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The intensity of e masnetic fleld may Le determined Ly
referrvin. the vericus rproperties of the fleld to the {funda«
mental phyvelcsl dimensions, lensth, mase and time. he laws
of Coulonmb, Ampere end Feradey serve %o define s masnetic
fileld iu terme of otber peasuraile jperspeterg., I1f these jare
ameters e measured in terme of  fundaswentel physicel stendards,
tie field will have Leen deternmined absolutely. Frevious
technigues for determining tie absclute field intensity have
enployed the torsion magn@ﬁamatﬁr,l the Lvotton telance, the
gine ﬁalvanmmaterﬁ end the slgsctromasnetic inﬁuatar.ﬁ

when 8 oompdete determinmtion of & spece vector {ield,

guch 89 e terrestrial megnetie field, ls desired, the dil=-

rection as well s the me pitude of tue Flield wmust Le siec=
Ifjed. The terrestriel {lsld Las been by convention speci-
fled by ite verticel and horizontel components. Iin eddltion
to theso components, the direction with reaspect to & {ixed
obliect of the rlane containing those components must Le
statod. Various other combinations of three persmoters may

e used to define & specisl masnetlie fleld, in messurencnts

liar) v, ususs, intensites vie megnoticae ad monsuran
stsolutun revooste, Comment. Soc. Hegs Yottinpen, (1833},

2 , . . . ~
¥. watson, ihll, Trans. loy. S0C. Ae, 198, 431 (1902).

Sy, varadey, Exrerimentel lesempones in ilectricity
vol. 1 {MJJ 'Y



of the terrestriel {leld 1t mee been comon practlice to
measures the horisontel component, tie inclination and tae
declination of the {leld. %The verticel intensity mey then

e ecomputed from the horigoptsl intensity and the dip. Luch

s technigue, however, leads to & result 1w nore precise than
the least jrecisely memsured parsceter, The dip is in genersl,
post difficult o zeasure. 4 prefevred metinod for defining
the dertii's fleld conslists in wmeasurin: the horizontal and
vertical components and the decllipation, Untll guite recently,
guclh peasurerents were lmpossible Lecsuse there existed no
macnetometer for acourately messurin: the verticel component
of the iarth's fields. In kngland, iye? nas developec an abe~
solute megnetoreter adapbted for observetory meesurenecnts of
the verticel comgponent. in idesl instrusent for terrestrial
pagnetic memsurements shwuld be capsble of messuring both con-
ponents of the vector [ield, as well as the declinatlion of the
fleld., A universal ocbservetory magnetometer of this tyre is
teing conetructed by the Carnegle inetlitution of %naﬁiﬁgtnn.s
This instrument uses an electromesnetic inductor opereating at
g conperetively low speed, in the development of 8 cinmilep

43. e Mye, A Us;netoncter for the Xessurement ol the
Garth's Verticad ield intensity iIn Uy e »» Heasure, iToC.

ﬁﬁ. &, SOhmson, A iripary Stemxierd for dessuring the
Eerth's tagnetic Veotor, Terr. iag. and Atmos, tlec. 44, 1,
29, 189



masnetoneter, the sublect of thie Jdliesertation, the suthor
chose o vee an extremely high spreed lunductor in order to
geln e sufficiently Ligh sensitivity in the retier weak zerth's
field.

in ites sivplest form, the magnetic iﬁﬂu@tév conuizte of
a coil ghich le rotated sbout an gxls jerpendiculer to the
rponetic fleld whose sagnitude 1s deslired. sereday's lew
stetes the rolation betwes:n the induged voltage and the rete

of vutting lines of induction in the form

-7
e:-d_/_v_x/a
At
For an inductor of n turns, of cross~-sechion &, rotsting in e
field & at en ansuler spsed @ the indueed voltage at sny time

t becomes Iin & wedlum of msgnetic permesbility unity,

7
© = A w simewl xi0 Equation 1.

& eritical study of equation 1 showe that not only must the
induced sinusoidal emf be ressured with the ssre ryrecision
e la reguired in the firel fleld determinasation, but elpo
durin: tihe messurexent, the anguler velocity mueat be known
to the same ultisete yrecision. when better than 13 pre-
ceision is desired, this wmetiod cannot e used beceause present
day altermaiing current voltmeters are not sbaclute stenderds.
An lemediste podifllcation presente itesell in the Jorm of the
mill technlgue.

if sround the induetor is rlaced a current-carrying coil
wiwee axis coincides with the ma:.netic vector under mesaulre=
mert, & field can be set up in the coil of such & sense as 0



Orpose Loae smonetic vector. ke megnitude of the collts field
carn be gaojusted by veryving the current flowing Shrousih it
when the fleld of the coil is exsotly egual end oppositeo in
sensge to that o the wecnetic veolor bDelng neasured, tie volte
a6 indused in the inductor Is gero. The value of the rag-
netic veotor is now defined In terms of the current in the
coll and In terme of the physigsl dimensions of the coll, Soth
of these {actors pust be determiced to precision deszired in the
field peassurenevts, oy csreiul econstruction end Ly the use of
g waterisl of low coelficlient of thermal expansion {or supe
rortin tbe ¢oll, the ¢o0ll will have & rermenent celibretion
songbant determinable to Lish jreciesion. &lthowh a direct
correletion Letween the surrent and the fundasental dizensions
of time and ness way be obituined by the silver depcsition
moethwod, & pireclise walue of the instentenecous cuwrrent cen be
ohtalned by Interpelating the voltage dyrop produced by the
current throuvwi & standard resistence in terms of the voltsge
of & starderd cell. iThis Interpretetion ney be exscuted by
moang ol & precision potentiometer.

Laas® the rotetling loductor and its olrcuital elements
gre uned morely &8s 8 mall detector, only tiwe senaitivity of
detecting e equallity of the opposing lelds ig affected by
the physlicel chearacteoristicve of tﬁﬁ‘ﬁuil Getecting constibue
ente, ror sguation 1 we see bhet the sensitivity ls ;. iven
by

Ae y -
_— = > X /0 fauetion 2.
L :



now, Af tue Jineness ol seasuPesent must Le pede & meionun,
the sensitiviey of the neasuremenis ol the velitsge "e", es
well 88 0F the product "n AW ¥ auet be locressed o bths

iimit of experipental teciniquo. eosuse Lhe oot sensitive
Lele woltneters savye those jreceded Ly seversl stepee of
glectron tube anplification, thls problen was sitecked Uy the
uge of suveli & detector. On casunl thought, oune wlpht sttenpt
gxtrocely hish smplification. Ghere oocur, however, in vacuunm

tube cireulis, cortsin rencuon mﬁi&esﬁ

ealled thernwl agitstion
aend 80t nelses wiwse effects 8ot 8 limit o tie amplification
of tie snell voltages., The product "n AW " shows thal an
Inereame i any e of the lactore n, A, or W produces lme
froved zersitivity by loeressicg the iluduced enf per unit
Flela Intensity, which is, by eguation £, the seveitivity.
The dirensions of the Iinductor, which determine 4, are, Lowe
evey, limited by the ares over which the {ield mat Lthe centey
of the ¢oil cun be sald o be unifom, while the nusber of
turne on the inductor lis else limited by the physicel dimone
sions of the eoll as well &5 Ly the olectrical charscterise
tice ot Lhe input cireult of the aaplifier. The latter cone
ditlon will be studied more sinutely in the followin: vepes,
in ke preseding pare;rorh thwe aree of the inductor wos
sald te be limited by the reglon over which the null fleld
is unifors. 17 the oull £ield is not uniform 1t is poseible

to adjust the mapgnitude oF tie fleld oo thet the resultant

82, #. Jounson, ihye. Leview, 33, 07, (1uB).



of the noll [leld and Uleld Leling seasured ia zero but the
gradient is nob sere, The gradioent Uleld pesulls in the

gaserstlon of baymonle velbapes lu the lnduckbor. ITlLese hars

munic volteges, 1i largs enough, set a 1limit to Lhe aupll-
Fieatlion whicn can Lo used withoul overloadling the anplilier.
in addition, these haraonics pay Le large enough to overloasd
e gutput meter, tnereby reducling the seunslilvity of doe
toctlion. The degres o unliformity of the nmull ield thus
pets 8 1laié Lo bt wlilumete precision obtalnable in the finmi
weasuremenits. @ille tohere ares many conilgurstions of current-
carryvin: elements woich yleld a suificiently unifome {lieldd,
nere sre Lud two forms whiolh bave been adopbed for terrestrisl
magaetlc instruwents, nemely the Geugeln-ielmiwlts coll and the
donz solencid., Tie long solengid possesses ons feature in ade
ditlon to a uniforn field mt its center, which pakes 1L pape
tloularly sultebls for use 88 an absolube instrument, - its
calibration derends only on one length wmessuwrement. The coll
constant ol o long solensld can Le determined Lo s igh order
of precision by comparing Iits length with that of @ prixery
longth stonderd. dhe radiuveg of the solenoid enters into Lue
calevipblon of the coil constant only &3 o wealk paranmster.
The selovtion ol @& long solonold for the magnetomster do-
goribed in the paper was dicitated by these cunsidarations.
ﬁaf&rwﬁm§ agsin o eguation 2, it will Le seen thaet en
ineresnse in tha‘an@alar speed of the imductor glves Ly Jar
t$he Dost promiss of ilmyroving the sensitlividty of the nmull dew
tector. With an sppreclable inereaze in rotatlionsl apoeds,
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there ovouwy wwehaniceal rotlexmes of Incrsased Llujosed
gtropoes and [reatly gunaoesd LORPIN: Wear. espite these
Girfiowdtiss, 1t was possible %o wsbke cunbinudugs measure=
werde with the industor robatisg st 100U revolutlions jar
geconi. &% theas spoeeds, were one to convey the laduced
veltages By the wususl allp ring svd Drughes, One would gne
counter hlph conteet oolses, ooslized Lest developad at
noe #lidisg surfeces causes fluctustions ia the veloclitises
of the Iree oliecbrong in the cooducbtors. This rheee of thw
rrobles was solved Ly & novel tecianique sugsested to the

aubior DY e e B Lo8. The progscution ol this swpsstion

led Lo the development of the "masnetic wmirror” $o be de~
gorived in the followlng pages., Jrielfly, the s netic mirvor"
comprises a8 mobbod Jopr lanductiveldy coupling the rotating ine
dugtor o a stellonery coll, theresby eliminating urusies and
811y rlngs. Previous to Yhis work, J. J, Jakosky ' had de-
veloped a sgniprlison megnetoneter, (not an avsolute inshiuw
nenbl, In whiich the induced voltege was trazusfeyred by indue=
tion from & votatling coll to & statiorary cell.

in the foere cling iuntypduction It was pointed oub thaid
maonetic fleld Intensitios ers precisel; dellined in terms of
prlmary shysiocl stendards by the use of ths null technlgue.
it the foellowing sectlions the conditions ylelding & meximem

null detsction sensitivity will be anslyzed. Superinental

T, 3. Jakosky, kxploration Jeophysics, Times uirror
ireas, lst. Hid., (1840),



aspparatus developed for the verification of this analyasis
will be daesaribed and experimental resulis of the tests will
be gilven. Theoretioally, it appesred that the ultimate limit
of precision was determined by the smtetistiecal volteges and
the gosl of this researsh was to aprroach this 1limit, sub-
ordinating all other limitationa by the carsliul selection of
conflicting parameters. From this study a portable magnet-
oneter capable of measwring both components of the Harth's
fisld to & high order of precision was developed.
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SRATICTICAL VOLTAGE FLUGCTOARIGHS

in a rroperly desisned nighwgeln snplifier, the 1imit
of szplification is determined by tho beckpground nolaes de-
voeloped i the suplifliler input circult. Thess nolses are
ansracteriatic of thermal aglitation; belng noneperliodic and
heving m dlgtpliiution over ths cornpletes freqguoney sroectraom
from the lowest audible reguenslies to thae ultra-hizh redio
Irequenclesz, LTheory sttribubtes thls nolse o the random
moetion of the free elestrons 1n a conductor. 4is 1n jesas,
whiere the reandom motion of molecules is deseribed by $the
daxwelle~lolbgnen distriiution law, the Ires elactrons chey
a dlistrivution law which defires the number of electrons
having & gertain rance of velocities., Hince the motlon of
the electrons cougtitutes & current, thls current {lowing
throuwsh the resistence of the conductor develops a volta s.
The thermel {luctuation of the motion of the slectrons cuuses
the randomaess in the periodiclty end re;nitude of the volt-
ages. vbhen the audible spectrunm of tuese nolses is selected
and etudled throush & sowkl veproducer, rying, hissling

sounkia &re noard. The megnitwis of thils voltape can be Obw

telined frowm the Teletion due to ﬁ@hﬂ&@mnﬂ
£ iguation 3.
LR T ) S |
© Eguation 3.

