the

thorncamweter, and calculate ﬂx frow the foruula

H=55.4T, e

It should be noted that, in the method adopted here,
the absolute calibratlon of the therwoamseter need not be
knowne It was, of eourse, impossible to proceed in the
usnal manner to deterulne the constant of the coll on ace
count of the presence ol the surroundlng conductling tube.
It was foaund that the constant of the coll was reduced by

sase 10% by the oresence of tie tube.



Dy, Dbemagnetizing Factor
The value of & was determlined by direet experiment.
Fprom equation (52), Appendix II, one kas the relation
" ‘-Q.E;l.
B e
3 |

x
I“tﬁg
Ir § 1s small, compared to unity, andlk is large cou=-

o
X

{21)

pared to unity, this eguation can be arranged to the approxi-

h e ;_(li‘:') :HB::“ et | (22)

A number of experiments were made to determine the

mate form

quantities on the right hand side of egnatlon (22). In order
+1
to evaluate the factor x s the longltudinal perueability

t& (measured in weask fiolds) was usec, An expression for

was obtained frow equation (46) Appendix I A

J = el . Ho (23
Z 1 +(Hz“|)DE R
Bolving for}ll, one obtains
o L T Ay (24)
= +
e

To determine the guantity yzin equation (24) 1t was

necessary only to messure :Ewith the solenoid when the rod
was placed in a known magnetie fileld Hg. The value of D,, the

longitudinal demagnetizing factor, was obtained frou the tables

o

L5 ) v i Y “o
and was found to be 0,07. The measureuents for J, and Hy were
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made with both direct currents and oscillating curronts
with a f'requency of 22 KC, 'The longitudinal nermeabllity for
perualloy was found to he 26,

Next, to determine By in equation (22), a rectangnlap
coll was wound closely on the rod as indicated in the figure
on page (27). 'Yre rod and coll wope placed inslde the primary\
colle The voltage induced in this cell by the oscillating mage
netic field of the primary coll was measured by cach of sevee
rual voltmeters. The value of B§ was calculated from the fore
rula (64), Apreniix III, The value of E in equation (22)
was determlned by measurlng the current in the prisary coil
with a theruwoamreter, and using the procedures on page (40);

These experiments were repeated, wsing direet currents
in the primary coil, and a galvanometer connected to the
coll.

Then the results from both alternating eurrent and dile
rect current measurements were used in equation (2) 1inde-
pendently to calenlated . The results indicatec that &
was equal to 0.01. |

his experlientally determined value was cheelked with
an avproxluate value obtained from calenlatlons for an
ellipse with a ratlo of wajor to winor axis equal to the
ratic of length to diaweter of the rod, This calculation
gave a value of 0,005 in ressonable agreemcnt with the
experimentall?’ﬁeterminea value. In thls experiment the

value 0,01 was used throughout.



The radius of the cylindrical sample, b, was detorw
mined by measuring with a micrometer the dlameters of a
large number of disks of the compressed powder, and cale
culating one-half the mean diasmetore. The length 1 of each
rod was measured with wicrometer calipers. The dimensions

for each sample are listed on pages (30) and (31).

¥, Transvepse Permeability
ol

The quantity'tbq was determined eoxperiwentally for
each sample, Since the transverse permeabllity is & funce
tion of the longlitudinal magnetie field strength Hg ropeate
ed measurements were wade for various values of ﬁg, and a
curve plotted through the wmean of a largs number of roade
ings. (23)

How, a well known cquation relating tihe wmagnetic ine
duétion Bi in an infinitely long cylinder wlth the applied
magnetic fleld K; is

_B;: i,ﬁ H: (25)

Dividing through by Hg, and then subtracting unity

from each side, 1t is found that (25) reduces to
1

T
H+‘ ™ Ho (26)

X




It is shown 1ln Appenclx II thaet, If the cemsgnetizing
factor due to tie finlte length of the rod ie inciuded in

tie calculations, formuls (26) =must be modlified to
e (1428) = =8 | (27)
-]
I.I.-H H,
where 8 is reieted to the demagnetizing lactor in the X
direction, =s discussed on page (17).

In measuring tihe quantitles appearing on the riznt khand

side of eguation (27), the externally sppiled magnetic fleld

e

hx was determined from a2 knowledge ol the current in tue pri-

mary coll, sa explsined above. To measurs the mapnetic induc-
tion Bi, a coil of 20 turns of #40 silk covered copper wire
w88 wound close to the rowdered core, so that esch turn 1lay
pareliel to one element ol the curved surface, and acrcas

the flat ends (See figure on page (995)). The mean ulmensions
of this coll were measured with a micrometer. Irom these di-
mensions & foreula relating toe megnetlic induction B né the
RS voltage induced in the coil coulc be computsd, This formuie

la was found to be -8
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The core and coil were placed in the 6soillating
homogenecus magnetic [ield of the primary coll, andé the
rod rotatec until a maximum flux threaded the coil. The
voltaze V was tnen measured from a meter connected to
the‘terminal of tne coil. A mean of the velue of V was

substituted into eguation (283) to determine B;. The

valuee for Bi and B1 were substltutsd into equation (27)

-1
to deterzine -—frr ‘

The value of 5‘ wag -determined by previous eaperlmenta.
From titl: information the quentity %;%% was computed,

Since the quantity'_ti_ wag not a constant, but a
funetion of H neasureﬁents nere'%ade for various va-

lues of #, , anc a curve of ?i—L

=

arainst ﬁz was plote

ted. (¥Pigure (7}). '

G. Longltudinal Yegnetization

To measure Jz' eech cylindrical samplie was placea&;n
a solenoid 44.8 cm long ant 1.60 cm in dlameter, The sole-
noia was wound with silk coverec wirs, 18.1 turns per cm,
The solenold and sample were accurately centered in the
large 300 1b magnet, so that the magnetic fleld H, was in
the direction of the axls of the sample. The termlinals

of the soleroid were connectec to a ballistic galvanomster,
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By ueing the formula

d- d, YTNVJ, (32)

g =

tae value of J, could be computed. This procedure was rs-

peated for various waluss of the current in the 300 1b eoll,

and & curve was derived, plotting J, against iz, drawn

turougs the asan of a large number of readings, A curve of

J; against ﬁz for permalloy is reproduced in Flgure (2).

