: | Route to  Noted by Date Route to
b -

|

1

|

//
/ UNIVERSITY OF CALIFORNIA

Radiation Laboratory

Cover Sheet
Do not remove

Classification

INDEX NO. e R UL - 2\

¥ )

e This document contains 23 pages +5°¢ 9‘@
Sl OSIEIET e k - .
e ST dEs) o This is copy.=2e of 2= Series &2 - .|

R
5

Eaoch person who receives this document must sign the cover sheet in the space below

Noted by

Date

]
i
|
i
!
!
i




TION CANCELLED '
(TY_OF . THE muAaschTﬁGN( A
3 9‘2) 1%%@ TR
A«wmmaa A
Ly AT - L. &Q
pmsom (ARG R = e :

(:HANaé R LA GHAPTER h Skt

QR Le24

MAGNETIC MEASURING INSTRUMENTS AND TEGHNIQUES
. by
John DsP&ngher, Rb K. Wakerling and A Guthrie

2 Ol galligtig Qalv:anametg o

A This instrument is used extensively in making magnetic measurementa.
' ’:The theory of its operation and various methods of using it in thls field
. are well known. However, in view of the fact th&t it has been used

extensively in a number of the measuring techniquea applied in the

‘;f; Radiation Laboratory, it has been deemed advisable to deacribe the instru-

.viment in some detail for reference purposes‘bi‘ '

2. 01 1 Theory

’f»f' Suppose that e source of flux linkage is in series with the ballistic:

" _ga1vanometer. Let the source of flux linkage be & search ooil of '
“fﬂ_effective area £ in & megnetic field H. If the flux linkage through the
' vcoi1 be changed auddenly rrom ¢o to. ﬁl then the voltage, V developed

)“’f‘in the coil at any time is B o S
o yelloegdy B T R
V 'i-c-’g volta e (/(2.1)
Figure 2. 1 1s e diagram of the galvanometer eircuit. R ig the
. 1umped circuit resxstanee, G the ballistie galvanometer, F a flux .
Vfatandard, S the search coil and Hfthe magnetic field strength. Aasuma

: that the self indﬁctance of the clreuit is f@

%.small The current, i,
’flowing at any tine is o |
S i - % amperes, o | R ‘(2.2)

" while the time integral of the current is the charge

,q:[ i dt coulgmbs, =~ (2.3)

~ which is &lso equal to-

e s e e R, iy




2 ' VR0 4

. DECLASSIFIED

ez [ gees 5,%3%».4@%- or

108 R (202&)
The equation of motion of the galvanometer ooil is
g-t-gwdt«moan 1, :(2.5)_

where A, B, 0, and D ere constants of the system, @ is the angular"
Q.dlsplacement of the ccil from sqpilibrium and 1 is the ourrent flowing,
5 ﬁultiplying the equation by dt and integreting, we haVe g

[ﬂ%maf Qedt**ﬂ[-@dt nf i at,

,,Let us-asaume that the. eurrent is of short time-duration so that the

lqcil doeavnot move during pessage of the.current. Then

Eﬁ]tgzw,.' [ | f o at =0, [tidt.:qz,"

and Aw 'z B g or =73 é w, The quantity w ie the ‘initial angular

_veloeity ;mpartad tq.the;coil following the surge of current. The.

equatiénS' |

Q"""%“’: . ’ ‘(2.6)‘
- f-F

47 T108R

show . that the initial angular velooity w 15 proportional to the change
of flux ﬂlaﬂa or of.

and

"The general solution of the equation

248 +5&% 100z 0, - (2.7)

s pow required in order to determinevhow much the galvénometer will

deflect, assuming an initial angular velooity of w, .This equation is
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' Y aeoend order equation wi‘ch eonsta.nt eaeffiaient& and bha genex‘al |

solution, inaludmg; arbitrary constants ox and ﬂ # is

G & otexp, Pl‘b + ﬁexp. Pgﬁ , _.‘(2‘8)2 e

”5* o ; TR AL
o = fi + \/B% »4.#‘0.,_ E (3.9) .

where

L. B - J”BB*QAG'
pa T B

| B (2.10)

)
S e
end .

B f«:55"fhen_ N : EE R S : »
S Q: exp‘ *ah {d.gxp. m‘b + {3 03?0 ~m1“.3 : .
£ 1,'1'0 evgluégj;a P and (3 boundary conditims of S : '

Sc0abt=0, fa;.ula)"""' o

d‘b T R
;.'ﬂ,re aasmed. |

Gﬁmbining of‘ Equatmns (8.12) and (2.13), we have Ry ;
"f while Equation (a.la) muat ba differantiatea and commned with Equati.cm i f, ,

‘.f’jf‘(a. 14) to be useful. _Diffarenbiating Equation (2.12);

»'_'9;9... -a exp« {0( exp. nt +‘;3'exp; ,é-‘m’q} e T
cae o L e e R e

| ” +’axfp;:’ #e.t:‘h:“{??mexp. wt - B m exps -—m‘t‘.}
| ~w~m(«+ahwm~a)m .*“g{fMqu

_ iSolving; the twc Mnear unabiona (2.15) and (2;16) far o and (3 ’
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',!’ha praoeas of aubati‘hu’sing thesa values 1n‘ca Bquation (8.12) yialda L

v e [ompent = omp. ""*’,} o tan

or | spw-mm S G )

-;The aondition for maxim\nn wlue of Q may be . deﬁeminad by differentia'bing

A - at

the right hand side of Equation (g,aa) and ﬂettin g 1 t ot;ua i % z‘:. .
a . & e Sl L
exp. »at sinh mﬁ exp‘ »ah ; m’vwsh mt o a ”p‘

v'»';_vor tanh mts 1;‘1 e

o ‘»The result of combming :Equa’cions (2.20) and (2 21) 15

:?_xpy - "ﬁ{ tauh“li ;,' S (3,33) e

} f"'making use of the relationship

aachz mt = cnth2 mt s 1.

But W = —*—{(;é-—ﬁ- frorn Equatiena (2¢4) and (2¢6) aa o

Omax»? e T *tanh" s o (2423) .
¥ pg?-mzamsn R e S R

~N

" 'Thua the dei‘lection ia proporbi.onal to the changa of flux.}

z.el.a Omratian | SR ‘
e sappoae a magnetie field atrength H is to be meaﬂured. Let "’che‘

o flu:x linkage ;b' in the saarch coil of effeohive aren A be changed ‘by one

of tha i‘nllowing mathodag T, -
S (1) The coll ia suddenly jarked cemple*bealy out of the mm.
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(2) The current prodﬁcing the‘field'is rapidly reduced 4o zZero.
(3) The coil is flipped through 180° in the field thus cutting the
- line of foree twice. |
(4) The coil is moved in jerks from point to point in the field to
S yield uniformlty data, -
'The baaio circuit has already been shown in Figure 2.1. The gection dn
- ballist;q'galvanomgter'theory has shown that the instrument'is.lineaf
'periding the-differéntial equation describes ihe moiioﬁ of;fhe coil

'aéCuraﬁéiyﬂand‘the assﬁmptibn About a short current pulse is fulfilled.

'_1Now the. galvanometer may be calibrated.

‘ The flux atandard F (to be described in detail in a later section
" of this report) produces & galvanometer deflection dg for a change of
11ne turns Boe Evaluation of the field H that links en effective area
A and produees & galvanometer deflection d is accomplished by making use

‘ of the followingvrelationship:

REE S A~ e

’”Equation (2.24) is a statement of linesrity. In snother form it may be

'w?itten as - o ' ¢
' (2.25)

m

33
ml‘&
©ia
g § ="

L

;If the coml were flipped, ¥ factor of two would be' entered into the
' denominator of the right member of Equation (2.25),

The 1inear1ty rel&tionsbip holds true to about one percent accuracy

for a moderately bad cuse where the stendard deflection is approximately

'one-half ‘the defleotlon to be calibrated. This slight deviation from
linearity‘occurs_bacause the demping term B in Equation (2.5) changes

as thé galvanometer deflects. The galvanometer magnetic field in which
- the subpénsion rotetes is not quite uniform., The recording scale should

be circular and located at a distance equal to its radius of curveture

R !
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from thc galvanometer;' Fiel& messurements may be made to one-half of one
percent accuracy by bracketing the deflectlons to be interpreted with
dcflections from the flux stenderd and then interpolating.

' t' Thevcireuit resistance R must be kept constant during measﬁrement
and calibratlon. The manner in which the aensmtlvity varies with ciroult
resistance is described by hquation (2 23) Thc quantities a and m are,
. of course, functions of R. | | |
© 2.01.3 Relative Jier ita. o

| The most desirable charscteristic of the bellistic galvanometer iss
Although thermal and contact amf's displace the zero of the 1nstrument .

T

a constant amount during the course of 8 test of not more than half an

o ‘bour's-duration, ballistic readings are not in error by this amount -

aiﬁce'the zero'of each reading 1ls taken at the point of equilitrium of
: all torqpes acting on the galvanometer coil For‘convenience in calcu~
lation, the Zero of thc instrument may be corrected permcdically by

- applying a compensating enf in series with the galvanometer.