83, B. Jolnson, loc. git.
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where E 18 the ellective wolbege iu thwe Ifreguency of band
wiglls fg=f3, ¥ iz soltgwen's congtent, T ls the absclute
tesjersture ol the conductor in which thw wolitage ls dew
veiored snd & is toe Impedence of the corductor over an lie
crapeontal Ireguency Lend width &f.

~i thwe lapedencse o 1y constent over the bend width
Lg-fy, this reletlicr Decowss

f"?K?’Z(/ -4/
bguetion 4.

it is spperent tont if en inpedence is connected to
the input srld of & LI hegrivn sEplifier, the ncise volte
szes will be anyplified slong wlth any elpnal voltege tuat
may be developed across thet inmpedence. Iin this resesrch,
the imredence connected to the grid of the Tirst stece of
the amplifier is theo inductor in whieh is lnduced the volt-
age resulting Irom cuttling the magnetic {leld under uessurew
ment. 0w, Al the plumel volbage is mede to ariroach zero
{(by acjusting the current in the molenoid), the cutput
meter of tne emplifier will spproeach not zero, but a certain
sinlzan deternined by the thermesl ggitetion voltazes. This
minlove reading of the output meter represents the background
velow whlich contrast in signel does not exist. Another sep-
jouz nandicey is the fact that thie beackground limites the
attalneble emplificatlion.

Un exssining eguativn 4, one eees tuet there are seve
eral possivilities for reducing the sacnitude of tiese ste~

tistical voltsgesn, ?na uge of only & narrow frequency bend



within wihich measuraments are made 18 the most practical
atteck, Lend pass filters sen be obialned to limit the
spectrum fp-1f1 to any desired width. There are, however,
corsalin considerations whileh preclude any extensive gainas
by this band narrowing. Other possible reductions result
frorm lowerin: the tomperaturs of the ocondustor by means of
1iquid air or oxygen or from wmaking the impedence in the
input ¢ircuit smaller, wWith the lower impedense industor
there will occur the sttendant reduction in sigznal voltage,
ainee the aignal 1s the result of a voltege induced in a
certalin number of turns of wire, The effects of statistical
volitnges upon the present experiment will be demonstrated in
the section on the "magnetic mirrox®,
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L 8 eolil of ope Lurn having & very low resistance is
rotated In e se netiec field zo es to eut llnes of Lleld,
theye il induced in bthis ¢oil en enl, 8 = n & «w 8ln Y %
Tihis el carn now accelerate the free electrons lo the metal
of the coll and thus & current 1z caused to flow I1n the
eoll, Uy hspere's lme, tihls current "1 slives risze to 2

magnetic leld,
44///7/"
/é/ Y

Socause tho current 1z veprying wilitlh dlume, Wi field resuld-

{30 voodor potablion).

fag frem tnls currert wlll Induce aa enf I smwitbey coll,
{the secondary), riaced over the incuwetlor 50 & to Iintereept
the Ixdiunetorts fizld. The Justlilestlon Jor itheso pultiple
trensformetions of field o current, current to {ield aud
fireily, to an end, iz thet the secondery need 1ot revolve
with the lnuuetar. Uy o preacticsl utlliiseblon of this actic
it 1 Jeesitle Lo teearoafer the voldere Indueed in the ine
guetor to the mpplifier without the use of 8llding contacta.
Treryel soltetlon end contect molises beltween Lrushes and
eliy rirge are therefoure entirely oliminated.

in o eetuel proactice, the iLnductor csu be set &y s&n ansle
of 45% to 1ts exle of rotstion. (oexisl wits the shaft upen
wizigh the industoy rotates ls & stabtlionary secondary in
wiieh is induced the voltage resulting rom the induetor'a
activs In eutilin. lines o fleld. ¢igure 1 illuatrstes the
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mechinicel arran. ement used. oeeause thils experimentald
device verde tie origipel {ield birough & defiunlte angle, 2L,
it hes been terved & "magnetic mirror” sfter its opticald
anslos e
aseforring Lo rlgure 1, toe flux throsuin the lndietor
is piven Uy
W= A o5 Son &

Lguation &,
wviere K 1s the ergle the plsne of the irduvetor mehes with
tie exls of rotetlon and iz the megnetic rermzeebility of
the redium surreounding the Induector. The other symbols of
eguation £ are thoge deflined in egustion 1,

The el Induced I the Iirnductor 1s

- - = w AL cos dcoswd )
p e Hgquation 6.

“he current (lowing through the inductor is by Gianla law,

L = Yaled AL cos K cos W()}Z('ﬁ/
» -

< Equation 7.
wiere < is the inpedence ¢f the Induetor and gﬁ is ¢tne phese
angle.

If the rutual induvetance betweer Ifnduotor and the pece
ondary is ¥¥, the enl induced in the secondary will be
oy o AL Al o5k S8/
Z dZguation G,

Elthwuslh an integrsl for the caloulation of the putusl

* w0 arpeudliz
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induedziee 1o given In the arrendiz, 1t hes been found post
expediont to mensure $he conshant é? in vlace b ainmply
moaasurine the wltar-e devoloped 1 the secondary shon the
induetor operetos in e known fleld,

Tlcure B shwowe the inducdor of the maonetlo mirror ne
woll ez the Lturhine Lmyellsr upon ehich the Inductor iz ine
atelled, The inducdor is rmochined from s s801id rod of hipgh
conduetivity covver, A en £id ir rreservin. the dynanle
belance of the rotor, ths irductor iz made syuwetrical sbout
its axis Wy machining 8 secord sinlilar coil intepral wiith
the Tipst colil, bubt wiith its cirewit opened by a narrow nllt.
Thile iz soown clearly in YLrure 2. After the Inductor s
sliyred over the lmpeller, the whole dg wound $ichtly wilith
Linen tlhvend ernd then given & coat ol strorng cement.

searite carefal mechining, the rotor rust now be dy-
namieally balsnced In & meehiine which wes developed spesi-~
fiecelly for belancing these amell 12 grer rotors.

The necesalty for cerefully balancing the xotor la
demonstraded by the faoct thet on the periphery of a rotor
of ooe centineter radius the radial sccsleration at 1000
T.DeBa 18 40,000 tinmes thet of sravity. An unbslonced rumas
af one milligres, therefore, results in & forse of 40 sroms.
Tre avrearatus for balanclin: thoeme emall rotors is shown in

gure . lte operation deponds upon the transfovmation of
the nechanigal vibration of the elastie Learing supports
into ar electriceal vibration by means of the crystel rhono=

graph ploivra. The voltage Irom esch béaring causes a de-
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flection in emch of the two orthogonal directions of the
cathode ray beam 1in the oscillogrephs The relative phase
of the rotor unbalance at km besrings and the megnitude of
the unbalance, is indicated by the Lissajou figure on the
soreen of the cathode~ray oscillograplie

The voltage from either of tha bearings may be mupli-
fled and fed to the ignitor elesotrode of & strodboscope. A%
esch pesk ©f the bDearing vivration the strobescope {lashes
a pulse of light, esuslng the reotor to saprear atationery. 4
refeorence marik in the rotor will therefore arpesar in one
particulsr position with respect to the josition of the une
balsnced mass of the rotor. Thus, the phase as well &s the
magnitude of the undelanced masses ney bde determined and
sorrections made by subtracting weight froz the ends of the
rotor. ¥ith this technigue, the vibration due to an unw-
balance retor may be reduced to an impercertible wvalue,

Over the rotor is plaved the secondsry of the msgnetis
mirror. The secondary was wound with the finest wire avails
able (Ko, 46 Hs & £e)e¢ By ita use it was possible to wind
2,886 turns in the small volume available, It was found
necessary to shield the sesondary from the inductor with
an electrostatic shield made by painting ths secondary with
s conducting ccating of eolloldally ausvmcd'sumu
(Aguadag)e. This shield, as well as the rotating inductor
¢0il, was grounded,



ERVL TR R .t ML wmwnp s oihoo
Taien il wmd BEL Pulnil

Ligh angular speeds can be produwed by the use of
electyic motors, pgearin: systems, or otisy mechsnlcol truange
forcers o Uy the use of burbines. Jor meonetlc neasuDo-
ments, electric rotors with thelr sttendant externel {islds
mugt obviously Lo excluded. wearing eystang Iin sddition teo
veling mechsnically wastelful of jower, sre spt to set up
Rich snplitwee of vibpation wideh misht csuse spurious
voltases to Lo generated In the inducter. it was Ly the
gonalderation of these verlious fectors tiet a turbine fop
driving the ludwotor was selected. Liigh speed turbdines pay
be deliven by alir, stesn, or vll. or & device wiich s %o
be uged in the field, stear s oil ere not Lighly adaptable.
A buprbine dyiven Ly copprossed alr was thereiloreg ceslined
for tnle works.

seame® has shows in his work on ultra-ceutrifuges, thes

apeacs ag high a8 2000 rej«8e c&n be sttelined with aly driven
turbines of the Lmpulse type. while 1t micht heve Loen [og-
gible to follow tho princirles lald 8own by .easn, it wes
doolided to desiyr en entively different type of unlit In whieh
the Lnpeller svd lnductor were combluned in one inte sl rotor.
The turbine rotor is sechined froom ¢ rlestic, "ilexi-

2les®, joscessing reletively hiih tenslle streongth and a

S2ee vibliogrepny.
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density of only 1.80  ms. 16r G.Ce .hese proyertics fule
£33l conditione developed by Llscee, iickels gigd ﬁy@k@fﬁlﬂ
for s tirvine roltor o witistard the Lurstin strosses dus
to certriluzal forces,.

Aoaction turiine blades were cut on & milling pachine
directly into & cylinder of .lexipgles. ihe shape of ithe
blades was mede to erirorivwete an alreraft win: section have
18t co=-

*
¥

ing 8 bijl goelllclent of meaxinmuw 1ift. The ul.n

affliclient Loproves the performance of the turbine et low
alr Pprosoiles.