He Limensions of Eods

ine lengtn 1 of tnse rods was messursd by amicrozsters,.
seasureanents were teaken vsefore end after winding, and a
meén value of esch dimension computsd, ne gquentity ¥, the
nuzbsr ol turns, was obtalned by counting them as the coll

v

was wound.

I. Gyromagnetlc Voltage

The strengtnh of tune gyromaznstic signal E appesriang

erminal of tae secondary coil was increased in

=

across une
strength by the amplifier 1n the secondsary circuit, ani then
measured by an electron voltmeter. To calculate & froam tae
meter reaulng, 1t was necessary Lo delberaine the gain ¢ of

the amplifler.
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The gain ¢ was cslculatel {rom the formula

- Vaut

Yin

X Attenustion

&3

The valuss found wers:

rrequenc . O
22. 4 10.6

G0 e & 1765

To measure E, the w¥3 gyromagnétic voltspe, it was
necessary to preduce to a suffliciently smeall value all
electromotive forcas in the secondary circult { such as
Inducaed voltages), that might mask the small voltare E.

In a prellminsry experiment, methods of adjusting tie sppa-
ratus werse developed to reduce these masking voltspges.

In these preliminary experiments & secondary coii,

wound on & bekellde frams, was pleced Insice the primary
coiles This coll assexbly wa in turn, plsced inslide toe
hole In the bobuin of tne 300 1b ceil, Tae sscondery coll

2

was rotated in azimuath, varying tie mutusl Inductance bee
tween the primary sul sscondary coils, untll an inducsd
vol age of convenlent anplltuce wes oktalneu, This induced
volteye was in guadrature phese with the gyrouagnsetic
effect.

_ o ff & g o o " - - apan F oo y 3
in aapliflier was connscteu to the terminels of this

A g - Y e : v A A vartilsal 1 ' 2 -
ceile An glectrun voitmeter and the vertical deflleocetion
o ) {7 Tl e ) A8 . } VRO Y artes
tarminglie (X aflicetion) of an ogclillogs¢epe were connasted

L0 tns output ol tae aupllifier. In orusr to synchronize
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the gsweep (X deflection) of tue oscilioscope to the current
Plowing in tue primary cireuit, the oscilloscope was operate-
eu on "external sweep”. Tune synehronizing eignsl, obtained
from the terminals of ths transformer in tue primsry circult,
was atltenuated by a resistance networi, and spplied to the
osciilgscope,

Tne positions (X coordinste) of the meximum and minimuam
cf the 1lndueced voltages were noted on the oscilloscope
screen. Tnese exirema furnisned & standerd with which to
coxpare pnase relatlons ol eny other gine wave aprearing
across tne output ol tne emplifler.

or convenience in tiis discussion, alternsting vol-
tages with the sem® pnese as the gyromegneble effect will be
calle¢ "1in phase voltages", end alternating voltsres with the
seme phase as tne lnduced voltages will be called "guadraturs
voitages".

frie bekelite coll wes tneh removed {rom iha apparatusg,
gnd the ferromagnetic ssmple, with a surroundling secondary
coil, was placea insids the nole In the bobbln of the 300 1b
coii, The amplifler was connecteda t§ tne termineis of tinis
secondary coil. The eiectron voltmeier anc¢ syncaronized
oscilloscope were agaln connected to the amplifier output.

The szscondary coil anc megnetlic sample were rotated
by means of the controls provicea until an sapproximats mini-
mum mutual inductsnce was cbhbtalned botween ihe priaary and

secondsary collis, Witn the screw sujustmentis previousiy
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described, tnls coll could be poslitionsc to within ten
minutes of arc of sny desired positioan.

ins residual voltape in thie seconcary clrcull contalned
chifefly a quadrature coaponent arising frem the remeining
mutual inductance, and an in piisse component arising fr
the gyromagnetic efiect, and other causes as describved bslow,
To reuuce the voltage still further, the varioameter coupling
tihe primary and gecondary clrcuibts wes acjusted, until the
output voltage was rsducsed to & minimum value, Adjusting the
variometer chanped the mutuel inluctence between the prinvary
and secondery circults, and changed ths quadrature componont
of the voltepe,

Yhen tols minimuy was veached, it wes found that the rg=-
mainling voltsge in the a@plifiﬁr cutput was an Iin pihase volte
a8, and could not be removed by reeadjuating the varlometer,
Tnils phaes¢ relation could be established with the synchronize
ed oscilioscope. Thils remeining in phase voltsge contained
bothh the gyromegnoetic sfl'ect and an in phase disturding
effe

The presences oif this 1n phsse disturbance can bLe under-
stocod wien one considers tue currents flowling in the colls
and the eddy currents flowing in the conductling walls éf the
containers surrounding the colls, The colils of the variomster
were pleced in & large iron box, in such a manner that the
coils were coumperatively remote from ths walls, In contrast,

tne prinary and secondary colls were plecsc inslde a bress

cF

ube, the walls of wnleh were comperstively close to the colls,
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Lacesuse of thie difference in the geometiry, the eflects
of eddy currents fiowing in the wealls of the contalners would
medify the two nagnetic fields by uifflerent azmounts. If the
wells were perfect conductors, thils elteration would affect
the megnitudce but not the phese of the ma&nétic fielas. Since
the walls were constructed of material with a reslistsnce dif-
ferent from zero, = phase dliference woula be produced.

Tnls phmese Gifference, althougn so small that it could
not be detectec with an oscilloscope, producec a smell in
phase resldual voltsze when tne voltage laduced in e coll by
one msgnstic fiéld was ussd to oppese the voltsgre indueed in
82 second coll by the othaer megnetic field,

liext, a method was found to remove tiils reslidual 1n
phase voltage. It was found that detuning ons of the conden=
sers in tne privery circult altered symmetry conditlions, and
preoduced a large voltaze, conslisting of both & qQuadrature
component and a small in phase component {(less toen one-
twentlistn as lergo). T™he guadrature component could be elimli~
nated by readjusting the variometer, lieaving s swall in phase

omponent adueld to or subtracted from the rcsidual voltage.

5y a series of adjustments, {irst turning the condenser
ne way or the other, and then removing the gquadrature voit-
aze, by adjusting tne varlometer, ths mapnltude ¢f the in phase
voltage in the output of the amplifier could be set to any de-

sired small vaslue %,, snd the gusdrature comporment eliminated,
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Tais conecluded the prelininsry experiments designed to
eliminate voltages that alsht mask the gyromagnetic effect.