. Undesirable characteristics are:

1. »The cycle of pulse, deflectlon, and return to zero is timeeconsuming.
'2.' Thccgalvanometer'coil suspended by a single wire is extremely
tvsusceptible to vibration. During transport the coillm&y be damaged ‘

"eaeily unlees certain precautions are taken,

3. The pulse must be of short duration as compared to the period of the

7instrument. A

2,02 Electronic Elmgter. (1) |

- The electronic fluxmeter wasﬁdeVeloped for mecsurlng small changes
’_in a uniform magnctic fleld in the shortest time possible, This was
'f’necessary bccause of the exceasive heating of small models of very lcrgc

‘kmagnats, The search coil, $, in Figure 2.2, was pulled rapidly through'

5_the mégnetic field being measured. The flux measurements appeared as &

T
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-vertieal deflection on & hine«inch’oscilloscope and were photographéd.
The sweep of the oscilloscope gave an indication of the location of the
icoil in the fleld. |
b"2.02.;~~2heorx, R . e
~ When the oeorch-coiIAS in Figure 2,2 is drawn through the magnetic
‘field a voltage is deveiopod’acrosslit. 'Thia'voltage-is.amplified by
the amplifier and is then fed into the condenser ¢ through the reslstance
R, The volt&ge from the amplifier is

E,(t)_- 208 2 volte, e o (2.26)

whereiG ié the omplifioation factor of the amplifier and %% is the rate
of change of flux’ﬁhrough the search coil. The RG circuit is used as
‘f;an integiating network and the theory will discuss the cperation of this
/ ‘jnetwork. L | ‘ |
v',' The . equation for the RG circuit is B ,

REOAE 1R+~g =E(t), : (e
whare iis the charging current of ‘the condenser and g is the charge
accumulated by the oondenser. Upon making the substitution 1 -84a end

dt
dividing the entire equation by R Equation (2. 27) may be rewritten as

deyeaE® 0 e

“f?he solution of‘Equation (2.28},is: |

_'_'q :: exp. (-4 /%)]Eéﬁ exp.}(f%)dt + C exp. (-/ gg) couiombs
, o IR | B )
= exp. (— i&){m fﬁﬁ exp. (t/RC) dt +c} coulomba,} o (2429)

. after substituting the value of E(t) from Equation (2. 26) The function
Qﬂ must be known in order to perform tha integration, The‘following

assumptions are made to permit solution of the problem. (1) ‘the flux
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- change § occurs in a very short time and (2) the time constent RC is
’ 1 .. ' | |
arge .
, The quantity iu 18 now assumed to ‘be so0° small thet exp. (t/RC) and
. 8xXp. -t/RG) ney be expanded. in an infinite series neglecting all but

| fhe-fifst two térms. Thus

exp. (t/RC) =1+ L., (2.30)
- - RC ’ '
and | .
‘exp. (-t/RC) : 1 - c o (2.31)
‘Equation (2 29) upon substitution of these quantities becomes
.93 ( , [ fﬂﬂ at + ff, 8 at + c] . (2.32)
| 108R 10 1120 o |

. The boundary condition q = O, ¢ ¢o, at t = 0 will permit determination
‘,of the arbitrary constant C.

’Equation (2. 32) becomes

'q = (1 L‘) [1033 <¢ ¢0 + ogn F —ﬂdt - @)
‘The output voltage e(t) = g.is | |
o a(t)~ ( - EE) [«%@{6 @ - ¢o) + Térgffc*é L ¢ 9 dt] (2.34)
,_Géo&'infegratioﬁ’obcurs when RC is 1arge and t is small. “For the ideal
‘,caaa» '} | | . ,‘ |
“ o(t) = £ “”8 fo) - | (2.35)
10%RC

| whére the‘outpu£ voltége»isrlihearly dependent on the change of flux in
the seerch coil. Poorer integratibn with 8 shortefttime constant and
longer period of integration demands that e(t) be, at least, represented
by |

0 ["va ..., (23
108R2¢2 L, at ’ (2.36)

in which the . form,of the function .Q muat be determined.

o(t) - "i"%%" @ - Bo) +
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. .

" The fractionel error in integration, s, is
'?"1'659'555[ t 9 at jt.@ﬂd’c

5« 100 TR P

g - go

P Ve (2.37)
lOBRC (¢ ¢O) | ’ v \

":If’RC is 1arge then the fractional error becomes small but at the same

time the output voltage e(t) in Equation (2.35) becomes snall thereby

o reducing the sensitivity of the instrument.

L The,electronic fluxmeter is uaed to measure the drop-off in field
;‘dt'the edge of & gdp.’ It ié moved?from ingide the gap out over the
:védgé; ‘the function #(t) = Po(L - bt?) comes sufficiently close to :'

" representing the actuel experimentél curve to warrant a discuseion. The

‘ pufpose qfrthe.discussion is 1o find..out how large thevfr&ctional’error

vfs becoﬁes.: 
o
T | 4 J 2 bt at
. Now Qﬂ 2¢°bt &nda = L"Q-'*-'-é-'“ RN
R dt ‘RC bt 3 RG

: It is possible to move the coil out of the gap in about 0.2 seconds to
whera the field has dropped by 10 percent. This means that 8= 3 —42
'ana if we want ‘an error in measurement not more than 2 percent then

RG = :§ X .2 x .li 6 67 soconds. A& reasonable and aatisfactory valus

» for RC then lies in the neighborhood of 7 aeconds. |

-2, 02 2 QE T §;gg, v ,

ﬁf ‘ The valtage output e(t) varieaQtoo rapidly with time to be recorded
accurately by 8 moving ooil type of instrument. it may be recorded by

| ;photographing tha screen of a. cathode ray oscilloscope as the signel is

vr‘applied to the verticel pl&tes.’

‘ A block diagram of the circuit used ia shown in.klgure 2.3, The

' 7 oomplete girouit drawings will not be shown here nor will the circuits




-be discus&éd‘in{dét&ii;as"suCh & discussion is considetgd‘beyoﬁd the.

scope of ‘this {” f&. §everal points are of ihtereéﬁ,_however; and
fahall be noted here. S | | | -

‘ ‘v High gain in the d.c. ampllfier 13 necessary to translate a small
’,Vchange of flux into a sktisfaotory electron beam deflection in the |
ﬁ cathode ray tube., Some arift of the'output voltage»of'the.d.c.'amplifier A

' oecurs ds a resulﬁ of (1) plate voltage variations, (2) varlation in

,?:1“ the search coil circait i
.  in spita of all efforﬁa to reduce these quantities to a minimum. The
'joverall maximum gain achieva& in the last electronic fluxmeter built was
7severa1 million.- /
Deflactions resulting from changes of flux linkage in the searoh
coil are oalibrated by comparlng them thh deflections produced by ‘the
 -f1ux stan&ard ¥ (See Figure 2.3) in series with it. " :
| The searchncoil is connected mechanically with the moving contact
B of a potentlometer. The voltaga across the potentiometer 18 amplified
’.'jand fed to the horizontal plates of the oscilloscope 80 that the photo-
graph of hha oscilloscope gives the flux 1inkages as a function of
':fpcaition. '

A photogmph of an electromc fhrxmeter with a nine inch diame,ter

vcathode-ray tube is shown a8 Figure 2.4. Beside the ins’grument 18 the

o fcamera holder that contains 8 Septcamera durlng Oper&tion.ﬂ Figure 2.5
A showa tha fluxmeter with the camera holder ln operating position.
: Figure 2. 6 is a photograph of the electronic equipment bontained within

tha chassis of the fluxmeter. Part of the equipment shown'here is

associated with transﬂ@;fﬁﬁg an input signdl from the sliding contact
f 8 potentiometer to & horizontal plate defleetion volﬂage in the cathode~

. ray tube._’jf
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2 02 3 Qlative Mgri&g,
"'Desirable features of the electronic fluxmeter are:

>:vl; A continunus record of flux. changs is aehievabme.

The electronic fluxmeter has no. mechanical inertia to 11m1t the

f;recording of rapidly verying flux. 7 | e
ﬂif3' Any quantity associateu with the change of flux may ba plotted 88 &
,’"funﬁtion of it onztha cathode-ray énfeen. , ' |

) 4 The instrument is practically unaffected by vibration.'

Undeslrable features of tha electronio fluxmeter ares
1. Aocuracy is limited by"" |
: Bl Non—linaarity of the cathode-ray tube.
 :5;“tErrors_in phptbgraphy of & curved screen.
e }ﬁon-liﬁeafity'of d.c. amglifiér;
Cde Error 1n integration where the time constant is 1ow for high
f'_sensitivity._‘v

Coneiderable pat&ence nust be exarciseﬁ &nd time consumed in

’correcting for and cheoking the drift of the 1nstrument.v Sometimes drift
- may occur during the time in which the flux change cocurs thus making

_nec68%ary repeat measurements:forfchecking purpoaes. C

2. 03 be gegegal g; ;;g Eluxmeter,(z)

Details regarding this inotrument are available in the trade

' ’1iterature prepered by General hlectric Go. »However, due to the fact

théﬁ the iﬁstrumeut haé‘been‘used extensively in varioue mégnetid

fmeasuring techniques appliaa in the Radiatlon Laboratory, it will bte

-diseussed in some uetail here.

\ z 03.1. Ihgogx,

“Gonsiderua d'Arsonval»galvénometer connected in geries with a

_,_séardh‘qoil. Let R be the resistance of the search coll galvanometer

suspension aﬁd érmature, and suppose that the seerch coil has n turns of
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& avér&ge effective areava. If'thé maghetic'fieid H through the coil
b "changes at a rate %%, then the voltage developed by the coll is
&% dt .ﬁg
._ E As the armature turns through an angle 6 at the rate 9 = Qi.the n
| ;‘turns of the armature out through the magnetic 1ines of the field H of
E the galvanometer magnet._ The number of outs G made for an angle of one
_ .'radian is 2H n a,f where a is the average radius of the armature and £
v ‘it:.s length. Hence G = 2H n aaQ = ng, where g =2H aﬁ = H times the
‘f:aiéé dfza:turn.of the armature. The voltage developed in theﬁgircuitv
 du9 to the ‘turning of the c011 is ngg 9.
| If a current of I amperes flows it the armature the torque in dyne
 centimeters produced on the suapension is 35~9—9ugl This follows
 from the fundamental law that the force in dynea on & conductor of length
‘»i in a field H, carrying a current I is ﬁ-%gﬂ, where H is in cersteds,
I 18 in amperes, and 1 is in centimeters. vv |
| If L 'is the inductance in the circuit then the voltage around the

circult must satlisfy the equation -
IR+LI+§'——g -?‘-8 (2.38)'

If d 18 the moment of inertia of the armature, N the air damping
lland suspension friction of the ermature, tnd W the torsion constant of
' the suspension then the equatlon of motion of the armature is

JQ+N9+;&59-§3% (2.39)

",:From (238)1 ._ﬁ.._ Li..68

‘ - R
Substituting for 1 in (2 39) it becomes

10%% " 10% 10 H

| ,J §+ ,(“ "%E‘) 9*‘)'5’ 20 6Ll (240

_”Ndw,[if there is a steady torque‘T on the armature end & thermal or




”'” to the form

13.