The turbtine body a8 well s the inJjoctor and extisust
rorts wore nede of iJlexigles {(see foures 4 srd 6). The
inlector coneiste of nine holes inclined at 30° to tue rotor
exin. The injectors are laid out on a cirele of radius such
toat tihe tuwbiloe Dlades advernce directly into the air jets
&f the injectorn. It may not Le exlss here to polint out
that to eliminete poweriul mechanlicel resonpnce, tie nunber
of noles in the injector must be odd If the nwber of bledes
on the impelley 18 even. it Laz, In fect, bee found to Loe
rrove tie spmootimess of a turbine 10 the nusber of Llades
ig prime to the number oi Injectors., the exbhaust porvis are
ot oriticsl in desion, but snouwld be of asple size Lo ro=
dueoe the reslietance ol these Jjets to the [low of tho oXe
reanded £iv. in the experimental ftuwwrdbins the exbhwwt jorte

wero so rleced as to ailow thw tanpentlislly esceping air

uav, icle instre, 7, 240, (1US6).



from the rotor to flow directly into the exhmust ports,

A pumber of experimentere have deasribed high apeed
bearings of the alr cuahion tm,”‘ of the o4l cushion
type,18 and of the magnetically suspended type.l®, Leosuse
the orientation of the inductor within the solenoid must be
scourately maintalined, it was impossibls to use any of theo
sbove types of bearinge, A series of experiments on ¢cone
bearings showed low mzntma only under rressure lubrioation.
Cone bearings have an inherent terndency of throwing the
lubricent awsy from the sliding surfages, thereby Lesoming
-dry, and as a result, snough heat is generated at these
spoeds to melt the bearing metals. Though mecheanlieslly efw-
ficlant st Ligh speeds, ultra-precision ball bearings hed
to be discarded whor it waes found that they becans nag-
petized and induced & etrong voltsge in the ceoil, These
strong volteges ware of such & character as to meke lmpos-
sible their elimivation by a counter voltage or by filter~
ing, &ince it was impossible to obtaln non-magnetic dall
bearings, another ettack on the bearling problem became
Decoseary. A slmrle but offective aprrosch to this problem
osonsisted in choosing & bearing made of plain silver babbit
sleeves agelnst e phbosphor bronge shaft, Lubricsted with
eolloidel graphite dispersed in minerel oil, these bearings

11;, Deswms. Reference in bibliozrarhy.
mﬁc Gy Fickels, Reve 501, instr. 9, 3568 {1038) .
By, 2. Holmes, inys. Reve 51, 689 (1037).
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have withstood speeds of 1000 r.p.s. for as long as £ifty
hoves,

Figure ¢ shows tho performance of the tuprbine Juat
desoribed. At an opersting speed of 900 r.p.s, the turdine
conswses 2.7 eublis feet of eir per minute. When an investie
gation of the speed ﬂu‘éuwy of tnies unit wes zade, certain
shoyt period fluctumtions were discovered. Thess fluctus~
tions, baving & rangs of 100 cycles per second, made null
detestion rather tedioms, The fluotustions were suspected
o be 4ue to alr pressure veariations, ani %o turbulence
develoyped &s the impeller. The installation of a Pressure
__-Wmtw ;mm mmad these mﬂ mhﬁi@m wmmmw,
‘though' they were not entirely eliminated. The electrical
effects of those wutims :m W ww, however, sliminated
by tho teohnigue az‘ mm m fuw mm&mu %o counter-
agt the raau:i.!;gmz wlﬁmr Wq




THE HIGE GAIR LOW HOISE LEVEL AMFLIFIBR

Where voltages of the oprder of 10™6 witu are to be
smplified, conslderable care must be sxercised to rrevent
the w@nr@tum of strey voltages, as well sz to retain
the funotions of an amplifier by preventing intercoupling
in the various stages., For thls research, a three stage
smaplifior wes conmstructed, in which the componente of each
staze were in a geparate shield box. Lssistance-oapecity
coupling was selected ¢to minimise inductive coupling through
the usual interstage transforsmers. Complete hattery opera-
tion was wsed with the bqt%r&nl in the same boOx &8 the am~-
Plifier, - a furtber precaution egainst stray nolse pickup,

voltages from the magnetie inductor sere brought on &
concentric oadle directly to the grid of the first stage,
in conventional smplifiers, the input to the first grid is
obtained from an attenuator connected to the voltsge scurce.
However, in this smplifier 1 m'nmnm to prevent the
nolises ususlly developed in the variable resistance of the
attenustor from being emplified in the swoceeding stages.
The sttenuator was theresfore placed in the sesond stage.

A special low noise tube 12 used in the first stege as &
poreern aric asmplifier. The constents of the eircuit in the
first stage are 80 selected as to keep fluctumtion noises at
& low level and still retaln a relatively high smplification
ealoulated to De about &0, A further precaution agsinst
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small mm-' being developed here snd being smplified by
the successive stazes is the use of a blgh grade wire-wound
plate eoupling resistor.

The outpub from the firast stage is fed through a con-
centric mmmm z.hm to the sttermator of the sscond stage.
She congentrio line amm; the veltege to the mmm stage
from external strays and also prevents intercoupling and
its resultant %lﬁmm It is pospidble in the second
Btage to obialn ae high & gain as )86 wiw & pentode amplie
fier, R.Ceh, 1680.

Yrom the second stage, the signal 1s lapressed upon She
grid of a pentode heving ite sareen and plate connected in
parallel. This conneotion, sccording 5o the ReC.., Tube
dendbook lib=-3, sives an saplifiscation factor of 80 with a
rlete resistanae oL 9000 ohms,

Since the plate voltages of the three atsges of this
anplifier are supplied from & common plate dettery, certain
precautions must e takern to prevent regeneration wmugh a
comuon plate impedence.’® In the cireuit dimgrem (Pigure 7)
the resistors Ryy, Byg, Ry 8nd the condensers Gg, Cygs 33
dscouple the voltages acting through the common plate im-
pedense, Uith careful desoupling, it was possible t0 obe
tain a power gain of 16 x 1029 without setting wp osoilla-
tions or emusing freguency aumien a8 & result of
regenaration,

147, g, Teruan, Redio Engineering, pp. 836-R46, 2nd ed,
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The condensers Cjp end Uys shunting the plate resistore
of the [irst two stages, introduce in the amplifier reaponse
8 falling frequency charscteristio beyond 400, (see Figure
8)e It was fourd necessary to select empirically the velue
of these condensers sc that the response cwve of the saw~
Fplifier and bend pass filter would possess a frequency range
‘wu:* whiech the output wae roporticnal to the inverse square
of the frequency. Without this property, the detector cir-
cuit output would be affected by speed varistions of the
turbine, This feature will be described in detail under the
hesding “Detector Circuit®,



In the mohemetic circuit of the null magnetometer,
Piguwre B, tho detector elrcuit is ssen to consist of the
turbvo=industor, tbhe high-gain smplifier, the band pass
filter and the wvacuum tube voltmeter. The anplifier and
the turbo-inductor have slresdy been desoribed. The actusl
édetecting instrumesnts will be discussed here,

For detecting smmll voltagos s desirable instrument
characteristio ’_u an insreasing sensitivity ss the null
point is sprroached, This behavior permits & large wvoltage
renge as well as a very hizh null detection sensitivity,

A pon~linesr instrument of this type functions well ss &
pull indicator, even though 3ts rrecision of zalidretion may
be poor. & calibration 1s, in faot, not needed, although &
scale is convenlent for reference. A logaritimic vsouwa
tube voltmeter possessing the sbove-mentioned scharasteris-
ties proved to be an ideal null detestor, In a0ise cases
the voltage generated by the turbto-~industor c¢annot be
brought to sero with the null field. Under this oconditlon,
it is necessary to detest the minimum voltage. The ability
of an instrumont to work sgainst swoh a background is s
further requisite of & magnetometsr null detector, Mth
the vecuum tube voltmeter it was possible to detect & minie
man with a background 20 4b, above the signel level.

In apite of its many good features, the vacuum Sube
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voltmeter carnot be conveniontly used for declinstion nea-
guresentss The technlque uvesd for decllination messuransnitse
reguires tihe null indicator to be near the megnetometer where
it car be vLserved &s the sagnetometer lo elowly rotated
about & verticel axie. The mepret ir the voltmeter would
¢istort the srihte [leld ir the nelghboriheod of the nag=-
netoxoter, An additionel reguiresent o a null detector le,
tierefore, tiat it be nonengg netic. [or declination work
eithor & ¢etihode-ray cscilloscope or g plesceloctric tele-
phone receiver way e used. /[ telepunone recelveyry ln cone
rectbion with the bumen ey hag & logaritimle response and
thsrefore poesesszes tho property of hish sensitivity neear
the null voltase point. i the ryeange of frequencies used in
todis work (S00=1000 cyecles per second) the esr hairens to Lo
most sensitive., The eay, Lelig logarltimic in anplitude
?%%ﬁﬁﬁﬁﬁ,lﬁ j not well suited W detectling e nwll o the
Iresenes of randon Lackground noises. oowever, in the
rresouce of barsonlic voliagcs, it is cspebles of selectively
detecting null in the fundenentsl Ifrequency.

Yhe oatihode roy cacilloscore haes a linear wilte;o
roesyongn, Lul Lecauvse 1t cannot Le overloadsd by & high
voltoge, 4t sorves aluost &8 well as e logaritiviie device.
Flthh 1t, ore ¢an work egsinst reamion background volteges of
nearly the sspe me nituwle sp the vacuwum tube voltmeter. Thls

fnstrusent can Lo sade ronemesrnetic enl ney, therefore, Le
» ¥

15, letcier, .peech and Learing, 18t ed.
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uged in declination messuresente. The cathode-ray oscillow
scope has one dlssdventege in thet it requires high suxilisry
voltages. Aside from this, i1t fulfills she functions of a
null detector sdmirably. In conoluding the study of null de=
tectors, 1t may be well to meutlon the restifier instruments.
411 of these devices &ia;lay tkphrtﬁnxiairaspcnat yosseseing
an iroreasing sensitivity with inoreasing voltage. Susch a
beuavicr makes null desection tedious, - any small voltege
increment vear the top of the scele turows the m@gﬁlﬁ of te
galvancmeter violently off the scale. .uwrthermore, the
secaitivity of detection near the null ;olint approaches goro.
instruments poeasssing yparatolic response are, therelore, un-
desirable as null deteators,

in & ﬁrenoﬁxmg sectlion, mention was asde of a teahnique
for compensating the output of the turbo-inductor for speed
variation., This technigue will now bLe desoribed.

¥From equation 4, the mean square thermal sgitation
volbage is seen to be proyortionsl to the freguency band
width, Theoretiocelly, this voltage ¢ould bLe reduced to a
very smell magnitude 1f & sharply tuned filter passing only
fow c¢ycles were used. 7The inherent asreed instadblility of
our turbines, however, sets & wzechanical limitation to car-
rying this reduction very far, speed fluctustions in
turbines occur as & result of serodynamic turbulence in the
tlades of the rotor, or of varistions in bearing Iriction or
of pressure varistlionsg in the air supply line, 4 band De-
tween: B00 and 1000 aycles per second was selected as bLeing



most feasible for a measuring instrument of this tyre.

The filter which passes the abtoveo-named band of fre-
quencies, consists of two sectlons comnnected in tandem, one
a low paes unit cutting off at 1000 cycles per second, and
the other a Lilgh yass unit sttenuating ell frequencsies Delow
800 cyecles. Following these filtere 15 a temminating re-
oistence which 18 used to adjust the chmrecteristios of the
band pass fllter respounse curves, It is generally known
that the resronse of any izpedence network for varicus fre-
gquencies is affected by the terminating inpederces. In an
exy arimental ananlyeis it was found that by verying the
terminat ing resistence as well as the shunt coudensers Cyp,

Cyz (Figure 7) in the smnuplifier, a response cupve could be
found such that the sensitivity of the complete detector bew
comes independent of the speed of rotation of the industor
over & rather wide range of frequencies,

Cupves in Flgure & show seversl lfilter response curves
otbteined by impressing & constent sinuscidel voltage from
an electropic oscilimtor upon. the serlifier input and resad-
ing the output mtw. These Mingn are ropeated for
various -frcquenuidn vielding the response curves lllustrated,
if now this same network be comnected to the turbo-inductor
and the rosponse at ézﬂ‘wmt spoeds be desired, the response
for a particuler speed w is given by

£ = oW e

where R{w) 1s the response coefilcient of the rilter network
as shown by the curves in Flzure 10 and "¢ iz the emf induwed
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in tihe Inductor. ihn outpub In rool mesn squere volils ls
glven by
e AP w? flew) cos o ]
£ g/ Lquation 6.
Jr Z a0

. : ~ee, Leustlon §.
or /’7 £ F /&?K’Al'/ﬁf’w;&ﬁ?/&@% *

sow, for "EY to be counslent over a resge of Y it will
v sw ficlent for log &= bk where X 1o & sopstant,

iherefore,

/07 Ly ~ -2 /07«4

“hie curves ol vlgure W are plotted with Jdia) s e
functlon ol w on log~log coorcinates. ropr he output of
tre detsctor o resaln constont over o range ol «, 1t will
nerely Le nocossary to select & portion of the ilw) - w/
curves having & slore of 2, It will be scen it the
rocrones curve Ior (e aepliller e Lend jegs with e
80,000 terningting reclistencs displeye & rasge 200 - 820
eycles naviu & slope of -8, in thls ronge tue overall
response 01 the Cetector clroult aiould be ludependent of
sproeds wpon measurlng the cverall response ol Lrductor,
anp lifler and Dand pess Liliaer, 3t wes discoversd tielt e
rence bebween SUC « LU0 cyeles por seconxd poesessed on 2ven
Ligttey viaracteristlic toar ¢owld be expected £rom the Cculves
i Vipure ll. This behevicy can probably be stiributed o
the lcduntance in the secondery of the "meguetic sirrord,

varing the experisentel work luvolved in Lhin prepesarill,
the spend o the turblne wes ntscwrad Uy an oaecllloscops oo
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paring the lncuctor voltage withh & known frequency. Fiis
was accompliisaned by introducing toe known freguency onto the
iworizontal plstes and the inductor irequency onto the vertl-
cal piates ol the catuode-ray oscilloscope. oy varying the
Anowi Irequency, & one-to=-one correspondence &a evidenced by
the corresponding Lissejou figure could be obtained. When
ugling the megnetometer as & portable fleld instrument, it
Leceame necessary to determine the operating frequency withe-
out rescrting to an cscilletor end en oscilloscope, since
the sxact rregquency need not be known, it sulfices for one
to merely adjust tne ireguency to sume value within the
operating range H00-1000 cycles. Sy making use ol the out-
put resjonse cnaracteristic, it is possitle to place the
operating range in the center ol the platesu, Ffigure li.