The experimentsl method finelly adopted to messure E
gnabled one fo measure £ in the.presence of certaln disturb-
ing effects. The msthod will be cescribed first, and tihen
the disturbances will be discussed.

In measuring Eqs the sample and secondary coll were
emplaced in the apparatus, as described above., The current
in the 300 1b coll was set to some predetermined value, pro-

ducing a steady uegnetic [ield, H and sn Intensity of zage
g J oeagn J £

Z,
netization, JZ, along the axls of the rod, The variometer
and condenser were adjusted, as described above, until the
output meter indicated a smail in pnage voltagze Xj. The

current in the 300 1b coll wes toen reversed; changlng o
to ~i,, and also changling Jz to ~J,, With this change in

dy, the gyromapneilc veltage changed from EG to «~EG., The

output meiar, which was origlinaslly reeding Ej, would then

Q2

£

change 1ts reading to Eg, where Ep - L} = 2 L
In order to use this procecure tc measure £ LG, cer-
tain precautlions were necessary to eliminete possible errors,
Thess pnrecautlons can be explained with the nelp of tne dia-

grem on page (56). In these diagrams, voltages in phass

with the gyromagnetic effect are plotted along the Y axis,

and ths guadrature voltages are plotted along the X axis.
Plgure (Yg) shows the relations bLetwsen %, end U

1
that were desired, with the phase ancle betweesn Ly and

!

2
equal to zero, With thls phase relation it 1s proper to

writs }32 - Zil: 2 EG.
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E, 2EG
EI
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C) INCORREGT PHASE
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d) ELIMINATION OF
QUADRATURE GOMPONENT
OF E,
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Figure {(gb) «isplsys an incorrect prase relstion
bDetween Iy and Eg. ware ﬁl and ﬁg are 1600 out of phase,
and E5 - Ej # ZEG.

Fisure (%c) also displavys another incorrect phase

=

rajiation between El and Ep , where the phase anple between
tnen 1s an arbitrary valus @ , Feore apain Eg = Ey i# Z2EG.,

Io orier to imsure that the pnsse anple bLatweon &y
sanag 52 wWas zZero, it was necessary Lo check continuelly
thiis phaese relation wiith the oscllloscope during the ox-
periment. Ihe resicual volitage Ly was not reduced to zero,
but was made large enougili so thet its phase coulc be deter-
mined on the oscllloscope. To eliminaete any possible guad-
reture component of E,, the variometer was adjusted until a
minimuwn veltage appesred in the outputb meter. It was found,
by obaerving the oscilloscope and meter simultaneocusly, that

nls minlzum occurred wnen all of the guadrature component

woes ellminated, lesving only an in pnase component of :l‘

in gensrel, a guadrabture disturbance modified the
procecare, 1f T, was ln phése with the gyrcmsgnetlie el-
fect, the voltage B appearing upon reversing the rnagnetic

field ii.

&

would, in general, not be exactiy in phsse, but
would have a quadrature component (8ee figure (2d)). The
eppearance of thils quadrature component can be unuerstood

if one consicers the efieset ol tue reversal of X, upon the
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Since tne maznetic field Hz was actually scrzewhat ine-
hDﬁO*énLOUS, translstional magnetic forces were exertsd
upon the rod, Hotatlonal torgues also appesrsc. It was
noticed tnﬁt both tne magnitude and the direction of this
quadrature voltssze could be altered Dy slight changes in
the mngle between the magnetle fleld ﬁz and the sxis of
the lerromacnebtic cylindger. ‘ilils sugcested tuat torques
were exerted on the cylinder betause 1t wes not perfectly
alipned wita the meagnetlic fleld., By trial anc errcr, the
cyilndsr was aligned as accurately es possible, snd this
disturbance waes naue as smelil as practicable.

These forces ant torgues would distort the bakelite
frames supperting the rod, and nmodify the mutual lacduc-
tance between the prlmary and secondary colls,

Upon reversing the magneftlc flelc H an impulse

z?
would be impartsed to tihs rod, snd hence tec the frames supe-
portirg the rod and colls. It was reasonable to assumne that
the spparatus would not rsturn to exactly the same configura-
tion. Any change in the conflguration of the apparatus wounld
cnange the mutual inductance, anc produce a voltage change
in quadrature with tie gyromagnetlic effect,

It was noticed that the magnitude of the quasdrature
voltape, wulle not exactly reproduclible, in gsneral in-

cressed with tne Increasing strength of H Me magnitude

Z'

of this guadrature voltage wes saaller than the gyromagnetic

v

voltage, except for very intense nmagnetic flelids, when 1t

¥

at

xotic effect.

£
3

gometimes becane larger than the gyromag

v



In' order to remove this quadrature coaponent from E,
aric messure cnly the in pusse component of Eg, tne varioe
uoler was resdjusted sacii tims velore Eg WAS recorded,

Thia removed the guadrasture conponeat and lei't tac Iin pheas
voltage. Py cbserving the phsse on the oscillescops, it
wes posaible to doternine tae proper aujustment qf the vari-
oneier to elialnste the quadraturs component, It was alueys
found tiiat tne oubput meier inalcsted e mlnlmun realling when
the cscilloscope indiceted tnet all guadrature voltsge had
basn ramo?e&.

t wae sugrested that the practics of continually

readjustisg tihie variometer would Introduce an srror in the

resulits. As cescribsc on paps (B4), the cnenge in voltage

in the seconduery cireuit, producad by aujusting the veric-
meter, contalned g gueurature couponent enc & smell in
phase component. If tals small in plisse compunent ls
auued to 132 » buen E’Z - By # CEQ.