":contact electromotive force b, then the equation (2.40) becomes:

H'*J\'c-i+ (N+...Q.....)G+}49-T+.@_Q. Q_L_, _....& (2.41)
Lo 109 R/ 1092 10R R 10

.' ,At£ached to the armature of the'G.E.‘Fluxmeter.is a snall permanent

‘m&ghet priented.in‘oppoéiti§n to the stray magneﬁic field ofythe flux-
}; méﬁéivmagnét,z The strength of the atrayﬁfield can be altered by adjusting
\{5  thé-§Q§ition~df§two iron pé&s. When set properly thé_effec# of this
v' fj:6ddi££on is‘ﬁo éahcél out'the~restoring.tbrque of the»sueﬁénsion'alﬁdst
',f complete1y, 80 thubyﬁ 0. hlso the constants of the armatﬁie‘are such

( g__jthat N is negliglble with respact to ._g... Equation (2.41) simplifies

- 107 R

18 e G2 der4-fe -GLI EC  :'_(2,42)-,
. 109R 10°R 10k R 10 = -

If the boundary conditions are chosen so that ©, 8, Q and ﬂ are

’:E;all zero when t = 0, then equation (2 42) when integrated becomes; .

10R

z t p | R
’JQ++Q:I T_,dtfo ﬁhg——&—(ltelo)*ﬁ[”ﬂdt, (2.43)
_ Jo 7%

“,’whare It is the current at time ¢ and I, 1s the current st bz 0.

If both T and E are conatants, then equation (2.43) becomes

L g PG GL (14 - Io) -
i9 1R Tt R 10‘3 b+ 109 ™7 10R (2.44)

To see how this equation behaves in- practice, we will set up the usual

‘,procedure for measuring & magnetie field.

‘The search coil is moved into a field ‘and held’there until the

1f1uxmeter.armature stops moving. Thenvthe daflection is,recorded.
| Before and after this process @ = 0, This is impossiiﬁe if the two
terms T ¢ and % E t are not %ero, In oraer to make them zero a small
Lfvoltage is introduced into the circuit of such a magnitude as to produce

;a»cuxrent canceling out, both of these terms.  When this is done It.: I,




jand,the‘equatibnxbecomes

Lo e 109 R 109 R ' e

FInvbperatién the,arﬁature comes 1o rest before the resding is taken;
o This;meéns that é”is zérb and tpe sénsitigity‘of ﬁﬁe fluxmeter is % ='éf
‘Siﬁée'the’magnetic 60mpensation~isfnof perfect; T, the torque on
~’:the-&rﬁ&ture,»bhaﬁgea»wiih 6. This ia’particularly troublesome because
in practice 1t means that the instrument may show no drift at the
.f;beginning of an observation ana then eonsiqenable drift after the
 armature has rotated. Then it becomes difficult to de01de when the
| motion due to the ohange In flux ceases and only & drift ramains.»
 :From equation (R.42) it is apparent that the rate of drift due to T
.. alone is = _ , : ‘» | »
| - ;92_3,1 v o (2.45&)
. G2 :
‘;This comes from the second &nd third terms in (2 42) by setting all

- other terms equal to zero.v For this drift to be small it is an advantage

: .to h&Ve R small but mora p&rticularly to have G 1arge.'

X If reaaingsuare to be made rapidly, then the armature must come to
‘ 'rest quickly after a deflection. “The dynamic characteristics of the
armature determine this behavior.' n V
Wa will assune that the armature haa a rate of rotation of . 9, that
the self inductance L is negligible, that there 1s no &rift, and that N
and )b are nagligible. Then t.he eque.t,ion of motion 18 |
PN T

v 0% 109R | |

Letiihe flux th?ough the coil stop changing. Then we have =0

and the'eqﬁation becomas J o+ n %R =0

‘Let 0 = 90 exp.—Kt. 'Then §v=_~K'é§and the'eqﬁation becomes
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“J K 6 + - 2 0= _ | or

o 10°R

k=R  (2.45b)
109 RJ o .

: 'THis satisfied the boundary.conditiOn'that églis‘the_rate of rotabiﬁﬁ*

0f thé‘armature at t = 0, It also mesns thst if 6 = O'atlzero timg, then

i

ot Y R S Y TR B\ .
6= 0dts -»}. 8 .(exp.-K’c - 1>=-----~ﬂl° Bed [1 - 6Rpo [Tt _t)v ’ (2-45c)
Jo | g% L \w?ry |

Now we are*concerned with the time it takes for 1 - 9$~ to become

a small quantity, such as ,001. This means that R ( ‘_: -
) FIRNSSR

exp. et o TN :.001 or exp 1000, or =6.9,
(109I1J - (10 rRJ) 109rJ

Now 02 for a typical instrument is n2 gz, and

n

g 6/+50 . -

n

it

1170
J o= 420 .

w
13

. 3600
s | |
109 R J

:3707,
R £-~'§743:7.,.186, ~ end
o 3 o

g, -6y= -—2.7. x (,001) = 2.7 x 1075 8,

If G is the angular velocity of the armature resulting from a
change of flux produclng & ten centimeter deflection in a tenth of &
second, then two tenths of a second later the engular Velocity of Lhe
_ armathg_w;11 ??Q.9O1 x i65;8*71,~ .001 radions per second, or 0.1 cm
. per*éécbﬁaﬁkﬂThe.subsequent deflection 6, - 6y becomes 2.7 x 103 cm,

whlch is complately negliglble.

The question ariees as to nhat aiventeges & more. sensitive fluxmeter
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has over a less sensitive one. This involves the design of the search
»-¢6il if we are concerned with the megnitude of the signal resulting .

";frbm a partioular_magnetic field.

o ~..w‘e' w111 comparé tw'o'éx‘-matures with the following properties: |
 €l = 82 nl > nz, Jy= Jp. Let us windAarmature 1 with ﬁany turns of
fina wire and armeture 2 with a few turne of hesvy wire. Let 84 be the
‘ﬁ1i ;>i "space occupied by the 1nsulation, 8¢ the space occupied by the copper,

: Wi the weight of the insulation, and Wo the weight of the copper. In

order to simplify the. argument we‘will assume that

R s T T _

c i o] _

= —-l . and ) -g*l _ (2.46)
w125~ w02 : Sig ¢y R v

‘Lét z»ﬁe defined asvthe Maxwell-turns‘senéitivity. Then the Maxwell~

-Eturns sensitivity is equal to

-L o " '(247)

‘ i:This equation follows from equation (2 45) if JO 1s ﬁmall ag compared to

Two search coils are designed to it in & certain fixed volume. If
| '”;we assume that (2 46) holds for the sesrch coils, and if we wind the
search. coil for armature 1 with ngy turns end for ermature 2 with nsz

"_turns, the maxwell-turns delivered for the coils when they are inserted

in a magnetic.fleld of strength H will be nghg H, where Ag-is the average

area of the turns, Let -

nig _ nAl : .

Then from (2, 4?) ahd (2.48) the deflections produced in the two armatures
_will be

;nslﬂgﬂ_nsgﬁ.sﬂ._ . N
o - ny, € T, € -9 . (2.49)

. (\
R
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‘,”'ﬁef,RA = the reaiatanée of the afmatures and Rg = the resistance

-~ of: the éearch coils. If p is the resistivity of the copper, tHen the

resistﬁnce_of one turn becomes rg = dsp where ‘Qs is the length of a

Bg

turn and ag the cross sectional area of the copper. The resistance of

© the whole coil will be

RB: . _____S_L: >"“"T‘
nzl, % 8 nz

but because of the'assumpiions (2.46)

'

2o 22
‘ 382 Sl 4
If ,Q is the average length of a turn, then'Rs = é% ng js'.
Rey = E%i "8y lr | |
L = Rs &g Ng
R, = =f=n js, snd - Xumul, or
BT a,, B2 Ry a n :
' 2 ' 2 81 82
Ry Do
Fa ;‘?

(2.50)

(2.51)

Therefore,

(2.52)

Avsimilar argument holds for the ratio of the resistances of the

v armature‘windings; It:follows from (2.52) and (2.48) that

™o
3

R,. . n ng? R
Ay Ay By 7B
uien S Sl
2 3\2, 82 2

R | R . 2 n<
A+ 8y Ry Al -2
RAQ +'R32 Ry .%AZ n 2

2 8

- (2.53)

(2.54)

Now’from'(z{ké) both instruments with their search coils have the |

i'samé éensitivity. We will examine drift and speed of deflaction to see

* which instrument gives the best performance.

From (2.45a) the rate of drift due to a congtant torque is 6=
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.7Thereforé, 2 2
’ e 9 2 n n B : .
v-:%:_-—}-g-g—-—lil’xg :-%x—»%—»——-i:l (2.55)
&5 107 Ry 6% s g |

‘Thb driftvis independent of the choice of windings.
" The speed of deflection dépends only on the value of'K in equation
(2.45b) .

\ Therefdre,
Gi X 107 Rad :-qi X -I-{-g =1 (2.56)
x;_ ~ 109 RyJ 63 6§ Ry

Hence the speed of deflection is independent of the choice of wiﬁ&ings.