The techmigue of tnis operstion counsists in amcceierating

the inductor until the output meter comes to a maximum,
drops ofi slightly and nolds thls minlimax as tine frequency
increases, 11 it should heppren that the turbine esxceed the
1000 cycle upper 1limit, the operator 1s warned of this fact
by & suiden decrease in output beyond 1030 cycles per second.
Ly this relatively simple technigue, one 1s easily able to
crerate the turbo-inductor at the operating frequency of

ol cycles,



PHE KULL FIELD SOLENOID

Except in aress of geologlicsld a&wwmmuity, tﬁa R
netic field of the karth 1s extremely uniform, B8, Chapman®
has computed the gradients of the field end found the max-
fmus gredient to be ;;—”’ = 2.9X/077ces © gRuGIRS per oenw
timeter. In order to obtain an sbsolutely null field in
the reslon of the industor, it is necessary that the null
field coll be dealgned to produce a very mitam field, If
the null field 48 not uniform over the ares of the induotor,
it will be poseible to bring the resultant field to gero
only at the center of the industor, Un sech slde of the
center there will exist a swmall rum due to the wéim&
\-azmnmum, mmumum &me mnm-
| aam f£10)d results in the ﬂamﬁm ‘of harmonie. YOoltages.
These harmoric wuagn mtm. L3 bmkmm siznel in
the dﬂwtm nivma:.&, which limits the umum snplifi-
eation by overleading thé snplifier, 5y narrowing the bend
of frequencies passed by the detestor cirouit, it is yossible
to reduce these hamponics in the output by s feoctor of 40 db.
if the retio of furndamental harmonics haprens 0 be as lerge
ag 40 db. the sxplificstion will be limited to 5O or 80 &b,
i the hizghest precision of detection is desired, it is

”&. Chapman, The Ipsos Upradients of the Earth's

netie Field, Terr. Heg. and Atmes. Hloe. 43, 2, 187 (1638).
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therefore necesssry to reduce the harmenic gerneration by
oreratins the inductor in 8 uniform field.

In the introduction to this raper, twoe circuilt config-
uratlions vieldiny very uniform Tields were mentliorned. These
nasnetic elementis were the Cangain-Melmholtzr coil snd the
Tone solenoid.  In many of the megnetoreters deserihed in
tha 1lterature, the foursirelelrtioliszs coll was uned to nrow-
n sorme cages the selectiorn of the deoaMle
nnil was dlctated by the mechaniecal festures of the induechor
drive; in other cases the logiec in selectins the double coil
s ot obvious. When constructlng & coil fron whose rhysicel
dirmensions the Tleld is to be computed, & preat decl of ef-

-

fort iz expended on adjustlin; and messurin: each of the

Aimensions wihlch enters In the final computstion of that

fleld, In the case of the Caugaineielrmhioltz coil having a
finite lennth of winding ot lesmst four dimensions must bhe
kmown to rrinerv aceuracvy. Mot only must the dimensions be
deternined, but 1f there are varlations in the dlimensions,
correctioneg for the field must be arplled for each of the
veriationra. It takes no great Imagination for one to fore-
see the lar-e expenditure of time and effort to conmtruct s
Maussin-lislmboltz coll to & preclsion of 1 part in 10,000
or bhetter.

Tri the case of 2 long solenold, however, the number of
dimensions recgulred to primery sccuracy is only one, the
overall length of the winding, If there should hapren to

exist constructlonal Inscecuracies, 1t is merely necessary to



mms—urs;_t;pa E;tah‘ ’gﬂa:t:_iat;;ppar;ar the wires and correct the
£1s14 for these veriations,
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CONSTHUCTION OF THE FRECIS10N SOLEHOLID

ror mlsmmg of bhigh precision the most generally
used materisl for the supporting form has been merble. It
pocsesses & low coefficlient of therxel expansion, it is
easily worked snd hase & high dlelectric strength. Further,
the magnetic susceptibllity of selected narble i1s very low,
sarble is, however, subjeot to plestic flow over & long
tine period, It is for this resson that maegnetic fleld
standards are now being constructed of a more lmskk saterial.

For the sclemdicd used in this research, & piece of ocom=
mercial Iyrex pipe, oriiinslly intended lor piping in brew-
eries, was ground on the cutside to a nearly eylindriocsl
shape. Although it hes a coefficient of expansion nearly
threo timoz that of the best marble, and desplte the &iffi-
eulty of machining it, Fyrex does possess & high dielectrie
strength and & consiatently low magnetic suseeptibility,

Into the oylinder of Fyrex was turned a shallow Ve
shaped MVm The greove was aizmxmﬁoly 0.012 oxm. wide
and of such a depth that the 0,0072 em. wire used for the
s0lencid was about 0,008 om. below the surfsod of the glass
ey}.mﬁér. Thie aamwftioa won mam to permit the level
uged for orisnting the solenoid in the ierth's fleld %o rest
on the gleess and not on the wires, The grooving process
proved somewhst tedious because the dlamond tool used in the
wvork cccasionally broke off, reguiring regrinding. Iin gone
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Time pitel wes chosen for tae sclenold ln order Lo reducse

the voulial cowuponents of tone Lficlc at tho center. Jacse
comyonents are [ Iveun Dy bmythe as
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approasies zerc. asnctier reason for selecting & suall

iten iies Lo Ghe Jact that in preclision colls there viten
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exiobs an wocertaluty in bao frue ravius O e c¢olil. Luls
ellect Lo especially Luporiaubt in those colls waerein bhe

ylglon, due wwertalionty
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realius aust Se known Lo primary
frodeterlulng, the geomelric radius may ve saall, bub 1t is
e racius on which the currend {low oocurs wiiich wust De
wgod iAn compubling bhe flsla. There are two factors waich

causs o diilference in Uhe jeometric raclius sad electriceld

raclug. wae Ulrst resulits [rom tiwe lechumigue used 1o wind-
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i snmoin eolls.  Jlwon s wire ls bent arcound & racius the

Lrog oubside btihe ancubtral axis of bemding is eloungabed and
thie eres luslde the axlis iz cugressed. Whls asyumotrical
distortlon resulis iun a dillerence in conductivivy ol the

corpedr wire oo each side of bthe neutral axis, L, Jrack

temaerl’ of tue .uresu of Ltanderds states that the asyumete

7 2
1‘}Pivat@ comoutication.
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rical conductivity cen Le as hizh ag 45 of the conduotivity
of the copper. The gsecond cmuse [or the divergence in the
peometric readlius and the electricel radive of the coll ro=-
gulis Irom the reruvlsion of electrone by the {leld of the
nelghborin: turns. This foree io such es to drive the
eslectrons townrd the outor edge ©of the wire,

The two effects tend, therelore, to cancel omch other,
thougsh they cannot in genorsl be exyected te anmal eseh
othey conpletely. L1t maey be possible by the proper cholee
0f prarameters to Lring snout & subetentiel reduwtion in the
efifect for one perticuler current flow Iin the cuil. in long
solenclds, however, the redius of the coll is & very weak
yarameter in the fleld czleulation, and the effects of ssym=
mnetrical conductivity are therefore of small importance,
Tnle uncertalonty hes beon furither reduced by wing & fine
piteh snd winding the coll of a fine wire, Since this wire
ie 0.,0075 centinecters in dlemeter, the uncertsainty in the
redilus cernrot be greater than this value,

The wire used in windlng this solencid wes mede of 2
beryliluwe coprper aslloy. Its propertles, particularly sdept-
Ing 4t to the constructlion of megnetic fisld atendards, are
ite nipgh elastle limit end its low magnetic susceptibllity.
it i desirable to wind the wire under a relatively hich
stress in order thet the differentiesl exreansion between tne
coldl form and the wire should not Decume 8o great as to al-
low the wire to leave its rooves,

The diiflicuwdty of workin: tyrex regulred a conmpression
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cimek btype of mounting et esci: e of tne sclernonid, Un one
of these comrpression chweks was mounted the Lase plate erd
ita lesvels, 1he top ehuck of the sclencid is flitted fop

&

pmount ing the bturbine asgsembly, ‘Ihile wmowuntling is ahown in
Fcure 12, Sandes et each end ol the sclenclid serve to
fasten thne ende of the soleroid wires,

Tne turbo-inductor wounting s shown in the zhoto rerh
(viguwre 18). The turbo-inductor is fitted to & split btloek
of iplastic hagir@ & cylindriesl hole cut Intoe ft. Into this
vele fe fitted the luductor wit. To permit the ilnductoy
axis to be sdhueted jeryendiculsr to the sxis of the sclenoid,
thwe plastlc block ls sade adjustebls on 8 rocker. The two
thumd merews abt the top oFf tue vounting verve se & fine o
tion ad lustment of the orientetion, it may Le steted here,
tihat thls orilentetion zay Leet Le acconyplished by uvsing the
eslectrical mwull cireult iteell a8 s indlcator of erpen=—
gioculerity ol the axis. »hen the two sxes are perpendicular
to esch otuer, the woliage penereted by the lndustor iz a
miy frvam.

Ariothey problea resultin: frow differerntisl tenperature
axzaension ooeuwrs in the sounting of the turboe-inductor within
the solencid. Lecsuss tihe fleld within the sclenold is e
uniform, the ipductor need nob Lo centered in the solernoid to
Bigh rrecislon. 48 a8 watter of fasct,axiel varistiocns of as
muel: &8 one centlincteor ceavse only cumoges of one pesese in
the wessured {ield, or tils resson, toe Inside of the

anleneid 444 not require reclision grindlios. The Inductor is



peelticned within the sclenold by three phosphor bronge
gpringe shown fn Flgure 13. These springs pornit differenw
tial exponsion of the plestic tube used for the tuwbine sup-
port and the FPyrex zolencld. These springs permit axial
expansion as weoll as radial exzpansion of the mounting tube.

e somplete megnetometer unit on a triped arranged fop
vertical lotensity measurenents &s» shows in Pigure 12, ‘The
tripod is rotatable Mut a verticsl axis. On this axis
the magretoneter can be rotated untll t&i@ axis of the ine
ductor g in the plane of the megnetic vector. Witk this
orieatation only the vertical component of tihe Zarth's mage
netis fleold is offective in indusing & voltages in the ine
duetor. This voltage may be brought to a minisum dy
sdfusting the current lu the solenolid.