A study wes mace to sec 1f thls smell ilneccurscy ap-

preciably altered the results. "Firsi, 1t was pobiced thet

ot

4
~

o
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coll and the varicleter ceil was less bhan bthe smsellost
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taan one part in twenty). 20, bhe error wes eaxpactol Zo

be amplis
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in oruer to obtaln en sstimate of the nagnistude of the
srror Introduced by aljusting the varioneter, tihe cata were
examined to see‘if there were any systematic trends in th
results Lnst could be correlatec witnltnis disturbance, The
Gats were divided into four groups. The first group included
results obtalned with the most intenss vaiues of toe steady
magnetic fleld H,« Each of tie other groups includsd sata
taken in ;rogressiveiy weakzer magnetle fleld strengths,.
Since the magnituds of the quadraturs disturbasnce variec
with tne strengtu of Hy, the mean gyromasnetic retios coi-
puted for emen of ths different APOoups were studleu. o sys-
tematic tresc was found,

Then it was noticead ti:at, over a period of days, toe
Gusuraiure eilect caangec magnituuse ang, occasionelly, di-
rection. .uls change arose, possibly, from slight changes
in the orientstion of the rod nas the cellage The mean

Fyromapnatle ratlc was computed for each Jay's resulte,

-

Agaln; no systematic ceviation coudid be founs that could he

r

~

correleted wish the quadrature sfirse

oy

L waa3 coneludeq tnat errors in-

o

Yrom tuese studies,
troduced by thls gquacrature voltess could be neglected.

In orcer conveniently to take soveral reacinss of
2EG In a sacrt space of time, the curren: in the 490 1b
coll was seb to somé velue, and the in poase voltage Ky
was records.d, Next, tue reversing switch in tna eireuit of
tae SO0 1b ¢oll was tarown, ane thae meter reading, B, ,

TPECOrdeas 3exs vie reversing awiten was thrown bacik to
» j-
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its orizinael position and anotner reading for El recorded.
four or more reacin:s of E} and Ep were recordec within a
minute's time. fne switeh was thrown at approxlaately
equally spaced bime Iintervals so ss to nininize the aflecte
of systematic arifts.

Yor tuae gingle value of ths primary current, an sverase
value for E,, aud an averase value for Es were calculated,
The differences betwsen thess averages was cequal to 2 EG.

For each set of five or %ore readings, tae valus of the
prlmary current Ip was recorded so tnat i, could be conputed
a8 describsc on page (40). also, the value of the current in

the 300 ib coll was recorded so that the proper value of
pe -
t‘ ‘ coulu De selected,

dany repeated reauings of 250 were teken for the values
ol L, Letween zero end 2¥00 gaussos, Flgures (iC) and (11)
&

displey sraphs of EEG/ﬁOx piotted against 4L for permalloy

.~

and iron, respectively. ilso, on these peres 1s shown the

curve expsctad for EﬁG/H,x in a heavy black line, es (re-
%4

Je To calculate this curve, ths

(4 1]

on (1

-
5

ted by squat

iron were used in

[
-

vaiue e:t.ot}-’;—“i‘:m pernglloy end @= (.0 9¥'o
squation (1d), with otner quantitis: appearing on the rigzht
band side of the equation deteralined as ceseribed earlier

in this chapter.
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J. Quadrature Volteazos ! .

A atudy of the rcesults of sxperimenta with rotating mage
netic fields indlicaeted that, 1f the axlal magnetic Intensitly
was zero, tne gyromagnetic voltage appearing in the gecondary
coll would alsc e zeroc, A study of the theory for thls new
effect indicated that a measurable gyromajnetic vdltﬂge would
appear if i, was not zerc.

“hen the experiments were flirst begun, 1t was hoped that
tho gyrommgnetic effect could be detected by cbaerving the
cnange in tire reading of thae output wmeter that occurred when
the axial magnetic field 52 waa changed from zero toc some
deiinite vaiue, In sctuasl practice it was found that the
vo;tage appearing in the secondsry circult with the applica-
tion of H, contsined e large gquedrature voltsge, ss well as
the gyromagnetic voltage,

¥easures witn the synchronized oscillioscope indicated

that this disturbing effect contained only a gqusdrature con-

ponent. ‘fhe magnitude of the dlisturbance could be varied be-

o
3]

tween lerge limits, in some cases being over 100 tlnes as
large as the gyromagnetic effect; and, in other caeses, being
several times as lLarge.

First, the origin of thls disturbence will be ciscussed,
then tne experiments that were conducted to investigste 1it,
enc, last, tue procedurss that were used to eliminste it,

48 nag Leen sbteted In thne previous discussion, tae

roc and sample were not riglaly fixed with respect to one
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sipother. The apparstus was carefully bullt s0 es to Ve as
rigld ss possible., The cotl frames and cevices used to haid
the rcﬁé were wmade of thick balkelites The various parts
were formed on aechine tools to closs télerancas, and rigld-
1y fastensa together wnénever poasible, When not riglaly
fastened, hakelite baari§za wverc used. With thls arrangement,
only saall motlone of the parts with respect to gne snother
wag possible, due to tae flexibllity of thas takellte and
silgnht inperfections in macizine parta.

Ine relstive wotlions of the various parts would glve
rise to guadrature voltazes, bscause sucn motions would
slisihitly alter tie mutusl Inductence bLetween tne primary
anc secondary colls. As will be described below, small mo-
tions of tne'é;;aratus could bo detected with a mleroscope.

4 gualitative foraule for the effect of certelin modes
of motion cen be developed witn‘tha aid of Flpurss (12a,
12b, 12¢ end 12d), It is well to recall at tonis point that
the strong steady magnetic fieid 1s epplled in the Z dirsc-
tion, the c¢sclllating megnetic field in the X dlrsction,

The secondary coli was used to cetect the magnetlc induection
appearing In the Y direction.

FPigure (12a) indleates those throe directions by the
tiree coorainate axes. Tae reiative position of tas road ls
8180 snown.

Firpure (12b) shows the projection of the rod in the X%
place. Tue snali anﬂitaea'inélcatcs tihe angle Letwean the

axis oi the cylinder and the 2 exis of thée coorcinate system .
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. fhe Glaturbance was sgon notlced with this arrengement,
asd experiments made to determine Lta marnitudes Hesaurcments
wers bsken al various freguencles, sna for varicus wvaluez of
H,. (Ses Flgure (13}).