- The drift due to a constant electromotive force in the instrument
08

18 from (2.42) 6 = .la_ E.
'Theiefore, ,
G n
.?.l :‘.(.}2. :-....'A’?" ' . (2.57)
n .

“Hence the rate of drift due to & constant electromotive force is propor-

v"tibnalfto'the sensitivity or inversely proportional to the number of

. ~turns on the armature..

1g;aetiga& Consigeratioga.

1f a search coil of many turns is used with a 1ess sengitive

instrument then there are advantages which make it more desirable than

a coil of few turns with a more senaitiVe instrument.

| '1; The resistance of the leads to the search cdil and of standard-
-iziﬁg‘muiual inductances 1n'the:Seapghbcoil,éirduits cen be lerge, |
| 2.‘ Péorer conﬁacts in the searéhhcéil circuits dan be tolerated.
3; The effective area of the search coil is large in comparlson
iwith the areas of loops in the leads., Not so much care is.necessary in
handling the leads,

4. The drift due to & constent thermel or contact electromotive
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force ig less fcr the meny turn armature."
All these advantages outweigh the disadvantages arising from the

necessity of constructing a searchucoil of many turns of fine wire.

Two disadvantages arlse from using very fine wire: first, the difficulty

of winding the wire without breakage and second, the lerger proportion
of the available area occupied by the insulation on the fine wire.
-This altcrs the aasumptiona made in (2 46) One factor tends to cancel
'this,qffect. The resistance of the sugspenslon itself is about 12 ohms.-
; Thic:12 ohuns ic added to the resistance of the armature. For very

sensitiVe instruments with few turns this becomes an &pprcciablc prO* o

porticn of the total resistance in the circuit and makes the inatrument .

_ mcre-sluggish,
’ For'sbecd of operation & low value of J is importent. 4s long &8
J lics in tha nelghborhood of ,420 grem centimeters-squared and -*9924-

107R J
40, readings can be made with an accuracy of 0 1 percent in 0.3

‘ seconds. Moticn pictures of the deflections of the fluxmeter prove thct

-~ this is a reasonable speed with which to take reedings.
Since drift is the most broublesome feature of a fluxmeter the
v advantages of the low sen31tivity flukmeter far outweigh thcee cf the
high sensitive oneg for accurcte rcliablc measurements.
2.03.2 Operstion, R
| | Thc‘fluxﬁeter eircuif.cocfainc acaecrch coil S,ba compensating vl
e.m.f, unit E of low impedance, 8 flux standard ¥, a shuntlng resistance
A, a series resistance B, and an external 1umped resistance K as shown
°ianigurc 2.7. The unit E is also cgpuble of providing & positive or
negati&é’vcltage for zeroihg\ﬁha fluxmeter., The shunting resistsnce A
s ucédvfo ‘change thc sensitivity of the fluxmeter. |
The fluxmeter sees only the VUltage between the points C and D

= across shunt A. The difference of potential 5%




g - Thus

[T ls
UULl=24

‘where I ia the amperes current flowing through K chus,

>:'The curxent 1 is

o w EOE R
1= §91~Q§-~ " | (2.59)
A+ B

10% at K+__4B

EOD__;...ﬂ(l-._..._&..;) el
L+ B |

' ﬂThe current i thfough the fluxmeter is

1.,592 ~§8~d¢(l-x+x B) e
- ar Bl v -

The‘toréue U onﬁthé suspension due to this cuwrrent is

“ﬁg*. < ...ﬁ_,.,~'> - (2.62) .
B dt K+ __AB :
A+B '

G hae already been defined as torque per unit current.

2
The damping term (uee equation (2.42)) is 3%9—5 %%, where R is the

resistance of the fluxmeter circuit,

" SR
R“B+A* o ;(%Q)

Theuéperation of equating demping and torqué terms gives us

R : x
.‘199 (B%«-ﬁﬂ%ﬁzﬁg_ﬁfg(l }{Tﬁf)

+ K A+ B

which ylelds

- C L (2.64)
A+ K

-
-

&%
&

The sensitivity of the fluxmeter is independent of the resistance

B but can be altered by changing A. In practice it is;impbrtant to
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keep K 1arge when A is small.' When this is done thenccontact resistances
in the extarna1 éiréuit remein smell in comperison to K and changes in
contéct reslstance have a negligiblé effect on the sensitivity of the
fluxmater. | | |

The drift of the fluxmeter must be kept to a minimum. For deflections'
over.lO-cm (See Fluxmeter Mounting) in 1ength there may be drift ccoursing
while the reading is bcing made even though initially the e.m f. com-~
- pensator E (See Figule 2.7) may be adjuated parfectly This phenomenon
occurs since magnetle compensation 18 not perfect for all values of 9
the gngglar deflection of the fluxmeter. The torque T (See equation'
. (éiﬁlj'is é function of 6. |
"2 03.3 Mouting, |
The light from an automobile headlight bulb L passes through a
1vshort focal length lens Cj. (Figure 2.8) A narrow vertical index line
is drawn vertieally across the front of lens 01. ‘The light is focused
on the mirror M through the objective 1ens O which {s adjusted so as to
focus the index line onto the scale 5, The scale is placed 50 em from
the mirror i and is ‘drewn with black lines 1 mm apart on transparent
lﬁciﬂé."Thé‘condenser lens Cp covers 6 cm of the scale and focuses an
image of mirror M on the objective lens of camer& K,' Reddings can be
~made both by . visual obgervation of the scale in whloh case lens Cp 1s |
| removed,anu the scale is,25 cm long or the readings-can be photographed
"Ey.éémefa K. Positive film of low sensitivity, high'contrast, and fine
grain is ueed so that the room can be illuminated without affecting the
Cfilm, A typical picture is shown in Figure 2.9.

_'1he ¢amera is a Sept motion picture camera using 35 um film, By

‘depréésiné fhe"ralease a Singla frame 1s exposed and the film readied‘
fof thé next pleture. The release is depressed by a solenoid pullér 50

- that an exposure mey be made by remote control, Views of the various
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parts of the fluxmeter ere shown in. Figures 2.10, 2,11 and 2,12,
2.03.4 Relative Merigs, |
‘The dhiefladvant&ges of thiéyinstrument aret
1, Thé eycle of signal, deflection, and reading does not include
| resetting bo #ero‘uﬁléss the readings are 8o 1afge a8 to go off scale,
2 Thé;diffarenqebbétWQen the reading of the fluxmeter with the search
zlvcoilbat‘Point»A and the reading of the fluxmaier with the search coil ot
‘Point B 1s dependent only on the chenge of fluxylinkage of the search
céil between Point A end Point B under the dchievabie cbnditiohs 6f:” 
" (a) The gearch coil being held at Point B long enough (no more than
two~tenths of a second 13 necessary) for the fluxmeter coil to
~come to rest, and ‘
(b) The drift being held to & minimam.
The ;oﬁditién (é) is easily aéhievable,~but the fulfillment of condition
- (5),is mbre,difficﬁiﬁ, ‘Slight amounts of dr1f£ due to chanéing therﬁal
-ve.ﬁ;f;‘é-andkimperfect magnetic'compensatioﬁ are élways presaﬁt. However,
 '1£ a set of readings is taken quickly under favorable conditions (say
"~ten reauings int ten seapnda) the drift error cen be made negllgible.
YB, The fluxmeter ig reasonablw‘insensitive to vibration (as compared to
,’thé ballistlc galvanometer) because of the marine type suspension, '
Adequate,protectlon of the fluxmeter coil during transport_is achievéd
by merély ahorting it. | | |
Two o@ergtional disadvantages of the instrument are~'A
1. Magnetic compensatlon requlres considerable patignce. and time -
1a1£hough it is performed infrequently. v
-2, Drift must continua)ly be checked and compensated forfduring a set
‘iof re&dings. |

| R 04 ﬁagget c Bglgpce for Measurlng Low Permeabilities,(B)

: In order to measure the megnetic permeabi]ity of lafge sheets of
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vstﬁinleés stéel, é pérﬁeabi1ity that ranges frbm 1.003 to values in

,;.exceas of 1. 05, a magnetic balance was constructed. Figure}2.13 illﬁstfates_
o the principles inv01Ved. 4t one end of an equal arm balance i e small
horseshoe magnet .of cobalt steel~ 58Y the other end is a coil which bas

- & total area (i.a. the product of the number of turns by the average area
"of the turns) of approximately 5,000 cu2, This coil is in series with

a 12-v01t battery supply, & variable resistor, a milliammeter, and a
:ifaingle~pole single-throw switeh, &nd is pOsitioned 8 cantimeter or two

.'abova & second permanent magnet.

In order to :eélibrate the balance, a solenoid was used to determine
‘,the permeability Qf several cylindrical aamples of stainiess steel eaoh
ksample'be;ng rougb;y two inches lpng and one<half ;nch in diambter.
-?Sjmmétricélij piéce&’ihéide the large solenold wereiﬁWo short coils
"~_tﬁree~qu3rteré of an.inéﬁ long; coil #1 having & tbtal>aréa of 15,614
f'cm2 and 4,578 turns; coll #2 hgving approxiﬁate1y:the~same area end
 '4 506 turns. A bakelibe‘cyiin&er six inches in ]ength wés machined(to
hold thaae coils securely in place, one coil fitting snugly into one end
"‘of the cylinder, the other coil into the other -end., These two céils (
h_ were connected in series with each other end with & ballistic galvanometer.
The polaritiea of the two coils were such that the inuuced e.m.fi in one
“opposed that in"? the other, thus glving only e slight daflection of the |
:‘galvanometer when the field of the aolenoid was vawﬁe&. Included 1n the
: galvanometer oircuiz was a flux stenderd for the purpose “of calibrating

'the»galvanomater. By comparing the.galvancmeter deflection for a given

' ‘change in the magnetic field of the solenold for the case when the two

:bucking coils had no magnetic cores, with the galvanometer deflection
” for the seme change in the solenoid field but with a core of stainless
"steel in aoil #2, the magnetic permeability of the st&inless steel core

- was obtained,
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-Figure 2.14'illust:ates the two types of solenoid measurements

thut are involved.