SOLENOIU HEALURIMENTE AL CONFUTATIORS

fhe piteh of the sclencild belng s primery parsmeter
for the caloulstion of the fleld in & solencid, it waa
necossary to malke a direct comparison of the piten ageinat
& linear standarc of dengths

The techniguoe developed for the measurement on the prew
cislon solenold consisted in mounting the solenoid oz the
axis of & lathe. The solenwid was leveled and centered in
the lathe. Uns element of the solencid was selected for the
messurements., i'or extremely high precision one should mea-
sure the piteh along more than one element of the sclenoid,
but for this coil where a presision of only 1 1 80,000 was
desired, the fine pitch made unnecessary the investigation
¢f the drunkeduness in the threed,

The actual msesureaents were made LUy & nicroneter
miorosoope, mounted on the lathe carrisage as shown in Plge
uwre 14. Lince the microscope has & screw of only 5.0
centimeter length it was necessary to measure the position
of the wires on the solencid in s atepwise fashion, The
 sotual M‘aurmma ﬁams.am in memsuring the position of
each side of the wire. Zhe piteh varistion was masured for
overy 80 surns. 7Thesé varistions sre ylotted in Figure 15,
‘ﬂm total lengtii of the solsnoid was obtalned by suming the
50 centimeter intervals. Ly thiis method, not only were the
variations and total length obtained, but also thie number of



&

burns 1n the solencid.

e micrometer mleroscope was then calibrated agalinst
a Ueneva Loelety Ioternational reter Uar. Corrections fox
the error 1n the mloroscope were asprllisd to the lengbh of
the solenold.

“he rosulie of three independent total lengitly measire=
mentas, (Tabhle 1), agrased to 22,0000 cws., This value ropra=-
gents the maximum deovistlon ratlier than the probable srror
existing in ths lengblk measurement. The uncertalnty in the
totael length Lz rejresented Ly the deviatlon given soove.

e radius o the solexold was measwed witi: o screw
mieromaeter, slnge it is not regulired bo primsry yprocision.

i e

Yhe neasured covsbtants ol the solencld are slven by

Radius, a 4,351 7 0.003 cms.
Length at 28° C. $1.012 7 0.00% cwns.
e 1201

Jrom the ebove values the [ileld at the center of the

gsclenoid ray e computed fron the well-known rvsleation

fﬁ ie the angle subtended

L o= &7 /‘”‘/L Tces 9‘% at the center by the end

coils of the solenoid.

The consteant for the co0il in gemmas per milliampere of
current resulting from the cslculation is 2445.86. This
result must be corrected for the effect of piteh variastions A
end for i«uperature,

The coef{ficient of linear exparsion of FPyrex is siven
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L

Ty the Uorning Joupeany as o.8 =% 106 rer degsree centiprsde,
Vel this velue for the tesyperature coefficlent of the

solenold, the eoll constent at any temporature t baconmes

wom [oassiee 2 A [1- 5.6 %200 (6-28) )

or ot 20° o,

v [ 2a40.9¢ pA] soreae per milliempere.



CORABCTION OF ThE PIBELD AT THE CENTER OF A
SOLENOID HAVING VARIATIONS IH FITCH

The technique for lapping solencid to a uniferm pitoh
is u standsrd praectics in preclision mmm‘-wm;,m where
extreme rrecision is not required, & mselenvid ies construsted
by turning e tw into a oylinder of an insulating materisl
and winding Inte the w & wire through whioch the current
psssee, In this method one may rely on the lead screw of
the htlia in whioh em thvead is twma. w Ar c nOPe pre-
eise result is desired, the pitcoh mh%&am mey be messured
on & comparator, The average piteh for the solencsid may be
meassured to high precision by meesuring the total length of
the winding and counting the turns on the solencid, Where
there exist piteh wvariations in the solenoid, the magnetic
field computed from the averaye pitah is not the correct
field existing in the solsnold, JFor this purpose, where
the piteh is not uniform, there has been developed in this
research & mathematical device for somputing the eorrection
to the fields In pearticular, the technigue has dbeen used
to compube the correction to the field at the center of m
long solenoid.

Supypose the pitoh on the solenoid be so small that the
solenoid may be considered to Le made of & large number of

18y, L, Curtis, HeUraw-liill, 1937,
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girceular eolls., The fleld on the axie of one of ti:one
eolls is

wheres & is the radiug of the
- aguation 10.

e a coll and ® is tune distence to
i ...%.?._._.T?L
e” +x the plans of the ¢oil from

Fileld rolint.
The technlioue deponde on eormpubting the change in the axiasl
fleld when the coil is displmced & small distence J X ,
that 18, when there exists & piteh orror of J x  in that
endil, tihe pltcel eprroy Lelng deflined az the displaceneut of
tne ooll fron the pogsitioen computed frowm the average piteh
for the solenoid. The cihmnge in the Lflioeld s to e given

wy Gifferentiating Fguation 10
D 4T atx
& x (4+X )u
guetion 1l.
i these verlstions in axiel) {ield be sunmed fop all

tne eolls jpossesaing jpitel verilations there resulte

ST, z 3

ba_,n 2 —_— ’

M= — v// ,jE;élgik%r: €77 ¢'n X é)o!x’ -
/s (a2 x)z as E

= [:/-+(/
%ﬂu&ti@a 1&;
The velue of the above intesral mey Le resdlly obiained
pegyhieslly to sulillclient acevrsoy 10 e plteh veristion Leo
plotted eoeinst toe position or the poleccla, The plteh
vayripgtions {odr the solenoid used in thle work ere ziown in
Floure . 1 the resultlnm piteh variletlion be aulidipliled

by tie ordimetes of the lunctlon,
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sach ordinate will rerpvesent the Jumction in the intesrand
noove, Jee Jlgures 1O and 17. Theo sren under the repro-
pontad curve will be the value of bhe requived Integrel,
o bhe ocil used Iin tihls work whose yiteh vearlations have
meen 1llustrated the ares axounts to H.46 =» 1079 gm. Vaing
the veluer glven preoviously for the ooll constant the cor-
rectlion o the solenold congtont ls -U.00 gensaes por milille
anperc. “he corrected coll consbtent st 80 C. is then
2445.00 svmws per pilllampors.

cinge the it was 06 messured for eacih Lurn G the
solencild, thse correctlon may be sopwwhat Ln errer. L% csi-
nod, kowever, be in evror by & very leyrpe sewount beceuse the
total correctlion to the co0lil ls quite smmall. o this cone
nection, At mey be well to polud out theat oaly the ¢olils
in the Lxwediste viclulty of the center of the solernsid
cpntrlibute to the correctlon, tie eifect of more distant
colls beln ne lligible, it might e weoll, thoreflore, to em~
phaslize the lnporteance of measurements in the neighborhood
of the perter. o Llgh preclslon work 1t 1s necessary,
therefore, that only the pitel near the center Le unilors.
it 48 in feet, 8t the center of & long solenvid thet the
piten becomes most unliiorm after just & scell smount of
larping.
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Thk BFFBOT O VAAIATIORD OF THE

S A TV ETAT STEIOVIS SRRSEY Lo T T 3
BALLVS Jidh YRE vIELL

The sxiel fleid at s point x frow the plane of &
ciprcular ¢oil of recdlius a 18 gliven by
—— 2
H= 2/ 3i8a
(& =+ x7) 3
Tue chenge in the {ield resulting from & veriatlon in

radius L8 obialined by dilferentisating the above
PN g a (ax )

& A [}L #nKAj

IE the redlus of {he solenold varies from polnt to

roint, the {lsld at the centor of the solencid will dilfer
from the fileld sonmpubed on the hasiz of r uniform solenoid

by sn auount

A
AH .’2//f ‘Z—X‘a',,.———— QHJa.j)(
[ =~ ij =~
where A 1s the half-lensthh of the solenoid and n iz the
number of turns peor unit lenpth of the solercid. n dx ia
the number of furnag poasessing s variatlion from the mesn

radius of Sa . The Lield e;zrmatiew nay be written
AH:,zﬂnL/_,L da Ax

Ly [ J’ -

The above intesrsl may be evelusted by the seane {tech-

nigue &8s thet used to determine the correction for piteh vapr-



44

istions. dhie function (_X ) 2
(L) = as =/
j a ()( 25 S
[/ -+ Z) j =

may Le used 8p e welphting fsedtor to multiply the radiuvs

varistions. If each redius veristion be welghted by the
velue of 7{g~) corresponding to the dlstance of the radius
veriatior fron the center of the solenoid s Lo ares under
the curvo of tho welignted redius varigtlons will be the
velue of tho poquired inte.rel.

P e rediug verlietions ere g0 sxall that the oor=
rection terw: will be moslisible, 1t will surfice for Lhe
mazcitude of the corrsction o Le computed., The Iunoction
is seen to Le an ever funetion. Iin peneral, whien & oylindey
is turned in & lethe the cause of varistions in the radius
from point to polint lies in the fset thet the cylinder waesn
rot jarellel to the exis elon wiickh the cutting tool moven.
Lueh an errouy of sllsirment would result in a cone Leing do-
velored. ‘ho pliten veristion of e conc ie liunssr. oonsee
Guently, the Inte: vral expresslng the {iald cuyrection will
corslst of en even funectlon multliplyin: an odd Duwoetion.
The velue of sucn an intesrel betwee:n the sane liolits - A
and A will be zerc. it sey hejren that the souvrce of
grror in cubiting the tigweed {or the scoleuvcld lies in other
iimsoes of tiie cubting procsess wiiich sey lead o sn even
function for the pedius veriationa, vne jossible souree of
arror arigses in the deflsotion of the solenold om: Ly the

cutting tool forcen, These lurces were necesserily low Leo=-



cause the dilsmond cutting tool reguired extremely suall
cuts. %he veriation in redius of the present sclencid was
net greater than 0,000) em. Conseqguently, the correction
term due te long wave veriations {extending over several
oentineters of solenoid length) o¢an be ssid €0 be less than

Short wave variastion would tend %

cancel, since the wlue of 5(%)1; nearly egual over the
atiort wave,

It must not be inferred from thie analysis that the
racdius muat be know: to the precision of the varistions in
redius, On the contrery, the redius need not be known to
better than 1/100 of the preeision required of the final
field messuremoent for a solencid having & slenderness ratio
of V7.
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<1 & Preceding gection, it wus stated thsmt the none
uniformity of & megnetic leld in which en irductor rotates
deteruines tie Lerconlic content in the inducsed voltage.
The narponie wvoltsges liait the attelinalle anmiplificstion
Ly overloedin the ssplifler. 4 uniform {ield not only
roduces barmwonic generetlion, but also permite 8 larier
tolerannce iu the positlon of the fleld at the center of the
sclencid.,
The axisl fleld within & solenold is . iven at any
field point Ly
Hom 2 TTri (Cos/; - ca,—/,) whors %am /,, are the
engles suotended at the
field point py the ends of
the solenoid,.
The field at the center is given by
: /7(0 = # n ¢ _ wviere & ls the radius and 2
)/T)g—:‘ the nelf-length of the
solencid.
wuppose 1t is desired €0 krow the fleld st a {leld

point dis;laced distence S from the center

/7; = R/ r t' [ / s - /
. = >
)// fé ) J) W 7%—/7 +€gzm@:mﬁ

13,
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if iguetion 18 be expanded Ly tue Linomisl theorenm,
as

repenmbering thaet — = —i, for the solenvic used in this
work, - 7/

- -1 & 3 /& .
/‘7‘0:‘/77-"1"; z.(a) ?(»)"‘ ]

| 14
Hs= 277 ni . ( ) L quetions
d e { “ *A- 5 and 15.

/- §+5) 7';7 (7\-;-»”) ” j

The change in the paunetic field 1n moving the inductor

]

rom the conter to & gpoint 4 0 on the axis 1«
A/L,Z: #;-7(/5:/”‘—[(5}+/0 ) j

Lguetion 16.
Jop smell displecesents J  from tho center only the
Lfirst term in thwe series need be used for estimmiing the
varigtion of the K‘A&"Lé,

Abe o 7rni (2)° (’5)

Jo preat erroy is made 1n conpubing the relative

squation 17.

couange In the fleld 10 the expression for au infinitely

lons solerold 1o used L, * 4 ° . a
DAH_CThe 3= 3= 327 35
T H 2 x A

& 77 N bguation 18.
wuprose thwe relstiive chenge In [leld In a solenoid
naving & nalfelength of 30 centimeters and & slendernoss

A . _L
ratio 7 7 7 i deaired for & yoint cne centimeter off

the centep

S G)GR)
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dinle csloulation showes thet the [leld la very unifors
over 85 far as one centimeter from the center. .or even
gz lar: e an eryor s one niliimeter in axiel wileplaceneut
ef the inductor the ervor 1n the {leld measurement iz only
% varts Iin 107 e +n the cornstruction ol & magnetoneter using
& Bolenold for a null fleld, it ls, therefors, wULCLLsETY
to precisely center the incuctor,

The effect of Llubwrogeneity of the {leld upron the sene
eration of hamonices will now be MzV@aﬁig:ﬁk@ﬁ}: ’Zi’fm coneral
for: of asradsay'e iaw will e used € = CyB=ux for a
rerresbility of unity.

ihe {leld H at the genter of the solencid will be
congldered adlusted to gere. UThe flelids ranalning ir the

nel ;A««@i‘jm@ﬁ of the mmmﬁ mu be given by
A 6 77 nt )
n ) {-" ) Eguation 1€.