It was suzzested that this quadrature voltege mirhit oris’
ginate as 2 result of changes In the élecﬁrospasic coefficient
of lndiction Letwesn tue primary and secondary circuits, due
to the effect of strong magnstic forces on the rod, or due to
some other cause., The distributed capeclity between the primary
and secondary colls was measured on ® eneral Rsedio Corporation
Impedence Tridge, Hodel #650-2, in conjunction with 2 Im iont
Oscillioscougpe and a Hewlett ?ackard Osclllator, ¥ E0D-i, These
meagurements Indlcatsc thiat the change, 1f any, in tihe coeffli-

-

lents ol inductance botwesn the twe colls must have bDesn less

[¢]

han & few nmicroferads.

c*

In order to pursue the stucy, new Helmholtz colls wers
wound on two sepsrete linen base Cauelite frames. Ine coills
wouna on each ¢f these rectangular frames {(one ¢f which was
used for tne priunary coll in the finsl gyromagnetic experiments,
and is descrived ian dgetall on page (22)), were wound with €00
turns of &ilk enamel covurec wire., The two frames were tigntiy
bolteu togethner in such a position thet tie mutual inductance
vetween them was close to zero. Frovisions sere mede tc em-
place or remove, threough a hole in ong end of the fremes, the
metsrial to be tested., ¥When in pogition, the material was held
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from one ead of tne frames to the cother.
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In order to reduce tﬁs slectrogtatic coefllclents of
incucticon bDetween Lhe primary and secondary colls, an
earthed wire nellx was wound arounc the seconcary coil,
almost complievtely snleicing the secondery coll ena sample
from the primary. Tests with this arrengement reveslsd an
effect sizilar in megnitude and phase to that observed with
the other arrangement. Uith this spparastus 1t wee founa

hat tne disturving effect appeéred with both the permelloy
anu the iron samples.

Still anotuner arrangement wass tried, to eliminaete the
undeslrsd disburbance. 1t waes soon suspected that the core
mignt e mls-alipgned with respect to thne axial mapnetic
fleld #,, If tnls wag the case, torgues would be exerted
on thie rod when the magnetic inQuctlion was appliea., In tuis
way, changes in the engles 8; , 82 , and w3 might appesr,
and produce effects as described on page (68).

To lnvestigale tuhie, spparatus was bullt tast ensbled
tiie rod to we tipped witn respect to the =zecondary colil.
ihis device 1s described 1In detail on page (31). Tipping
e coll enaebied one to cihange the angles &8 and 2o

“hen measursments cof the disturbsnce ware made with
tuls apyparatus, it waes found that, &8s the rod was tipped
wita respect to tne eoils, toe maznltude cf_tnﬁ sffect

chanpget., A8 the ro. was roteted toward a position of syne-

N s v y . e 21 { o ;! = -
metry wiln respect to the seconcary coll (tnat 1s, 91 and
o & ¥ «

5 =¥ o = S ey b e RN Yol e B e AL e, TR
8, approacisd zero), tihe efi'ect ciminisheq to 8 uminimum
volue; and then incressel a:ein as the »0d was Probatad



fartier from the centrsl position (See Figure (14)), resaching
a meximur of about 100 timem the gyromasnetic effect, Thus
the elifect reached a mialmum, but was not entirely eliminated.
& variety of Jiiferently shaped curveg could be obtained with
small caanges In the orlentation of tae rod in the nelighbor-
hoo¢ of the alniauwa., Several exaapies of these curves are dls-
played in ¥izure {15)) as they were obtalned with tne permalloy
TOG.

obill furtuer elforts were made to study thiis effect. &
microscope was mountea abové the apparatas in such a position
that tae motions of the secondary coll coula be observed, A
movement of about 0,001 em wae obeerved upon applicatlion of
intonse flelas Hz. The magnitude of thls motion was recorded,
along with the strength of the effect thet alsc appeared. In
tils way 1t was found tnat about 110 volts per centimeter dise
placement apuesred,

<hen a micrometer screw was mounted on ti:e 3CU 1% ecoll so
tiat the screw pressed avainat the tube that neld the seconde
8ry colle. 5y turning the micromster screw, the tube was dlse-

splecement cculu be

[

piaced to one side., The pmount of the ¢
read from tho calibraetes head of the micrometer. Cnoe assin
bhie masnituus of the digplacenent was recoried, along with

thie voliegs aprearing in Lae secondary coiles rom tals Infor-
- Pk & ;

er

mation it wes found that the voltage In sae secondary coil
Increases at the rate of from £0 to 160 volts per centireter

m Ry i £ vy b
displaecement,

£
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Fo Since thsse numlers seemsd Lo be of the sswe order of

5

AT maynitude, 1t was cereluded tust at lepst part of this dis-
- turbing effsct originstod from tne relstlv motionsg of the

various paris of the appsratus,
fllempts were usde to prevent tihe roelative motiong of
the various perts, ne such attempt la described here, e
transformer oil was removen fros the tube irside the cool-
ing coils. Pne apparatus was sdjusied gso bhuat the distur-
% nance waes close toc 8 minimum. Ton tae entire snparastus
wes heatec tou-a tesperaturs of 71° ¢, Holten wax, also
ieatel to e tesgeraturs of 75° LVep d@S Thien pourcd into
toe large tude of ths ¢ool ¢ colls 30 es to surrouc tae
g velmnoltz coll ana tue seconcery coil. foles vwers criiled
in tne bakelits tute supporiing tue secondary coll, so that
ﬁhe ®ax flowel Insile tue tudbz and cane In contact with the
pérzallioy ﬁod. Tne entlre apperatus ves allowed to ccol
slowly te room tenperature. It wan hoped, in thils say, to
20ls the apparatus firaly in a so0lid block puraifine, thus

preventing eny rslative motion of thne eritical narts.

T e zs v o | 2 . ] AL £ o e
Lowever, urisis Indicatel tnet the elffect was atiil
present wlth svout tae sans asgnitude and pnase, It was

that, wlhen tne wax sclidifiel, 1t chanzed its volume. as @
result of this, tne aifrpment of tue tpparetus wes silpatly
Gisturbed. If thne colls snd rad were aligned before th
wWax was poursed in, tney were n. tonper allgned aftsr tha

e Wik o ar o ; LU O
®aX L8d sodicifiecds ‘iAa L;é~m wele neny possiule

{4



the rod, it was not

>-,

modes of motlon, suca as the twlsting ol
certaln tonat She wax prevented all types of motlion, especially
with thie apparstus mls-allgned., Jecause of this, the wax did
not reumove the adisturbing effect. Therial disturbances became
creatly agoravated, becauss thie wax furnished a thermal Insu-
latins medlus around tue eoil. o0, the wax was not used curing
the final experilments.