In ‘the’ derivation of the formula for the magnetic permesability

the following terminology is employed:

. fo = the line turns produced byvtheFCénco Variable Induetor.

' '¢1‘§ TotaiFflux”turns for coil #1 (i.e. the product of the number

of turns of ooil #1 by the flux produced by the solenoid, S)

¢2 - total flux turns for eoil #2 with' an air core. “

”.fv¢3 z total £1ux turns for coll #2 with metallic core.

:Al and Az are the total areas of ooils #1 and #2 reapeetively.

A s the oross sectional area of stainless steel sample.

. His the magnetic fisld intensity st the center of the solenoid.

'ﬂg is the number of turns of coil #2. »
,?;A? is”the ‘magnetic perméability of>the stainiéss steel'sample.
' ”AAA ia the diffarence in the total sreas of coils #1 and #2.

do is the gnluanomater deflection in centimeters produced by the

flux standard.

‘do is the galvanometer deflection for Gase I, when the solenoid

field is reduced from H to Q.

' dx is the galvanomater deflection for Case II, when the solenoid

fiald is reduced from H to 0.

For Gase I

For Caag:II

'yzismi |

# = Hap | o

By - Py = 8B, - Al) = HOA = ‘?;dc
. c

B3 = Hlag - ANy + AuNp)
¢3 - 1 = HOA +AN2§I(}L -1) = %-’5 ﬂc
; | o
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Therefore
| _a(r«-l)mz 99(%-%)
And
Po (dx ~ do)
| ANHA,
When, a8 was the case in this work, the field, H, of the eolenoid

vp -lsz

cis raversed rather than reduced to gero, a factor of 2 appears in the
-:denominatcr of the finel expression, giving |
w'l'%%‘a'%)

| The error involved 1n disregarding the demagnetizing fiel& produced
b& poles at the ends of the cylindriaal sample& was estimated and found
to be negligible for lcw permeability £ylinders having & length of two
1nches and a @lameter of one-half inch. |
| When ‘the flux standard was set for 87,000 line tnrns, the galvanometer

deflection wes 5 30 cm. Thus

Bo = 87,000
o o dg = 530
‘Aleo N2 = 4,506 turnas
and | | R H =26 oerstéds

TPabulated below are the results of the measurements on three

cylindrioal samples: . : :
Semple A ¢ - dol w1

1 1.06 om? 0,335 em 0.,00267
2 1n 0.555 0.00422
3 Lz 1.205  0.00803

The magnetic balance was adjuated to be slightly heavy at the end
' carrying the permanent magnet The current, I, is the least current

through the balancing coil which will raise the magnetiwhen no magnetic
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naterisl is placed beneath the’magnéi. The currents I1, Ip -- are then
_measured, these being the 1east currents.that will relse the magnet when
samples 1, 2 -= ere placed benedth the magnet. The calibration curve
consists of & plot of Iy - Ig, Ip = I, =- against the values of the
magnetic permeability of samples 1, 2 =~ This curve 1is a straight line
wiﬁhiﬁ’the region consiae:ed (See FPigure 2.i5). Some difficulty was
éhééuntered in obtaining & sample whose permeability was (l)_greater
 vth$n’£hat 6f,8ample No. 3; (2) léés than the upper 1limit meaégrable
with thé ba1ance; anﬁ (3) uniform throughout the semple, but there is
reason ﬁo believe that the calibration curve of the balance remains a
v‘> Straight.1ine to values of thexmagnetie permeability at least as high‘
88 1,05, | . |
2.05 Mgggg& ¢ Stendards, _

In the course:of desigﬁing magnets and. testing their performance,
it is necesssry to resort to the use of standards, the expected behavior
§f_ﬁhich»¢an be caleulated from gecmetrical consideratioﬁ&. In this -
éection, the various factors»guiding the design of search coil and flux

 ptanderds will be discusse&. Some standards found to be'suifable for

o »vfha type of work done in‘the.RadiationkLaboratory will be desbribed

. briefly. ‘
| 2.05.1 gearch Golle, W
;' S The measurement of & magnetic field H by the inductive ne thod
vgenerally involves the determination of the two fundamental quantities
s expressed in tbe formula
| | H = @#/a - | (2065
whére'A ié the effective ares of the séaréh coil employed in the méasure¥
ment and § is the number of lines of flux thraugh'thé éoil; In all
cases thebphysical 8126 of the coil is ussumed smalluencugh 80 tﬁat the

aversge field strength in the volume ocoupied by it is the field strength
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:ét.thé'céﬁter of it, within the‘experimentél error assoclated with the
_meaguring instruments, 'The:search coil is usually wound on & smell
>J’apqcllof.bakeliﬁé, ivory, ¢r‘1ﬁcite'ﬁith many turns of fine wire.

' Effe§£ivavareas of rakdomly woﬁné coils may be calvulated only approxi-

fmatély from gebmetrical considefations so bther methods are needed to

V .ca1ibr&te colls to greater precision.

In one method comparison of an unknown ares with a known ares is

achieved qu¢te eusily through the use of standerd oolls, a very uniform
. magnatio field,.and a rotable coil mount. The stendard coil of effective
afaavévié rotaied to balence inductively the search éoil'of effective

i area X, prov;ded, of course, that §>X, Let 6 be the:angie-between the
.}null position of the. standard coil alone in the magnetic field and the
null positxon of thevstangard coil in the series bucking combination,

| Tﬁen the'effeqtive aréaﬂcf the sezrch coil is

Xz8eino ' _ | ~ (2.66)

. I s <y, the standard‘coil is ‘oriented normel to the magnetic field

ﬁhile the seargh.coil is rotated to inductively balance it. In the
1at£eracase the effective area of the search coil is
S ¥z $ cec @ k (2.67)
.,Fiﬁé enameled copper wire wound on en aecuiately machined cylindrieal”
fo?ﬁ of:bgkelita orvlucite in a single uniform layéf représents the‘ |
._essqﬁtiai‘elementa of a éearch coil, the effective area of which can be
deiarminéd'tb grea£ precision from geometric consideratioﬁs end simple
caicuiétions. lSuch & coil checked and cross~checked ageinst similar
-eoilb by inductive means lg suitable for use as a primary standard of
 @ srea in a magnetic testxng laboratory. |
R The ef£ective area of a winding of N turns in'é single cylindrical
l&éér ofimeﬁh dlemeter D is

A:l&%ﬁn » o (2.68)
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- Here, the meen dlameter 13'méasuredvalong a line perpendicular to the

axis of the cylinder through the center of the cylinder from center of
wire £o ‘genter of wire, A8 verified by practice, Equation (2 68) hclds
'true¥¥035£ 1east-oneétenth'of one pereent accuravy when the diameter of
thé wire‘ié,sma11 coﬁparad to the dlameter of ﬁhe cylinder.

F'Qieaés attached to the solenoidal nindihg of a standard coil are _

tﬁiéted‘aé carefully as possible 80 aa to be non-inductive. Due to the

o fact that the start and terminus of the winding are separated by the

length of the solenoid, one loop is unavoidable. Howevar, for all

f practical purposes ithe plane of the loop can be aligned. parallel to the

magnetic field for normal operation.”

' Figure'2 16 shows a drawing of ;ﬁcircular solenoidal winding
repreaentative of the winding of a standard seanﬁlcoil FigureS’Z 17a,
2 l7b, 2.17¢c, and 2. 17d show drawings of the component parts and the

assembly of a atandard search coil,form, holes to accommodate gtart and

B atérhinus léads sre shown in Figureﬁ 2,17a. After the coil is wound and

the 1eads are attached and twisted, the winding protector of Figure 2.17b

is slipped over the spool The-end disk protector of Filgure 2‘17c_servee

 the two~fold purpose of holding the winding protector in place and

o provlding a protection for the twisted pair of leadsccoming out of the

exit hoie of the 3pool. The twisted pair is wrapped around the winding

protector in the grooves provided and is hela in place by an elastic band
: until it s nesdod. | | o

Figura 2 18 is a photograph of two standard coils, one wound and

oalibrated, the other disassembled to show bakelite spool, 1ucite
'_1winding protector, end end disk protector. The winding and end éisk
protectora of the disassembled coil form are of a different type than

. shown in Figure 2. 18 in thet the end disk protecbor bes & groove provided

in ltffor;the twisted pair of leadswmhilerhereuare no grooves cut 1n ‘the
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winding protector.

Ina second method, comparison of en unknown ares with & known area

is achieved Quite'éasily through the use of a long solenoid with a tapped
v"cahtral, egternally locatéd, secondsry winding, The search coil to be

'pcalibrated is placed inside the solenoid under the cenﬁrallj located

secondary. It is connected in series bucking with the secondary and the

number of secondary turns is adjuated to give best inductive balance,

: i.e. a null reading when current is passed through the long solenoid.
”_The effective araa of the search coll is then the product of the number
. Of the seeundary turns and the primary ares. In this method the solenoid

: primary winding is the atandard coil.

o The mutual inauctanee(s) of the long solenoid and secondary shown

in Figure 2. 19 is

4'“‘ 8, Dlnz(P 2 o P l) PR = (2069)
" where - ET - ; R
SRR ’ ' 2 1/2
PrL= {(3——;—&) - A2} / (2.70)
Y /2 | o
£y = {(z_:::_.i.) +A2} / . B (2.71)
m em
© and |

.gzz i‘f. | B ” '(2.'}3)

Only the first term of an infinite series is shown in eguation (2.69).