, whers O < /ycos w?

when the redius of the Incuctor Is #, the eres & and
the angle of tone induwtor with the fleld Wi, the veloclty
of cutblisy the [{ield l& given by

VT o2 w //'? cos w7

Lhe elusctronctive fored induced in one slide of the

indus tor %;iili Le az R 20,552 o -
‘/\ 2=

s @ wecos wt: LTTme =%
There will, of course, Le s sinller contrivetion from

tue other slde 0 the inductor. {he ratio ol hwyrwonie to

fundenental reak veltaoe is tix?zaa' 2/, 30
3770 AR (%) (L ) a
£ =10 ”‘mA =3 ) /Az T3 ¥ iguation E0,.
E FITnl A e 2
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Tue lerpgsst retlio of bervonic o fwdlspental ip, there-

fare, ¢ parts in 10° for en inductor uf one centimeter racius.

for an imniuvcbor heving the fore of & clircle, the ratio will
ve even lesa toan thils velue where the coll was asasumed to
Leve a reéctsnguler oross gectlion, The ratlio computed above
corresyoris Lo & Horoonic 116 db, below the fundementals
cueh & reatlo permits an sepliiler heving & paln of 120 db.
to be uped for aniliiving the induced volte;oe.

in addition to axial gsrecients, the magnotic fleold in

e solonolid elso ponsespes & zradlent in the redlial directions

“he poneral relstion for the axial £ield in a sclencld is
glven '!3«3?19

H =277 nc [ég 5 - 3*347 z' +2 _J-A

);”/‘Lr"j

nguation &l

o 8 polint at the vonter of the solencid 9 m O and
_— . P 3 2 =2 L
/7/0 —-‘7///’)‘1—7'7'7(4 ——?7" ]

sdguation 22,
And the chenge in axisl flicld for a rediel dleplscanont 1ila

A H 2 377, azyz_?_

bguation Ed.
For & long solenoid ) = v aprroximstely a&nd ths

lg&uﬁrw LPnYy, steolute sessureuncnts o slectriclily srd
hagretian, Jacnillan, 2nd ed. (1981).



relative changs in {ield wgma
A o P
7’ P

whioch s one half the previously computed varistion in the
exial direction. Theo 1imits of construction and the hearwmonie
to fundsmental voltsge ratiocs will be correspondingly re-
duced. The fleld can be 'a#m to be of such & bomogenelity
that no great prec iﬁiﬁnv is requirec when the inductor is
being mounted within the solenoid, ~:m m:‘amn, the solew
noid's field is such ss to gensrate harmonie voltsges at
least 100 db. below the fundemental voltages.

ihe penoreus tolsrunces permitted by the uniform fleld
of & sclenold were & distinet advantage in thet the mounte
ing of the turbio=-Iinduotor did not reguire compensstion for
tezperature effects,
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Brrpld OF LEAL Ginkd

in any precision solencid the eflfect ¢f the lesd wires
gornocbin o the ends of the solenpid must be considered
in the [leld computation., vne pelbod for corzectin to e
golencic éonslets In rircling one lead wire frowm one ek of
the solenvid to the othey end end cormecting s twisted ceble
to the tve leeds &% the ons ond. The lead wire from the far
gt Ls brouht o the ceble end parsllel 0 the axis of the
solencla. ~ongeguently, no correstlion need he edded to the
ceell gonstent, ‘There iz, Lowever, s component of the may-
netic Jleld from the lead wire whiich will be cut by the ine
duobor unless the irductor axis is perpendicular o the
rlene contalining the leed wire end the solenold exis, 1L
tivie conditlion does not obtasingthe Ileld wirieh is ot by
the inductor e
2 = 9PPror in setting the
/= .__7;-_‘ s:m @ aguntlion 24, indug bor peryendiculasr
o the plane of the
lead wire and sole-
nOld axis,

The effYect of the lend wires may be etill further ro-
guoed 1L there ip introdwed snother lead wire dlemetricelly
vrosite the flirst heving the seme resisternce ss ti.e Ulret.

The two wires would conesequently carry an egual cuvrrert in

the same diregction. Theoretically, the fleld &t the center
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of the Iinductor would be zerc, Lowover, if the wires wore
ot of exmctly the saue resistunce or symnetrieally spaced
from the axis of the solencid, there will be & reslidual
fleld given by , _
,L/=.,2(-)‘,—'- Ltz )sim oo
/ V=
oguation 20,

Lounpearing tihle equation with eguatlior 24 it will be
seen that Wwe residuel fleld is very much suweller am can
e pade even Ly the crmuwiest construction to e of ne. lie-
glble rrororticons. This device wees used to jermlit connecte
ing & cable tu tiie negnetometer developed ap reart of this
roesonyehiie It was fourd experimentslly theat the two lemd
wires were eyruetrical enough so tuet & could erproach 30°
vefore a bechyrow:d wilts;e could e detected on the null

detector.



¢
€

P T gt g x e R T N AR VR SRSt
R L Ghs b EN A& LWy s Ak s B Wil B A Bl LR

PR - T TRy R 9
it Bedaedw LaBREL S 0s

¥

PR 4% T %

1o peansure the vertlcel component of the wertits Iield
the nagnetometer ieg [lthed with & Lease whliclh mousls on a
levelliny tripods Jipure 18 sbowe the ue: netowmeter conplete
with levels for oriéntling the sclerncid vertical. The tripod
is corgtruated €O pemnit rotetion @f the selenoid shoud &
verticel axis. with thw level vials oun the lnstrunent, it
ig encily possitle to set the exis of rotatlon verticsl to
&%, In operation, the uaivetometer is rotated on the vertie
cal axls until tho ludustor's axis Is in the ragnetie werlidim e
This szimuth is deoterningd electricslly to & hish precision
Ly the sminlpus in induced voltage when the lrductor culs
only the lires of the vertical comyonent, ihe current ro=
guired %o bLring the induceld voltsze to an absolute minisnwm
is messured and the instrument turned through 180° about the
vertical asxis and B gecond value of cwrent ia determined,
“he averare of the two owrents le & peazwe of the vortical
coponent of the {leld.s .0 & szall error ¢‘ in orlentas-

tion the cergwed value 9f the verticsl component is

Z +2casfb*#51'n¢
oy %M:Z7‘f"/fd

where Z = 50,000 gamuss sré i = 20,000 gamces the error in
resulting Crom au orilenteiion error of O ancunte ¢ O.é

B0 8e



4o provision haes been nsde v the present lnstrument
for using it es & poriroutel component instrument, but it
hes been tested se such with tho cooperation of bhe .nited
dtates Coast and .eodetiec Lurvey. This work will be de-
soribed lester in the paper. when wsed for norizontal moes-
suranants, the instrument is rotated about 1ts axis until
thue inductor axls is vertlesl, The [uwlfillment ¢f this cone
dition le determined by & minlmum induced woltage in the
nuldl detector. The rrecision of leveliny required for a

certain precision of £inal result is obteined from ths rew

lation /Jm : /-/c,o_s ¢f ZF s/nﬁ
or Hem= H+ ZE &

In the flelds stated in the exsmple above, the value of
0 must be kept to 3% 4f the error 1s to be kept to one seswm.

Vor saltlin horizontel measurwamients, one hes the cholce
of teking & ocurrent readling, roteting the sclenold 180° on
ite exie roreating the current, or of teking two cuwrent
reedings witi tue solencld rotated tiroush 180° on 8 vertie
cal axis between resdings., The latter technigue 1s ¢o be
ireforved foy precligion work, #ince orrors an'lavwlﬁn@ the
solencid btend to cencel. iowever, where the true najnetile

axis of the solenvid is detex

:ined, rotation about the
solorcicts exls vilelds good results and at the same tim

rerwite p more econoeicel desiin,
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The scheneatbic clyrculd of the meynetometer 1 shown in
Pigure B, The current lowin. throwh the solenci! csusces
e voltese dron in the preclalon resistor. The woltepe drop
across the reslstor ls comrared with the potentisl of a
stonnderd cell by means of @ potenticuedter having & precision
of 0.0ké. In fleld prrzctices Lt would be sdvisable to use
thrase staxderd cells in a heat-lnsulated couteliner, iy
usling three cells, one would beve the weans for determining
an error existing in eny one of the stondard cells,

Yo contrel the current io the solerold the usa of &
single rhecatet must e aveided, ts hyperbollic behaviow
1g such that 1t becones exceodingly senslbive o adjust ab
hizh euvrrents, o bhetter current control hme beern found
than a standard four decade reslisternce box. Jourse adluste
pents are mede on the Ligh resistences, and the inal ade
Justment on the unit reslatance decede.

Tire resistence of the solenold is 6,000 olme reguliring
180 volts Lo cause 30 millimmperee to flow tirourh its
wirdingse. since & fleld of 80,000 parwes requires abous 20
mililspperes, & redic rlate supprly bettery is emple for the
source ¢f eurrent. {n futvre modifications of the instrue
ment, the sexe Lattery cven be used to Curnish the plate cur=
rent for the anylifier sand tubes,.

The voltage used foy the null {ield may lesd vue O
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suspect leakease of owuvent between turne of the solencid.
The voltage difference existing between turns 1s, nowever,
or 0,15 volte, The speolng Letween turns being

tween turns is subjeoct to & gradient of 3 wolts per centi-
meter. It is important though, that the surfece of the
solencid be kept clean, 1t would be well to provide an
cutside vwover for the solencid to protect it from 4irt end
molsture and to prevent dammge to the losd wires,
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in & yrevious raw@nramag the subthior had determined
the limit of sensitivity of null detegtor as sebt by the sta-
tiatiecal voltage fluctuations in the input cirenit of the
amziifier. The results of that work showed thet the srallest
detectable fleld would have a value of sprroximately one
ramras Sinee the same inductor 1s belng used in the rresert
rronlen 88 was used in the work reflorrsd to ebove, tho sane
1imit of messurenent can be expected irn tthe present Lnstrue
nente

in order to experinentally determine the limit of sene
sitivity, the output voltage oF the null detector was do-
termined for vearious inorapente of curvrent throwh the
solenold, This dete is plotbed In Figwe 10, Tho sverase

plope o the curve 1a 0,01 _ma .
volt

The sensitivity in termms of ERemas per volt may he b=
toined rom the slope Ly uwsing the coil constant of the
solenoid 2448.1 gorpms por millismpere. 7The resulting
sensitivity is goout BL gerapwms yer voltse On the vacuus
tuke voltmebter used 1t was possible to adjuast the voltage
to within one-tenti of 8 volt,. The 1limit of ield measure-

ment of & single observetion ls therefore 2.5 gamces,

gﬁ&astez’a tiesls, vniversity of leryland, 1940.



There ave 8 nunber of fscetors whlch may affect the
gove Llalt of ©leld messuranent of this Instruzent, I
tho bookground voltnges are oo Lipgh thet the ampllificetion
pust be reduced iu ordey to perait thie mull detector to
veusin on scele, the sonsitivity will be reduced in & de-
ares cupresponding o tWhie reduced snplifivetlion. The bacle
ground voltages couslet of Lersmonics generetod by & sradient
in the null fleld, of voltsger gererated elecirostalticnlly
wihrar: Loe lrnductor weconus clrged skl rotetes pesl tho coue
nactiona ol the scecondary of the "negnetlic mirror”, snud of
raudom voltages Cue to wobble of the Inductor in 1te Dearings.