It suould be meantioned thnat sctllli Murtaer sttesapts vere
saue to eliminate tils ulsturbance, Otner arrangements of
coils and rou weré tried, ror one rsason or another, no other
arrangement proved to be ss satiaslactory as the one used,

As mentionec ¢n page (54), detuning the primary circult
by detuning tne concensers, unbalanced the equipment, and pro-
duced voltages 1in the secondary clircult, Now, the inductsnce
of the serieg rescnant c¢lrcult in the prixary was the idelmholtz
¢eoil. The roc¢ wea in tne magnetic fleld of thils coll, The goife
fnauctance of tihis coll must have changed upon tue sppliceation

of tie magnetlec [ield H., since the cross permeablilty of tue

rod cingngecd, It was suspected that this mignt detune the pri-

mary clreult, and give ries Lo voltapges in the gecondary,
To investlgate this possivle effect, a spsclsl thermo

ccuple was placed in seriss wita tihe primary circult, ihe out-
gut of tihe thernocouple was connscted to a sengltive voltmeter,
The voltmeter was cbservel to ses whslher tharse was sny small

156 In the prizary current when the magnetic intenslity H
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Careful investlircetion showed that tnere was & small
chranre in tne primary current, resuitinz from the detuning
of tae primary current, but thel thls tnange vwas only
1/100 i as large as woulc be needed to asccount for the
alstarblions eftsect. ;

Ail of toese gxperimerts Indicated that tals dlsturb-

(s

rom the maznetic {orces

&
e
£

ing aitect originated lar

“ g

g

exerted on the ferromagnetic roc. 43 the rod wes not no-
aogenesus, and the magneclic Ilsid, Az, %88 not Lonocgenenes
ous, trsnslational forces wers certainliy exerted on tns
rod. In acdltion, the rod departec fron the shape of a
rignt circuler cyilnder, aue to smell lmperfections, and
altered its ahape sligntly with the applicatlon of the iH,,
ijence it wes impossiblie to aiign the rod In suech a8 manner
that the magnetlc Iintenazalty woulc never exert rotstional
torgques or translationsl forces.

These many seérious complicatlons made it necessary to
acopt experimental proceuures which would enabls the gyro-
sagnoetle measuremeantz to be madse, sven thougn thsse motions
gecurred, it was known thet thie torguses and fcoress sxerted
on a previously demagnetized rod by sn externally aprliec
magnetlic fleia woulld remein uncaanged upon reversing toe
applled magnetic intensity. If bane geometry oi the appa=-
ratus was distorted upon the spplication oi the mamnetic
intensity 4., it was suspectsd tnat the sane disiorticas

ne applicatlon of (-4,). T™ils hypothe-
e
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sls was testeG Ly experiment in the folliowing menners The
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epparatus weas adjusted so tast the disturbing
over 100 times larger than the gyromssnetic effect., It
was tnen found tnat the disturbing veltare wss unaltered

¥ reversing d

z°

In contrast to tine disturbing effect, tne gyromapnetic
effect reversed sign {(l.e., changsd phase dy 120°) when H,
was reverscd.

e experimental procsiure used was Lo mesaure the
gnanze in ouipul weter reacing that accompanled the rever-
sal of L, e The aisturblng volitagss remalned uncihanged,
wilie toe gyromagnetic voltaze slone changed with this re-

versai. ihe devalls of the procedure used nave been des-

gribed above.



¥. Copnclusions

L, Jtdentification of the Syromacsstic Effect

8ince & disturblag elfect appeared under certaln con-
titlons, it was necessary to compare carefully tae experi-
aental resulte wlth btheoretical conditions, in ecprder to
fdentify tne pyromagnetic eflect. The followlng evidence
supportel the conclusion that a real gyromasnetic eilfect
hau Ueea found:

i, By varying tne angles 9; and 93, as describec in
Cnapter IV, 1t was possible to vary tne mapgnitude of tne
alsturbing efiect, Cereful msasuremsnts of the gyroname=
tiec efiiect were teken witn tne ferromagnetic sanple tipped
el various enzles wiltnh respect to tue seconcary coil. It
wag found 1n every c;se tiat the megnituds, phasé, and
other cnaracterlatics of the cyromagnetic effect were in-
uapendent of such chanses,

2. Ino snaps of tne curve of I, plotted from the ex-

o

erisental data foliowed tne I

H5: ]

3 R e . 1 o n
or: 8}1;_;35&3‘«‘.: X

e ¢

¢
&3

POnBL-

s

netlc effect was expectsecd to be gmall when the intensity o
masnetization, Jg,, was cliose tc zero, and was expscted to

increasa as increased, anc fo reacn a maximum in the

:iz
nelgnvoriocod of near saturation, and tinen slowly to uscrea
in intsnse [lelidsg along with the decrease in transverse

pormeabiilty. The curve of & {ilgures (10) anc (1l1)) dis-

v

playec these cnaracteristics.

b

£

208
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3¢ The magnitude of the gyromagnetic effect was pre-
gicted by formula (17). The results obtained were in agree-
ment, within experimental error, with mesurements male bY
otner metnods,

4, The gyromsgnetic effect was expected to be in quad-
rature phase. (see pasge (16)) with induced voltapes, The
pinase of the observed eflect was measured, and found to e
gs prealcted. -

Se¢ The zyromegnstic ratioc, e s 88 defined here, is a
negative number, The sign ofe wes experimentaliy found by
comparing the phase relationship of the gyromagnetlc voit-
age with tue phase of the induced voltages produced by smsll
rotations of thne sscondary coil., Tnis experiment showsd
taat e » &s compulbec from tane date, was a negative number.

gs Irom eguation (17) it can be seen thet the gyro-
magunetic voltage varled as tne square of the freguency.
ieasurements were made at two different froquencles, and
the mernitude was found to vary as tae square of the fre-

quency.

7« The foraule (1¢) was found to apply to two diffe-
rent ferromagnetic substences witn differsnt permeeblilitises,

as well as witn two seupies of tne ssme alloy (permalliocy).
e Tne phase of the gyromagnetic effect, as soen in

equation (18}, wes expscted tc chesnge by 1800 when tne in-

tensity of magnetization J, along tne axis of

changed from Jpto =-Jz *

fiect obgerved reversed phase wihen J, was reverssd in

£

rectiocn,.

[
(e

G



A8 no other xnown eoffegt would sasblsfy sll elpgat of
tnege cunarscteristics, it sczemed reasonable to conclude
tnat a real pyromagnetle eifect nad bean observed,.