 This equation may be written in encther form

- 2.2 o | |
Mo - w 4" . . . (20'74)
P1+F2 : S

with the aid of équatidns (2.72) and (2.?3) and the following mathematical

reasoningx T - ! 2 iy 412
P;e-f’l‘f’z-f"l (%3 ) (xz )
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UKD A
x? , x4 -&- £ opxl
S R W SR R L ol
’ xl(P2+ Pﬁ 4 2+ 1

a end. Lzo thanvKuaiibn (2.74) becomes
2R -
(4“} o

The mutual inductance of the 1ong solenoid and inner search coil

shown in Figure 2,20 is _

MI 41@h2n1n3(p4 P3)+ o (2.76)
- where - SR -
e 4 12 v
£ {5+ 4 @)
3 2 12 RN
(= {(ué )+ “2] - (2.78)
i ny = g-l (2.79)
’*3 = f ‘
1' :Equation (2 76) may be written in the form
| ‘ " | 202y |
. My = ﬁlﬂ~§~§l§3.+ (2.81)
| | R |
S °' '  If m = o then equation (2 81) becomes .
22 | -
2;: bl e .. (2.82)
(4 + & )

I m’i = mo‘ then ‘n232m3 = ﬁzaznz or wBang =

2N2. The quantity

11&2H2 is the product of the aree of the primary and the number of turns

‘~in the outside Becondary.

o The main design problem here is to determine how large the quantitles

_ é and - ﬂ. can be and yet produce no appreciable erpor in the determinatlon

i L
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which was construeted ares

'_ The primary was wound with 680 turns of number 16 enameled copper wire

”fvon a threaded canvas bakelite tube. Constants of the secondary are:.

: Calcul&tad quantities associated wimh the primary'are:

B uaing equ&tion (2.74) in determination of the mutual inductance is less

, than one-twentieth of one percent.

. of the secondary winding B about the 1ong solenoid 4 are aajusted by
| means of the four dials on the control box D. The seareh coil is placed

’inside the primary A, just under the secondary winding B, by meens of the

31, " o C ORI

";of the mutual induotance from equation (2.74) -Constan#s of the primery

'”X = length of primary = 95.95vcm, . : o B
‘Nl = nnmber of turns in primsry = 680 turna, |
a- mean radius of primary = 2.9566 cm,

nlm turns per em of primary =17. 0866 turns per om.

lfq_length of seoondary* 6.00 cm,
Az outside radius of secondary = 3.64 cm, ’

N2'~ maximum number of turns = 4110 turns.

H.~ magnetic field at center of soleno:d = 8,902 I oersteds,
I= primary current in amperes,
71 Py= primary areg ::27,462 cm?.
Gdlcﬁiétéd’quéntities assqciated.with the secondery eres
) L mutual?';‘inductanee per turn = ,024447 willihenries, |
- Mpax = maximm M possible = 4110 ¥ = 100, 48 millihenries, ‘

With secondary constants of A= 3.64 em an&.i = 6. OO cn the error in

A photograph of the apparatus 1e ehcwn in Figure 2. 21. The turng

coil holder C. ‘ _ ,
: ; Figure 2.22gshoﬁs.the coil holder C in greater detail. The 1Qaéé
of=the search coil are inserted into the Jaws of the gold plated clamps

F ahdtare.held in place as the clamps are_tightened by thé,screWS E.
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Tha search coil and secondary winding are placad in serias buckin& with
& Leeds and Northrup Type R galvanometer 25 indicated in Figure 2.23,

'  »whi1e the turns of the secondary winding are adjusted to give the smallest

galvanometer dafleotion posaible as the current is turned on or off in the

primary of the long solenoia.

The effeotiva area of the search coil in turn -cm? for perfect balance

is 27.462 times the number of turns indicated at the control box.

';2 05 2 13; Btangarga(é)

he quantity ¢ in equatioa (2. 65) is usually determined by comparing

‘.the deflection it proauces in en instrunent with the deflection a flux
f standard produces in ‘the instrument. Let the flux 1inkage, ¢, of &

: eearch coil with effective area, A, in a magnetic field, B, be reduced

to zero, yielding an 1nstrument damﬁction, d. The instrument is calibrated

EE by means of a flux 1inkage standard. A deflection dg ig produced by a
1f‘flux 1inkage change ¢s. If the qpantity 29 is constant tbrough&uﬁ:the

- gg"-%g | - (283)

“In general, however, the inatrument will depart from linearity. Then

Eqpation}(E.&B) cannot be assumed, In such oases the situation is v

1mprdved’by bracketing the deflections, d, with flux stendard deflsctions,

ds, and making linear interpolationa or plottlng a calibration curVe for.

/’_the instrument. o

“One typa of flux standard illustrated in Figures 2 .2/, end 2,25

B (Type I) consiste of 8 tapped coil thet ie movable from poeitions of
‘ maximum to nearly zZero flux linkage with a fiwe inah long cylindrical
: alnico bar m&gnst'v Coil A With ten resistance compensate& taps, is |

drOpped from position 1 to positicn 2 under the aetion of gravity a8

.Lrelease_mechanism B 1s operated., The range of flux Xalues oovereéuby

| this ty§e of instrument is indicabed by a few characteristic valuoss
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;'fFiui’&tandard 08
.~ fapNo. 1 16,500 line-turns
Tap Ho. 10 164,100'11ne—tu£ns
. Flux standard I B / |
| ‘ Tap‘No. 1 248,000 line-turns
2 © fepNo..10 2,527,000 Line-turns |
A second.type of flux standard (Type II) conglste of a rotable coil
:;n thergap cfla;f&irly large alnico permanent magnet. Stops are provided
‘ cc/thatbccch éucceséiﬁe angular throw of the coil chenges its flux
'11nkdgc ﬁiﬁh the magnetic field in approximately equel increments.
‘Threé }hctographs of_thisctyce'of flux Standcrd are shown in Figurcs
\»2.é§a,{2;26$,;aﬁd'z;zéc..'whe arm, A, 1s connected by the shaft, F,
’d*throughfthc cifcular boacd, G, and the yoke of the megnet to‘the coil,
_B. The shaft foﬁates_the coil*infthé gap formed by the tﬁc Alnico pole

Tfpiscss,*c;‘ Stops, D, deternine the anguler throw of the coil. The

’  range of flux covered by this second type of flux standard is 189,000 -

:tc 3,290 000 line—turns.

Both of theee standarde are calibrated by comparing their deflections

in en inatrument with deflesctions produced by a standard mutual 1nductancc

Cin tha»sama instrument. Figure 2,27 shows the standardizing circuit
'kDeflections produced by Flux changes in the standard are matched by
| deflections produced by the mutual inductance for current changes in
. the primary, after trial and error adjustment cf the current. The
current is’ measured with a Leeds and Northrup Type K1 pctcntiometer '
across a standard shunt. Whén deflections afe matched, the value of
the secondary standard line-turns is given by v,_ .
| d_ . p=105m - (2.84)
,‘where_ﬁ.ié:the mutual inductance of the stenderd in millihenries and i

ia.thcdcurfent‘change in smperes,
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The probable error in calibrating the second&ry standards may be

' Lj'predicted from the error formule

: x—s;\/xl PR A | (2.85)
' fd‘where X1 13 thewerror in calibration of the standerd mutual induetance
and Xz is the error in matching deflections. | |
| ' Xl = * O 25 percent
- Xp = ’i 0.25 perc?nt
' ‘ ‘X”;' +‘d 35 percént
- The value of. O 35 parcent prob&bleferror is verified in practice.».
»f2 06 Procedure for Obt ia netiaati
The problem hare is to measure the absolute magnetic fleld intensity

: in the gap of a magnet as a function of the current flowing in the

. excitlng coils. The method 1s to record the change of the flux linkage

'of 8, search coil in the magnetic field with a ballistic galvanometer or
5“£luxmetpr. -Four ways of doing this are:

1, While a current is flowing in the exciting colls of the
©  magnet the search coil is pulled out of the gep. The
. current is then turned off,
2., The search coil is held stationary in the gap while the’
T exciting current is reduced to zero.
3. The seerch coil is held stationary in the gap while the
' magnet current is 1ncreased from gero to the salected
value,
4. ‘While the current is held constant tha gearch coil is
~ rotated through 180 degress. '

ey Of the procedurea listed, the mcst satisfactory choice is dependent on

'5tthe magnet characteristics and the type of - instrument employed in the

_ measurement.

suppose that a 1arge direot cuﬂrent generator supplies the exﬂiting

'_»‘current, I, for ‘the m&gnet The current is turned onvand off by the

‘; breaker shown in Figure 2.28, The 3ize of the curreht is vaﬁ&ed by

1means of the rheostat and switoh 1n he field coil cireuit of the

“genarator,' The current to the magnet is reduced, first, by 1owering the
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f} finéiiy'turﬁedﬂoff:by épeﬁing'theibfeakér}: The._

~ﬁf?tim°f°f rise of I, af course, is depeﬁdent on the v&luea of resistanee

' ff7amd inductance iu»the circuit Figuxe?2.28;shows_avsghemat;c drawing_of o
‘"uf ;;the control czrcuit. S T |

ChTa, 06 1 iallv*t e e

" 11n Flgure 2 29 searah eoil 8 is placed in aeriee with a ballistic

'ffgalvanometer G, variable reﬂistance Ry flux atandard F’ and BWitch s W,

f ”fT;The ballistic galvanometar, Gy fraqnently employed in obtaining magneti—

Ef‘zation data is a Leeds and Horthrup TYPQ P reflecting galvanometer With'

g ¥;£ a sensitivity-ef approximately 100:000 maxwellwturns per cn deflection
T i and a thirty seeond period. The external circuit resistance, R, ia
  ';775adjuated to. give the most satisfactory galyanometer damping character-
  ;'?iiatic8, The function of the damping awitch D, is to provide a means
.f £of either shorting out an unwanted signal from the search coil or to

'*ioVerdamp the mmvement ‘of the galvanomater coil. The switch, 8 W,‘opens -

* lfthe galvanometer oirouit. Under tha condition of open cireuit the

ﬁwffgalvanometer coil rotates nore rapidly than it doea under the condition

o ;:of a 1ow r@aist&nce load, a feature which is utilized 1n resetting to'

~:C.zero... "'

o 7'2 06 2. Q, E, E;gggeter Me ggg

' In Figure 2. 30 saarch eeil 8 is placed in series with 8 G. E.