The Iirst of the above-mentioned backgzrowund voltages
Llas been studied and eshiown o be smell. The contribution of
the electrostaticully conerated volteges to the Deokoround
i guite lerpge and axmounts £ sboul one volb in the cutput
undess speelal presosutions are taken to ground the lrdustor
and to ahleld the secondary. Jrounding the inductor emd
shield lig the secondsry reduces the slscirestatically pone
erated volteges to less than 0.1 Wit lr oubtput. 1% would
g veseible tv entirely eliminate this scurce of background
by windling the secondary in two symuetrical banks so thsat

the eslectrestatic wvoltapges sinul thoxeelves in the secondary

ine third scurce of veckground is one wiileh resulis
from wear in the bearings, or an absolute minipum to be
sot io the detector voltege regulres tihmt the inductor Po-

tate in the plape of the magnetic vestor and thet its exis



e perpondiculsr to the seleiwid exis. I the beerings do
ot conetreln the lncuctor o rotate on o dellnlte axls,
there will be volteges senorsted whileh follow thes rendom
cecililaetions of the inuuctoyr ou ite axlis., Lhese volieges
are perticulerly snnoying when making messurencnts, Lecouse
they tond bto oLescure bthe nuldl pelint,. i the experimental
work conneocted with thls peper, Lt was actlced tiabl the
rancas volteses 1o the outpul esswunbted W0 U.8 velit uhen the
wearin e sLOWSD S0 wWeur. hie zolution to this periiculay
rheese of She provleas wouldd lucluwbe an nproved Learliig, aod
possibly some metlod for decreasin: Stho mmplituwie of {he
fluctustions of these witages. lunereasiiy the soment of
inertie ol tue fuductor eoout Its saxis would decresge tie
emylituwde by introducslng e pyroscopic westoring torgue,.
Lincthey possible approech would be ¢ averape the llustus-
tlons with & long yperiod aull debtector.

it mey e aeniioned that 10 tuere is enough wear in
the bLesvings ol the Iinductor to permit the indwitor to o=
tete during the period of weasurement on an axis not pere
rendliculay to tiue solencid axis, there will resuvlt an error
in that seasuranent. i borizontal {ield measurements il
the lncuetor eaxis ls tilted toweed the sagnetlie vector xovre
surrent will Le required for s null than il the axis is
verticals it is for this resscon thet stress suould be
yisced upon the Learing deslyn of future wodels of the ine-
atirucent.

in some rositions where the sarth's field is elrn: moaw



sured Lthere mev oxlal in sdd blorn o the conztant filalld o

fluctuatins agpnotieo Sl having a freguenoy o7 ths local

altercetine vower gorpliss. Thiz sltsrcatisg Jiold slag
cohrituies o Wio Dackpound, Wat L ls possliDie o ellininate
this effect by burning off devices drawlu. cuprent throwi

Phe powar Linss Lo Ge viclially of e nwoswling polnbts In

P TR N T 1 i G B am B e oy Eee B e ey e N g “
Mubure rodels of thlis lnetrwaent; on® oould lutroducs an

glecshrovagnntic shlasld around Dl aotonr Lo gllliold

&8 o o PR DS »
2% frop the altarnetlng fleldsz,.

g g e R n v g gy oo gy ae s e . T,
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vant due o dlpplsfcepent ol the exla of yeieilion of bhe Low
ductor wes sentioned. This error not only resulis from &
gleplecemont ol the potor in its Lerrings, Lut else I &
wileelligrsment of the turloeindvotor. Lt way dliocovered dups
irg tie Cheltenhen tesis to Lo Jdeseribec later, tialt the
technigue of gdjfweting the s le boetwesn te megnekic axls
ecf the golendld end tuwrlo~inadvuctor axie wntill g olnisun in
outpyt weltsoe ig reeched g ot sulilclw:tly sensitive Lo
rrecise work., It was fowed thst with the solencid horizontal
there ropulted & dilfference ifn fleld of B0OU geruoss when ths
coll was rotated on its exis throuch 163°, The technolqus
nally used wes ¢ adjuet the turbc-inductor sxlisz wntlil the
gifferceree in peesured values of fleldd upon rotetlion ol the
soleneid through 10 0% wee roduced to s very smell veliue,
Sihien binis wes done, the wmeasured valuas 00 field aireed

guite well with those measwoed by the cmgnetographs.
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Taule A% THi Coiliv

GEOTRE e Be CUAST ANMD UBOLETIC LURVEY

Ghese Losta were nece possible Ly 8 cucporslbive oo
ment wetwesn the wectlon o Wednpaysliecs ol the Lailbed Ltates
Ve logloal cupvey s oivislun o csonagwitics and solge
nGlogy Ol e onlbed Ltates woast and Jecdoelic wrveys  WThe
woprk et the agnetic JDasrvatory ol the Uoeel and Jsodetio
Lavey eonslisted ol tiwee plhases, ooriscnbtsl sl vertical
intensity deternlrations snd declimmiion seusliilivity tost

Jor the awrlsontal seusurosments tho oull magnetomeber
was peunted on a U contiveter large colvrels. Yho pount
coswigted of a ripid fresewori of dureluwsin with two Lress
Zig Lopr supporting bthe coil et polnts correspondlng o the
Ay pointe for minlmw bending of the solencid wder lis
owr. welsht. Yhe brass '8 hed the edges in contect with
Low suienolid covered with plate glass sbyrlips. & levellng
adfustuinent was provided on one o8 the J's. Sor the actunl
loveling & precision level Leving & sensitividly of 1,87 pep
scale divislon wes converted by & sulitable structure Llube
& stroddle level walch rested directly oun the ifyrex solensid
form. wogause this solenvic fura is not & true cyliuder, a
iosition on the sclencid was cunosen {or the level wiere the
dismaters Of Tthe soisndld at the straddle points wero equal.
Suehi a technique would, of couwrse, reduce eérrvors in de=

termining the geometric azxls of the s0lenvid, bubt would not
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compenaats for devist lons in the geometric snd megnetic
axes of the solenoid, Juoh devistions result frowm dis-
turbence of the megnetlic fleld Ly megnetls components ox
from s bent solenold, if sush o deviation existed it wouwld
heave Been posaldble to detect it by rotating the solenoid
through 180° on its axis, teking mull current readings et
the two armxzﬁt;am. Lifferences in the current did exist,
but it wea found Shey could be reduced to & mwgliszible wmliw
by eliminating several pagnotic parts and by adjusting the
induector axis to exset perpendicularity with the soleuoid's
rapoetic axis.

. The aoctusl procedure for leveling consisted of {irst
sdjusting the vertical axis of the grest cirels in a true
vertical. A precision of plus or minus one half of & soale
division corvesponding to 1.8" of arc was atteined in this
sottings The solenoid was then leveled by the adjuwstment
on one of the Y's. This leveling cculd be deyended to only
3", The presision of leveling cen be estimsted from the
disazresezent of field messuresments laken by sveraging read-
inge obteined by rotation on the solencid's axis with those
obtained by rotating through 180° on the vertisal axis
{large oircle axis),

The leveling accomplished, there was left only for the
solenoid to be oriented in the magnetic meridisn and for the
induotor sxis to be adjusted in the plane of the magnetis
meri@san. The latter adjustment was made roughly by rotating
the solencoid and the twbc-?s.hﬁmta# abvout the solencid's axis
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untid 8 wininuwe in boe sulpulb volisge was Peuchod,. e
solonuad wes thien robebed oo fue vertical axis o) the loug
circie wotili the oubpal voiteyge was reduced o & lower mine
dimvine Tue current was thien varied for anotiwr windiinam,
Arother adjusiment oo bus Andwetor axle end Lie declinetion
Axig suiliedd Lo pesmit the outpub wolbtage to be Wrow.iit to
a1 Gheolube minlsmas oy curvent adlusituents ondy.e Lf nay be
wmarntioned heve thet lacking & 8iow poltion adjusiment for o=
Lrion abouwl the Soiensid axis, bhe ratnoery roupt tecanigue
0F genbly teppring the sorner ol the buse Led 0 Le used v
secuwan, sueil ancular nevements. Whiis proceduae woe
DAchly visatisfectory and saowild be rectified in future ce-
velorments of btiils lastiuwent., Jhe declinatlion edjusiment
WHE BSGe Blkl de end pyecise Oy & teugent serew on Ltow iarge
circiee.

Witk e magneltometer pirojeriy orientated in the nage
netle fielid, null current rosuliings were mede witi tue Leeds
s oty bipe & potesntionoeter. & poesletor or 10U olunsg
Laving 8 precislon 0L 40bs was usec Lo secuwre the voliage
Gl pessured Ly btae potentiometoY. in osch sel ten rende
ings were teken, eech Oone of which was made witis en Lixiew
pendont setiing of the output voitage to an absolute mininum,.
e rrovalle error in these current readings multiplied by

he coll counstant tierefore represents the prouvable error
2y, well tield dotectilon,
i Teblde il are suown the resulte ol the moasuresent of

I by the pagnetometer developed in the euthor's research.
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The megsuransents obtelined by the subject magneioneter are
conpered with the vedues o0 U Durnlshed Uy bthe Cuservatory's
recoPrcing instruusnts, (heee lnsiriwents nave thelr Lose
iive corvected pericdicelly by comperleon with the Larne.le
insbtlitube ol Wesblnghbon sine galvammma@ar‘gl dhlis Lnstrue
ment 18 the presendt stewward for acripontal fleld intensity.
288 ¢oll constant is hoovn $0 8 rrecision of & rerts in
400, G0 |

sAaring the gete 1, 2, &§, and 4 the magnstogren showed
8 rathor cedn period in paunetic scetivity. e resuvlés obe
talined dwring bthe time ol the calw pawgﬂd can therefore be
congidered uilte dependadle. Anelysing the resdings oy
set®, It is seen thet the Ilrst set has the largest probable
srror amountln to U.0004 wmilllsmperes 1l current, or to
Filus or minus one pemng in fleld uncerteinty. 1t is intere
esting to note thst the probable error is 2 00,0005 ma in a
gingle otpervation, Tne error in fleld measurement ls then
apiroxinatoly 0.78 goamnes. This velue agrees guite well
with the 1imit ol field meesurasent determined theorstlically
ifvom stetisticel voliasge consideretions,

Heturning agsln to the first of {four sete of readings,
1t ghould Lo polinted cut thet the apreaent o the flisld
neasuresents obielined Ifron evereg iy the null currents with

the solencid turned throus 1809 on the vertical axis inw

Gioates that tos leveling error acounts to less then one

£y, o, deyrnett, 4 sine palvansueter, of. Zivliograprhy.
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genme. The averages of sets l-4 and 2-3 deviete from the
averazos of gets 1l-2 and I~4 Wy one gorma &t moat,

Cn examining sets & end 6, it will bLe noted that there
axists a large divergence im the two uvm- ourrents.
This divergence is poaitive Indication that the axls of the
inductor is not perpendiecular to the magnetic exis of the
solenold, Adjustment of this axls trought the large diver-
genes of 0.00 ma down 6o O.01 me, In the finel computetion
ol the results the readiugs on sets § and & should be dis~
carded, because they diverge between themselves, and Desause
set 6 has & large probable evror. |

Supveying the whole of the horisontal intensity moa-
surenonts, thers are found the following devistions between
the observatory valuss ma? those measured by the null mag-
netometer deseribed in this reports 1, 1, 1, 8, =1, snd 2
guume s,  The msan deviatlon ls oune ganune, an error of one
rert in 18,800, Although the error in the aversge pitch
mossureasent of the solenroid amounts {0 1o more then one part
in €0,000, there does, however, exist s larger uncerteainty
in the correction for piteh veristlons. It would be well
to redetermine ths piteh varistions messuring every turn and
recomputing the correction of these waristions o the coil
constant. This messurement need only extend over s lergth
of two dlemeters of the solencid on each side of the center,

in Table Il sre given the dats teken with the mage
netouster oriented for wvertical messurements. Freceding this

grovp of pessurenents the induoter axis was carefully sdjusted
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unbid veadcliiy teben wilh the solencld roteted LBOY on its

Bxle s in Abe el poslilion sgywed very cluseldye  Lle

Y

cepbiv, ble Jirst twe soebe lel moa 1-2, the Qroup & roees

A

Faiyly welld soon; bhamelves. Sdaibbing the rosuli obe=

o

fained oo bhe 1irst set Lo Le divergent escu h Lo DG Tew
Jected, tle nean o0 Bho Uuserves uUevint.ione Lebweon e Ubw
pervatsesy vertlioanl lutonsily anc el oolealgu with e

ke RO L0neser 1o JLVe Liusdoe  wih UL LES8LS U Ll ereop
onrperently existling, fn the nuw wi aebone by ooil cunsbant
go Getesmdiec lu e Lorisontsd Llonsliily weBolrwsientsg LLere
BLOWIL b8 & devietlion o e verblosl coujesrison ol tigee
gErRes. hero Yunsln twoe paumas U0 Lo acsountod Jov.e  Loe
Cooservatery obbalioas lto verticel lolaonslily Jpowm She Rorlie
gonted veliuve besod cu the sliw geivenousber aue 110k Bhe
velue o) Ll dip messered wilh an ot lnducltor. oinge e
cLservaticn s uot & Jireet onue, dopencing 88 1L ueo upon
twe perecotera, tue Wwe geaowe widlercuce wiglt saslly be
aserived to an erroer lu the Lage line 0 Lo Vissevalory.