)

e Lalcoulations

From equetion (17) one nas, for the gyromagnetiec ratic

where e is the charge inféMlUand m the mass of tihne electron.
%hen the experimentally determined values of the con=-

stant quantities for tiie permelloy rod %1 were substituted

(6]

into tae right hand slus of equation (28), one obtainsd

3 E?
=4 . 85x%10 e (‘~| (40)

’L+l
“he numerical veslues for

£, and H,, were ob-

.—' ’ VA
tein from measurements ss described in the previous
gection. il of these gquantities depgended upcn the
strengtias of currents 1n diffesrent parts of the apparatus,
and could be varileé at will over limitsd renges. A weighted

52 )

value !3.5;‘8 as caiculated from eguation (£7) and (28) was,

for permalloy:

e-(lovx006)Z

o 1" theée agata ant calniid o F oo g s 21w
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Only the data obtalned in the reglon of near saturation
(Hy; > 800 gausses) are uséa in tue cslculations. JToe gyro-
magneli¢ voltage seemed to rise to 8 meximum before epyuroxie-
mation saturasion of J, was reachec. (3ee figures (8) and {10)).
Thne vaiues of § computed from the data obtelned betwsen tine
maxlnws ol £ and the recion of near ssturation of J,, tnat is,
tnie reuglon of i, bstwsen 400 and S00 gausses, were in close
asgreement with tihe results obtained from the remsinder of the
data, .cwaver, these acditiocnel deta were not included in
ne calculations ol the esbove velue, Tor the equatlions have
not been provsd to hold in this region.,
me experimental srror was computed from the square
roct of the sunm of the sguarss of errcrs arising from vari-
ous sourcea, The statistical mean Geviation of the data was
combinea niim instrumentel errors to obtsin the
error, in tae following menner:

“ror formula (128) one has

2 o
[Ml ( S 4 A J;EXIOB
= b)NbHoxIw‘A

2 2 2 2
; s(e) T [se-3e- 8 Tea]* [5e [Sb] [H) [sc| [sA] [s°
-+ — 4]l ]— | 4|} + — g4 R
e A E G K N R A I T




b=
On substituting tos valueg for the quentities concerned,

one cobbtaing

J P (P ) B ()

= 0,062

It was not possible to saturate tune iron sample with the

magnetic fields obtalnable, 8o the formulas could not be ap-
piied with certainty. However, it was posslible to obtain =
measurable gyromagnetic effect for 1lron in the region avalla
avle. (Zee Figure (11)). 4s H, Increased, this effect started
from zeroc, reeched a maxlmum, and.then decresged in magnitude
in much the same way as did the effect for permalloy.

Since saturation of J ould not Ve obteined, 1t was not
posaible to spply, with certsinty, equation (26) toc iron,
By assuxzing that the gyromsgnetic ratio for iron could be cal-
cuiated from the values of E obtained after theé maximum value

of E nad been reached (ms was cbserved for permallocy), and by

A
alsc assuming that the correct saturation value of Jp could
be obtalned by extrapolating tue dsta obbalnadble for J,, one

gbtainoed for iron

(.o 9 + 0.10)&

The error for tihe measurements on iron was computed in
tne same way as {or permelioy.
In view of tiils largze experimentsl error, thsre 1lg no

= 5 Vs i Boeemr £y S50 e e ' 2 S SRR By
sagreement bstween these rezsults obtained with
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Ly weans of tile equation Kittel definecs ‘he "spectro-
7

acopic ratic” € + e nurericel values of tnese two E¥rO-
mapnetlic ratlos, as dstermined frog sxperinental uats, are
Giflerent,

The probable erbors In'thia present sfucy ere large.
nowevVer, tne results obtalnef herg 8re in reasonable agree-
xent wiiln tiacee of tue Hernett ellesct and the Elnstein-

de-ilaas oifect,

Ue Jupoestions for Fartner Roesearch

In order to incrsase tio precision of tnis éxperiment,
geveral 1lmprovements should be macs in the apparatus. iprst,
the electrenlic circulbte siould be iaproved 8¢ as to increase
tiae stablility in bots fregquency anu auplitude, It woglo e
2avisable Lo use vattery operated tubes to ineresse stabili-
ty an. recuce rippls fluctuatiocns,

seconaly, tone o eometry of the ccils anc ssxple could he
moGliled 80 as to elimlnate end ellfecta -and inhomogsneities
arising from the cemagnetizling I'lelds. 4 torroical saeoad
gample wlzht be sdventaseously used for tula reason, as in
some of the sxperiments on rotary fleics.

dext, iL would ve important to fnvestigate further the
2isturbing effects and eilminste them by improving the

design of tie apparatus. j c¢ifferent zeowetrical ARTONe-

ment might alc In this respect.



The most diffieult quantity t& measure in this expe-
riment 1s E, the gyromagnetic voltage. Better measurements
could be made of this gquantity wlth thermocouples snc D.C.
voltmeleors. F‘H

The quantity —r- 18 also difficult to determine be-
ceuse it muet_be ;;::z;ed by a method employlng osciliat-
ing megnetic flelds, with intense steady cross [{ields.
bBecause of the large transverse demagnetizing fector, ac=-
curate measurements with 8 cylincer ars difficult. More
preclse data might be obtalned with thelﬁbocedure used by
Bozorth and Dillinger.(la)

In passing, it is worth noting that 1ittle informe-
tion concerning trensverse permeabllities has been publish—
o Baorth and thidARper VAL udet St il Axts’ e STk
transverse permeability in longitudin&l fields verying in
stbenéth from zero to several timés that needed to saturate
tae material., In tixis experiment, information was obtained
on the transverse permeablllity with longltudinal magnetic
fields as strong as flve times the saturatlion field strength.
Furtner information on this phenomenon might be obtained by

experimenters quits easily.
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APPEEDIX I. Intensity of kagnetlzation in a Uniform
lingnotic Fleld,
z