>7F1uxmeter Gy a thermal electric compenaator E, a flux standard F, and a

':,_resiatanca K. Tha fluxmeter, G, usually employed in obtaining magneti~

’ F"'f;zation data 13 a G. E. type 92 fluxmeter with a sensitivity of 67,000

'jf:maxwe11~turns per cm deflection. In caaea where the shunt A ia not

""neoessary for reduetion of aenaitivity, K, the 1umped external resia~.

*,_'Fftance, is kept as low as poaaible tc held drift to a minimum. )
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'7{ ;for visual readings are posaible. o

;7 >7reading is done aftar all drift has caased. ’

. S : : ”{ﬁ; ey
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”'VfaE;fextremely high, sometimes reaching 20 000 ampsras per square inch, The
' ”=. :_ln8ul&tion begins to burn afﬁer the current h&a been on for 20 secondﬂ, B

g?fso the usual Qn-nime is 1imited tb about ten aeconds.zv

Of the four procedures 1isted above, only the first one is auitable"

".f%for use with the ballistic galvanometer. The signal to the baliistic
’~1.galvanometer is:short and the magnet current i&’f10Win8 JuSt-1°n€ enough
; 1;ffor the opar&tor to ‘adjust it, read it, and reduce it to zer0, Péfsbﬁnél
léV’needed are a galvanometer man, a current gperator, and & person to pull

the search coil out of the gap of the model magnat.

While all fbur procedures are pos&ible with the G E Fluxmeter, the

*_;second one ia conaidered mﬁst sat;sfactory. The residual field,vthough
‘v not taken into consideration by this procedure, is usually negligible.
'uj”fPersonnel needed are a fluxmeter operator and . 8 current operator._ Bacause

“tf “this method is now most frequently employed, the cycle of operation wil]

‘f‘Figure 2 30 Either photog?aphic

v Firs'ithe breaker is closed, then the generator field ourrent, i;

7;-13 tur;ed,on and adjusted with the rheostat 80 that the desired value

:fofll 1slobtained. The fluxmeter operator records his reading upon
; receipt of 8 signal from the current oper&tor, or the current operator
;f*oan take a picture of the fluxmeter reading by depressing bhe camera o
Qralaase.v The fluxmeter oparator muat koep a close: eheek on the drift of

'jthe instrument. To reduce 1 to zero the current operator opena the |

g vffswitch in the generator field eircuit; waits until I drops to about one

tenth of peak value, and then opend the bnaaker. The final reading ia

1'.’recordad either visually or photographically by the fluxmeter operator.
i This has to be done by the fluxmeter operator beeause of a small drift

© which. always appeara after the current is turned off. Redording of the
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:ﬁ'}f‘Flip coila are’ used for full seale magnet measurements: other methods

4 '?‘inﬁgeneral not balng practical.¢ Two kinds of flip coil mounts are shown
'afgin Figura 2. 31 (Type 1) and Figure 2.32 (ryve 11). Referring o Figure

' .Bl, level indicators and adjusting screws are denoted by A and B

f?r'upectively‘; Var;etion in sensitivity* is acccmplished through selection

f:fﬁof search coils of suitable areas or by varying the angle nf throw._ The

I

”jfljprotractor can be read to one~tenth of & degree.

 ?‘& photograph of g:t Type II mount is shown 1n Figure 2,32, The squara |

1'f _ﬁ;irod, a, that holds the flip ooil support B, is ariented perpendicularly

'5?'}i;to the magneﬁ pole pieaes by means of the 1eVeling screws, Co The whole

V!UT C;unit is wedged in place by partially unscrewing the square rod from the
11 ;base and 1ocking it with nut E,v‘A set of square rOdw are provided for

;wgaps of various wmdths.- The get screw, F dampa A to B at the proper

“n{vw-;loaation"}:;

'J{g 09"'~

The gagnetie fleld in the calutron must be unxform over & certaln

ﬂjf'well deflned region a8 1ndicated in the discussion in Chapter I. The" )

;='Q;;measur¢ giapparatus must be capable of detecting hanges in. the magnetic

e “ffield of cnewtanth of one percent., Usu&lly the 1argest changes amounted"
o iaelto about five pereent of the field. Hence the maximum deflecticn of the,
f";qflnatrument should amount to five peroent of the fleld._” 

k The general procedure used is as follows. The magnet ia excited by
:' N:ff;?the aircuit shown in Figuré 2.28. During & run the oporator holds the
) »fexciting eurrent as constant as possible.: Varlatmonaaf one percent in

-’“the eurrent during a run are not uncommon, and make 1t necessary to use

% In aecurate determ;nations of the absolute magnetic field intentity
' “only sngular throws of 180 degrees are considered satisfactcry. Of course,
~angular throws less than 180 degrees permit fairly accurate magnetic
‘fisld intemsity determinations, but the protractor scale wap really
- provided for cases in which the search coil is employed as & bucklng
o eoil in uniformity measurements. ‘ ~
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s 1iia technique which reduces to a minimum the effect of variationa in the
{?'exciting current. In order to acoompliah this two coils S and T are
? i,ff¢used, connected in series bucking (Figure 2 33) 0011 T 18 ueuglly :
* 131ight1y larger in effeotiws area than the moving coil 8. At'thé
 -;5 beginning of g run, coil 8 is placed in tha center of the gap aa shown
‘v:'} in Figure 2,33 and the bucking coil T 19 fixed at some convenient point
H:;:Ein tha g&P- Then the exciting current 13 turned on and off. 1t the
FVJ;%ﬁffluxmater deflects, ths bunking coil ia tilted or & shunt 13 placed

'ﬂ{i }facroas it ahd adjusted until no daflection occurs., Once thia adjustment

Jié made a run oan be started.' The moving coil is drawn out of the

’”netic field and the correaponding defleetiona of the fluxmeter are

: ecorded as ‘8 function of the positian of the»meving eoil. The defleotions 3
he Fluxmeter o ”éx;ond to the difference betwean the magnetic field

"t‘the starting point and the magnetic field at the other points covered

'  2_bi tha motion of the cail a cna percent ohange in&the exciting current

jn §Producea an_error of only one peroant in the g~gggg§“in the magnatie .

:_"fielﬁ' B N A
2 09‘ SR o I I T AN

»fitf?The search enil, s, must be very small so a8 to measure the magnatic .

:  _;fia1d at a point r&ther than to average it over an area. It vas deairable
: :";{{to know the magnetic field accurately to within half an inch on the full
‘“  scale magnet. This corresponded to one thirty~second of an inch on the '
 'F?models. The smallest search coils measured Q. 15 inch in height by 0.20
JJ’.j  inch in dlameter, contained about 2000 turns of numbar 46 wire and hed-
'~?5an effectlve area of about 350 em2 A careful check of typical runa
77;showed that the measurements were accurate to one thirty—second of an

i1inoh 1n spite of tha size of the coil. Errors in placing the ¢odl in
'_,Vthe gaps of the model magnat were kept to 1ess than 8. aixty-fourth of

:- an ineh.
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o=The eleetronic fluxmeter 15 eSpecially suitable for uniformity runs
obocauae of its extremely short operational cycle and its ability to
QioldeliVer a oontinunus,recnud of flux change with distance.‘ Figure 2. 33
JQQ{showa a sehematio arawing of the elactrlcal circuit employed in this
?Qafmethod. 3,gfof el S : L

‘ &s the aearch ooil moves from position A to poaition X along the

straight line AX, tha conﬁact 8 slides along the potentiometer. The 1‘
&érylng voltage»from the potenxiometer is ampllfied and &pplied to the 7
v‘horiaontal plates of the cathode ray tube. The electron beam is deflected_*'
l;an amount proporbional to thie voltage or to tho distance AX. u :

z]‘Figure 2 34 ShOWS two uniformity runs, &he unmarked uniformity run
is arfepeat run) oomplete with horizontal fiducial lines and horizontal

“;d5Vertical sweep calibrations. The picture, taken by a oept oamera on

Sﬁgmm.film, was anlargeo to 8 5 inches by 11 0 inches and copied to glve
the photograph shown aa Figure 2'340 < : ‘f ;« ,’
’frigure 2. 35 is Y photograph of" tha apparatus employed in moving the o
: ;rch coil along &ny preseribed straizht line path T the gap of &
?lﬁ7bmadel magnet.‘ Searoh coil A attached to the pantograph B follews the
i ath of the stylus G in the stylus guide or potentiometer D. The frame
ﬁ;of:;i_of referenoe represented by the fixad scales E may be adjusted parallel
~v*5:i*?to any chosen frame of reference in the gap of the model magnet by means o
':ﬁoof adjusting serews p, Pantograph holder G and- the board enclosing ‘the
."otof’frame of reference, E, are rigidly att&ched to the base plate, H, and
'lﬁwhﬁ;tadaustment in the direotion of the magnetic field is possible by 10039“”
s A”foing the clamp screws, 1, and. meving the base plﬁte, H, with respect to
o G&fathe fixed'base plate, K. uovable scale L or M, to which ie. attached the
L';"Lstylus guiﬁe, is either fastened horizontally or vertioally bo the frame

‘fﬁof reference, E (M is longer then L ‘gince the soales, By form 8 rectangle)
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A pamr of movable scales L and L' or m and mr (not shown) are necesaary
; ;fanr diagonal runs. u': » = | |