+8 A wotowerthy W ramars busb Gis work Les lndependentldy
cund fmed bhe vbeervabory Lase live ¢ & precision ol Iive
s s &tk that assuwing Lhe sine gRliveatueior to Le & true
shendard ol boriszsontal Llield, the veprtlicaeld iJleld intensity
vese lloe was deltevmined o e correct Lo £ gsuaes with a

robiislo errer 0L ol 8l

s
(“*

ihe BLird rhwmse of the work ol btie cheltonben conaisted
dn teking & series of declineilon rescciiys gpalinst an are

bilireyry index. .4 wap the puryose i tule experiment to de=
o &
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termine the gsengltivity oi the null meguetometer in the
norlgontel orientetion. The ingtrument would have been
sore seuncitive as s decifnometer 17 it ned been verticel,
peesuring the direction of the mynetic wmeridilan Ly ths [O=
gition oy nuwll when the induetor axis 1&g in the magnetic
pierldian. however, the uncerteinty in determining tie in-
cuctor exis is much larger than the uncerteinty in the sole-
poia axis. with the solenclid borizontal the instrument will
¥ield e wore precise measurenent o0f doclination.

A sunsary, it must be emphasized that these teasts et
the Cheltennanm Leervebtory have yvielded in edaition to the
gsormparlison of flield values, puval date won wiich [bure de=
sl.ons of the null magnoetometer can be based, Juaring these
topts, In addition to oollecting rmuamericel date, considerw
abie thou bt wes glven o improving tihe operpation ol the
lngtrument. Lt was dlscovered tuat the lnductor should be
giiielded electromegueticslly to reduce the back round volte
ase to & wolbs. & ipproved Dearing ls needed, The prine
ciyal chenge wihlch the sultiwy recorwends iz a redesi n of
the tuwiine pouvnt to permit a {finer edjustment of the exis
of the inductor axl such thet the edlustment is pervanent
and not aifected Ly twpersture., urling the measurencuts,
mueh bime and effort could hmve been speared the observers if
it were possible lor tihe cbserver meikln, the edjustmente %o
see the output meter, & sonsitive nose-mponetic Indicetor ia
required, Anotiier sugrested change would require the tuies

i the spzllilier to e mounted on & reaillient bese. 1t was
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discovered &t Cheltenham that the suplifier respornded to
vibration and noises,
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AFFERDIX

The Calculatlon of the Hutual inductance
of the sagnetic iirror
Consider the general case of the mutual inductance be-
tween & helix and another helix® whose equation is given
velow parametrically. The saxes of the helixes are coinci-
dent.
The mutusl inductsnce of any two circults is gliven by

Keumani:'s ral&tinnb

E= & dl; - dip
¢ *y,2 Equetion la.
where éll rerresents a current cerrying element on ¢lirecult 1
dlo represents a current carrying element on circult 2

rl’g is the distesnce bvetween the two elementis.

The coordinates of clrcuit 1, the helix, are
X un 8 O

Yy=Db cos 0
2=0 8in ©

where "a" 1g the piteh of the helix

b ia the radius of the cylinder on
wh:ich the helix 1s wound

O 18 the szimuthel angle

atommﬁnly called a drunken helix.

bFor setting up the integral for thils general cese, the
author is indebted to Lr. irwin Roman,



ine coordinetes of tiw ¢lroult 2 are
fm e cos 8 cotl + b B
7 wm ¢ 8iu B
S m e cos 8
wi.ere
Loim the piteh of tue second holix
¢ 18 the pedive of ite cylinder
la tho engle of drunkenncss
P 1a tie ezimutiel sngle
she dlzteiee Py g ig thern glven LY
Py g° = (f-XB+07-70% 4 (§-2)B
ri'ﬁg - ﬁ‘g&“ + a%g% + Enh;‘b’a * E(h,‘a/ - ad) ¢ cos ;a’ cot K
+c2co08BP oot
+ aﬁaimﬁd - Zob a‘is:z.)?{ cos 8 *+tfcos®s
a%asa% - 2 ¢gb 8li & cos ¢ + vBsin®e
- 0P 8955 « 2anfe + 2(bf - 89) o cos @ cotl +
eZecos®d cot £ +
0% + b° - Zoe sinie + #)
dly = al8, «h aln 9GE, L cos BdB
dlg = [b = ¢ 8in @ oo, ¢ cos @, ¢ sin g ] ¢

Gly o« Glg = [ah - ge sin ;Zf cot® - be sin (8 +4) &16@?’
- n(2n) /mm”’) o= po 8in (j cob = L sin(810) coad
A o [ﬁi‘z ¢ga - m@efﬁihﬁd - 88) ¢ cos & cobo 2
e2coelld cotfol #
w8 4+ e®+be sin (ﬁ%ﬁ‘)ﬁ sguetion Be

where » ig the oupbeyr of turne on helix 1 and & 1z nusmber of

tuprs or helin B
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Tinle doteygrel carvot pesdlly Le eveluated {or the
pereral case. LU oo, uowever, be reduwced to & more sisile
forn by introdusin, the ectual raraseters of the mayneotic
mirrore The pitch of the helix I({x,y,z) wes very szall, and
toerefore 8 can be vade e U o 8 Ligh degree ©f &CCUrRCOY.
in sctual constructlon h = O and the distance (Ll - 80) = f.
Llso, introducing these veletions Into bguetlion e

Snr 2m T

-j@ /@ ~ be 8in(6 +d) aoaf L

281 25e cos § cots+ o* e&sﬁ,d m::t“’.(ﬁg% c% be sin (efﬂ)]

alec gotds= 1 and D= o arprozinately.

g &
M '-je / QE gin (0+ @) asad

o © [(:+b cos ¢)% 40" {8 +8in (B*&ﬂﬂ/’—
The above intesrsl can be evaluated by the use of one
of btwo diiferent technligues., Whe intesral may be reduced to

an elliztic lutegral or it may be expended in & serics,
reither ol these attecks, however, is a5 direct ss the
physicel seesurenent of the mutunl inductence deseribved in

e prececin sectlon.
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Mox'»=ental Figld Meaaurements
’ at the
Ghslteniam Magnetic Qtse Lory

Buhe of Uagu~-Mareh 12, 1542

C. 2L45.08 gammas

2011 Congtent st 2C ver millieuwpere.
NWull Current Reodings, Milliamperes.
set No. 1 P 3 L
FehZLS 7.5389 75294
4300 4389 4292
£35S 6389 3,295
42490 LR LRGQ
L3006 L3395 5312
L4290 4388 4292
L2000 4365 5,290
faid (,38- .gg. 338 !;.29 3
L2388 4392 L2295
L2326 Qifr W2F5
wwrarase f 'T"S'J(‘ *F I 3G 7';‘"“")9@)
r‘oh
gvrar 0004 - SOCL «000L
39t Ho. X Top of solenold to North: turbine inlet up.
S8t No. 2 Top of golanold Lo North, solenoid turned
1807 on its axis, inlet aowii
Set Ne. 3 Top of soisncld to South, correspendling

set 2, inlet down. -
Set Mo. 4 Top of coienold to Jouth, corrasponding
set 1, inlet up.

S8t No. ) 2 3 L
Time steri 1415 15:00 15:15% 15:45
75 GMT end ;h:Sé 15:03 15:18 1548
H frow obgervatery . : :
magactograph 18,199 18,169 14,198 18,197
sets 1.2 34 14 2=3
Averege current 7.4345  7.4339  T.L3L0 T.L3L3

H measured by

U‘.S.G.S. Iﬁag"‘ ) .

natometer 18,200 18,199 18,199 18,200
H from obser- .

vatory megne- :

tograph 18,199 18,198 18,198 18,193
Deviation 1 1 1 o2






PABLE TIX

Tortical Fisld leasurements
at the
Cheltenham Mggnetic Obserwvatory

Dote-~Mareh 16, 2942, HNull) current readiugs, milliamperes,

Inductor 124 em., adbove Bronze Nagnetic Station.

Set No. 11 12 13 14 15 15

22,055 22,0086 22,035 22,006 22,037 22,008
22,032 £2.,002 £2.028 22,006 22.,03% 23,006
22,031 £2.008 22,040 22.010 22,057 23,611
22.031- 22.006 22,038 22,008 28,037 22,003
52,033 22,007 22.036 22,009 22,035 z
£2.031 22,007 22,038 22,007 25,037 oE:
22,031 22,004 £22.038 22,008 22,039 2

Lol

é?

5,010
%8 .,033 22,000 22,038 22,008 22,006 2,011
22,030 22,005 28.038 22,008 22,0886 2L0L0
28,031 22,008 22,035 22,008 22,036 23,007
ATCrag? 22,03 s 22.00%8 22,0353 a2 ,0068 22,0365 £ . 0037
Prob,
. &rror 0.0002 G. 0002 0.0002 G.0002 - 0.0002 0.0004
Set Yo, 11 iz 13 14 15 18
Cxientation :
of inlet N S N S Y S
Time start  11:20  11:47  12:12  12:05  12:3L  12:44
Time end 11:33 11:50 12:16 12:08 12:34 12:47
H, from
observatory ° ‘

magnetogreph 53,904 3,908 63,905 53,908 53,909 53,909

© Sets i1-18 13.14 1516
Aversge current me, 22,0188 22,0210 22.0226
H, U.5.6.S. magne- 53904 53909 . 53915

© Lometer
B, Magnetograph 53904 53905 53909

Deviation 0 44! +4



TABLE IIY (CONTINUED)
Vertical Field leasurements
; et the _
Cheltenham lizgnetic Obssrvetory

Date--Merch 16, 1942. Inductor 124 om, ebove Bronze Magnetie Station,

Set No. w 18 19 20

22,085 22,010 22,040 22,010

22.040 32,009 22,040 22.009

22,039 22.009 22.038 28,011

22,035 22,011 22,041 22,010

22,039 22,007 22,0398 22,014
22,036 £2.01.0 22,041 22,010 .

28,033 22,010 22,041 22,014

82,038 22,010 22,038 22,010

£2,037 22,010 22,041 22,010

_22.036 22,010 22,038 22,011

Average 22,0358 22,0096 22,0397 22.0109
Prob, error 0.,0005 0.0002 0.0003 0.0003.

 Set No. 1?7 1s 19 20
Orientation of N S ] S

inlet '
Time atasxt 12:54 13:11 13:52 13:35 .

Timo end 12:97 13:13 13354 13:38

H, fyom obzer- :

vatory megno= : . " . ’
tograph 53,509 53,910 83,914 53,913

Sets 17-18 - 18-20
Aversge current 22,0232 ‘ 22,0283
H' U.S.GCSQ . .
nagnetometor 53914 539020
H, magnetograph 53909 53914

Deviation +5 46
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