X

If a howmopeneous isotople ferromapgnetic ellipsold is ori-
ented 1n space 80 that 1its principal axes lle along the
X, ¥, and 4 directions, and if E% and H% are the X gome
ponents, inside the ellipsold, of the umagnetic induc-
tion and the magnetic intensity, respectively, and 1if
rl is the permeablility, then a well known relation be-
tween Bi and H% is
. ‘.
B, =} H,
(41)
How, if Dx, Ly, and D, are the deunsgnetizing factors
in the X, ¥, and % directions, if HY 1s the wagnotic ine
tensity of the applied uniform wagnetic fileld neansured at
infinity, and 1f Jx is the Intensity of the wagnetizatlon,

then the relatlon between these quantities is (ﬁo)

H=H ~D.J, S
. 4 o 5 1
On substituting the expression for liy frouw cquation

(42) into equation (41), one obtains

B; =t (H:'D»J;) ".,)



Another equation that appllies to these guantities

Inaslide the meaium is

B, = H, + 4, o

Substltuting feor Hy from equatlion (42) Into equation

(44), one obtaine

B;: HQ e o Dx) ‘j; (45)

X

Equating toe rigat hand side of the equatlion (4¢3)
and tone rigut nend siue of equation (45), end solving for

Jx’ cne obtains

g )"x—l H:

J; q"'ﬂ"f'(t"x“)Dx



Formula for Transverse Permesdlllity.

e
F‘l
~
(4]
=
i
4
L3

rrom equation (41), Appendlx I, one obtains

X (47)

J; y 1S ([‘x"\D,

and from eguation (19), page (17),
DK - 2’]1’(!— §) (48)

On substituting for D, from equation (48) into

quation (47), one obtains

3 | IJ—| o | )
J:‘Z’IT ot SN H.

From eguation (45), Appendix I, one obtains

B, = H +(4+w-D,) J, A

Substituting for from equation (43) into

{3
Lig®

equation (5C), one obtains

B e, e



equation (51)

that

: ‘ - 5 41 -
e T
tA"‘l

Now, 1£8is small, anc if

s greater than one (as

is the case in this expseriment), then equation (52) re-

duces approximately to

U-|

Sk iy ! o
B, = 1-§ ",

"~
o
A
S

Dividing through by B, snd further simplifying, this

reduces approxinately to

e
(1+28) s -

e e e

(l+l :
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where ¥ ls the number of turns in the coil,
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Substlituting tus velues for tue magnetic induction
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Substituting the expression ﬁ’oz*c# from eguation (60)
into equatlon (6l1l), one obtains

2

-1 b i
E-V2 CcW [t o |NH R (8] o
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the resulting expression into equation (62), and then

2

% ok O
gsolving for By, one obtaings

B = Ve E X0 (65)
A Nwm[ +——-(|~ )]

If one dsfinea Yso thnst C ‘=b+)’ where ¥ is small,

then equation (963) simplifies to
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APPEETIX IV, Formula for Voitage Induced In Zecondary Coll .

In this appencix a seni-emplrical formulas 1ls developed

for tue :yromsgnotic voltage sppesring in the sscondary coll .

is voltage is a function of tie intensity‘of magnetizatlon

arising from the nyromagnetic effect, and & function of cere

tain cimenslons of tie apparatus.

on
cc

(135]

fue soecoundary coll AA'DR'E (sece above figure) was wound
a vakelits frane tnabt was longer snd wilder than the rod

tptn, Since a direct cslculatlion of ths flux threading the

11 AA'BY'E due to the mammetization of the roa was diffieult,

iy

p ek & om X t s v b J T - <’ g 3 = is
gseml-cupirical methnod was used to determine the flux.

First, the maynetic flux C#%-Bﬂrua;ing th

(4]

coll ER'FIP,

wound cliosely on the rod, due to the gyromagnetlc induction

s, was ceiculated, Tae ratio of the flux c#) threading this

closely wouna coil, to the flux C#’ threading the large coll

AR
FE W

'B'E wag determined sexperimentally. From tuis Inforaation

a foeraulae was developed for tie volbtage induced In the large

e s
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b= fj__, mNH 2( 1+8)+2(b+A)N£H &
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i Tatermination of the Constant A,

The constant A waa dollned in Avpendixz IV as tae ratic
between tne flaux q) thresaing the secondary ecll, to tne
flux <§§ tareadilng a small coil wounc closely on the rod.
This constant wes defined so as to include only that flux
arising from thae magnetizing of the rod.

o experiaentally deteralne 4, 1t was nscesasry to
wing a vest coll on the rod, The ro0 end coll were placed
insice lne primsry delmdolbs coll. The galvenometer deflece
tion d, accompeaying & xnown caange in (he primery current
W8S recordeu. : : .

Thaﬁ tne rod end test coll wers removed, and‘a bake-l
i1its coil, with dimenslonsg simlilar to those of the core,
vas piaced in the same position. The deflection dg of
the gelvenometer, assccisted with s known change of tue
primary current, was again recordaed,

Hext, the secondary coll was placed insice the primery

coll. Tne deflsctions ds

3 and d,, essoclated wltn tae reverw

sal ol the primary current, with the rod in place, and with
toe rod removed, were recordec,

Ine gslvanoumeler was stenderdizec with a (ibbert Stane
éara. e ulmenslona of each ccil were measured withi a
microzeter,

Yrom thls information, tiue changes in flux (per ame

pere) were dstermined in each cmse. Correctiong were made






APPRNLIX VI,

«l02=

3anples of _ata,

i. H, = 722 gausses
% ¢

Jeter Heading
Position 1

10 x 10°% yolts
11
0%
12
o LR

Avg. 11.20 x 10™% volts

ﬁox:: ve8l zZausges

Heter Reading

Average 2EG = (25,75 - 14,00} x 10~%

2EG = 15,75 x 10~-4

4,85 x 109

e =

P = 4.85 x 13°

@ =1.002 §

Ze H% 770 gausses
Meter Heacing
rosition }
a ik :
14 -x 19 velts
ig
18
20
21
; SVED | e i Sk oA
Avge 13,20 x 10°T% vwvolts

‘Averare 256G =

- g, L7 5B 30
4,85 x 109 x 2levd X U

Pogition 2
24 x 10=% wvolts
26
26 :
-
Q8 . HE =4 1
20,88 = 10 volts
volts
{40)

2EC ((Hl )23
Hox i o

15.75 x 104
10,08

x (1.341)2
)

10,70 gesusses

deter Reading
L]

Pogition &

SH.7H x 10% wplta

35,76 - 18,20) x 10~%
55 x 107%

volts

”
E

x (1360) =
10,70 ( ' e
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