Figura 2 36 is a: clese~up view of the atylus guide or potentiometer |

 ho1der shown 1n Figure 2 35. Stops 0. and P (rigure 2 36) determlne the

letarting point and the length of uniformity run being m&de. The oper&tar
;?moves the search 0011 quite rapidly through a. diatauce d%tefmined by the

Hv _stops by meana of the arm R., Horizont&l sweep stop screws, N, with

"::'retrieving springs are 1ocated one~ha1f inch apart in the brass bar Q.

i ;For convanience, usually the stylus guide is adJusted with reSpect to AP

".'the movable scale, L, and the stops with reapect to. the operating arm,

 1R, so that the 5tart cf a run oorrespands with a stap position determined

| ”5 fbe one of the screw head8~~a:F Af

‘Ritslzding potentiometer is not 1inear. Therefore it is necessary to
i“,calibrate sach’ phntograph. The stops N in Figure 2 36 are used to
“’ﬁ,';calibrate the photographs. The steps followed ara as followa. The :

:ﬁcamara ahutter is opened, and the ccil is- then placed at 1ts sbarting

':ftpomnt- The spot on the oscilloacope is awept vertically aeross the

: ' fscope m&king thg first vertioal 1ine 0 0 (Figure 2. 34) The flrst stop,

% fN, ie depreaaed and the arm R is moved up to the stop, The coil hag

: fthen mOVe& a half inch. The spot on. the oscilloscope is swept vertlcallyj'

| ‘]fbacrosﬁ the scope as before, m&king the 3econd vertiqml line 0. 5 (Figure
">éf2 34) This is repeated until the set of vertieal 1ines is complete. o
‘i Horizontal fiducial lines aTe mada by shorting the input to the
‘f ffluxmeter and moving the arm R rapidly through its excursmon back to the
|  }¥fstart1ng point This is done while the magnet 15 excited. gs scon 88
”€? the coil reachea its starting point the input is unﬁhorted and the coil
swept baak through its run. ' B ’

Vertical swaep calibrations (Figure 2 34) are pérfarmed by>phb€o+

The oscillcscope deflection s not linear and the voltage from the :
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v’he £lux standard.» Thisvamounts[to

a 2 43 inchea for 82 800 maxwell-turns. Thxs is done twice'cn each record.

br'The cycle of operation employed in obtalning tha record shown in Flgure

ﬁ‘2 34 will be described by the lietlng of &he following steps:
The magnet current 18 turned on and held steady
E 5 _2; The camera shutter is opened. .

"ff3 The horizontal fiducial is made by movmng the search coil

"3:ffirapidly frum pasition 3 0 t6 pos;tion 0 0 with vertxca] xnput to flug~ '

'fhmeter shorted.a,w

,F:T 2f4?f A run is made by moving the search coil from the position 0. 0

'Ziljjto the position 3.0 very rapidlg; The p&use at 0. 0 in steps 3 and 4 is

"[~ ff5just long enough to permlt the vertiéal input to ‘be unshorted.

_j5 The magnet current 1s turned off. ‘ ‘

E 6 The horizontal sweep calibration ia performed by sweeping the
’“;;electron beam acrpss the flunregcent sereen for each c011 position 0. 0,
"‘7i0 5,' i ’ 3 o...  e ‘., ,.} . . | - | ‘_ , |
e Vertical aweep oalibration is performed b} photographing the

" "f1ux standard defleetions at positlons 0,75 and 2. 25. Over, exposure»is |

| 'ff,avoided through u$e of an auxiliary external shutter, the operation of ,

‘“}iﬁfwhich does not advanée the film to @ new frame. |

_"8 Steps l 3, 4, and 5 repeated in order yield 8 repeat run.
?f  9 The camera shutter is closed o e 5
L The 0. 5, l, 2, 3, 4, and 5 percent field variatlon p01nta are.

l1‘f determined from the formula

(2.86)

b :whenq?{{.:;">  S |
\.fzgﬁ“; change of field strength in coil in oersteds 3
' A;HOf'i field ﬂtrength at start of run = 6300 oersteds

3
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¢s ”-f1ux sbanﬁard value 5 82 800 maxwell-turns
’ ‘~f;r}A,,,; effective eren of coll = 351.4 ——
dg = fluxmeter deflection recordedwa 2443 inches

 7'f1uxmeter deflection th&t corresponds to AcxH

7 ,~.34,100 maxwelloturns par inch or 13,420 maxwell-

[turns peffoentiﬁeter} $ince the thickneas of the trace (heavy part) is

,about 0 06 1nchw1‘ata is reaolvable to at least

351h x 6300 : j‘,Q“’K?.Pﬁl’ﬁ@nt g

;change of magnetic fieldt_v % . | o |
ff'Figure 2 37 shaws 8 rhotograph of 8 search coil with effectlve area
0f5351 4 turn~cm2 mounted in its holder. S o ' |
;09»3 Q&~§_ Plg;metsr gg§g9g(2)

The G. E. Fluxmeter is asPecially suitable for uniformity measure-‘

;méntq on model magnets when the aearch coil 18 moved in steps from one .
 ffpeint to another in the magnetis field. at the énd of each deflection
‘éthe torques on’ the mOVing element are in. equilibrium, & property not :
t?characteristic of either the electronic fluxmpter or the ballistic

| Vfigalvanometer.,:;; e - _ - ; :
Ly Figure 2. 38 shom the circuit employed in this method. The circui‘c
‘*if_iis identical with the circult shown in Figure 2. 30 except for the
L;bucking coil and the shunting reszstor R across it. \
,;.Figure 24 39 shows the small search coil A mounted on one end of the

f;jfpantograph B“'xhe other end is attahhed toa rack, G, which is moved by

 f2Ltja one»tooth Qnion, &, ahown in Figure 2 40, This pinion moVes ‘the
‘"5:)ffpantograph ar.‘during 180 degrees of reVOlution and for the remaining
’ff}lso degrees the arm and the coil remain stationary. The ﬁinlon is

- “ffjr@tated by meana of 8 flexible oable, D, and a small crank, F (Figure
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43.
'.”:Z.Al) cam integral with the crank closee 8 mlcroswitch G, whlle the 
: “,30011 is stationary, The mlcroswitch excltes the solenoid puller for the

‘ ;'bept oamera and it photographs the fluxmeter (Tlgure 2. 42)

b olamp plaoed on the rack limlts the travel to the reqpired number

: ff’and;forth between the end atops and photographing the reaaings by the,'

o fffffmanuallyloperate& switch G'

'%ﬂfnypical Qonstants are as follcwsz

H

‘””!;v.ﬂﬂffeet1Ve area of search coil 200 turn~cm2 o

fﬁ#;:Di&meter of search coll S ’. : ‘ ‘: 0. QO"A
: '””7}gi:Height of search 0011 af‘.‘;;, » ‘_ k . '  = 0. 15“'n , e
: *?f'iufSensitiv1ty of fluxmeter ‘vf:~  P -5-  _“‘57 000 maxwe11~turns
e | B R per ¢m
‘ji5>;i fGya1btron field strength & ;' “}‘_“v ;.15,000 oerstéds

“?fipeflectian for C. l percent or 15 oersteds = O 45 mm

”' ;f*fSinee the readings are photographed they c&n be read with an accuracy

 f of G l mm. This correaponds to a change in the maln field of 0 025

percent. Errors due to drift amount to about O 1 mm. The resistance of

"f:f‘; the search ccil is about 500 ohms and a fluxmater of twice this sanai- '

' f>?}ait;v1ty could be used with no loas in the speed with which ”e&di“gs an

i ba mada. HQWever, a8, pointed out in the diseussion of the theory of the

v_u  fluxmeter: drift due to apurious electromotiVe forces wculd he increased

A5j fand th added oare naceasary makea the preaent arrangement probably the

eadings are made on the same film

""‘and each run}performed twice as a cheak.,-~'

l“ﬁll[ cale1f:

uTws handioapa encouhﬁered in performing uniformity maasurements

ﬁﬂ”taaaozi&ted with small geometry and unsteady currant conditions in model

o werk”are'not present in full &cale work. First of all 1t 13 easiar to

The check readings are made by manually pushlng the rack back



E;satisfy the cr}terion that the average magnetic field in the Space
:ioccupied by the search coil ia the m&gnetic fleld atithe center of it, o
twlthin the axperimental error associ&ted with the instruments, in full |

‘ acale magnets than it is with model magnets._ Thls faot makes posalble
f,cofvtruetion of physieally 1arger search coxls with low resistancas and
1ﬁlargeﬁeffect1ve areas, and employment of less sensative flux recording

. ‘.v 5, Secondiy, magnet eurrent regulation, belng poasible to at
;;least ene-tenth of one percent because of oil oooling of the magnet |
4 00115 permxtiﬁlong and extensive measurements under tne conditions of : :
t&me-invariant magnetic fielda. ‘§ ‘37' A B v | T . . | |
Hi‘Iﬁ general, apparatus designed to move tbe search coil &long a
,,presaribed path in full scale WOrk%ia bulky and hence time consuming in |
" —up.: Somatimes it must be designed for use in vacuum in order to
discloae informatlon that may be influenced by movement of magnetio
1feomponents undar atmOSpheric preasure. Ocﬁasionally an accurate des-‘
f;cription o; the sh&pe of the 1ines of force in a 1ocallzed region is
»ireqpired. In order to meet the general demands of full sc&le uniformity .

U' measurements three types of apparatus were developed.

Figure 2.43 shows the search coil, flip coil, and bucking coll in
'Qa‘conventional G E. Flnxmeter circuit like the circuits ahown in Figures
*3ﬁi2 30 and 2. 39._ During the time the mehsurements are belng carried ‘out,
":i'the flip ooil (See Figure 2 32) is held stationary in the field after
1?}it has been used to establish the operating field H Hgo

Suppose the search aoil starts from.a poxnt A where H Ho and
'i3f7 moves toa po;nt P where Hﬂw‘O 99 Ho.- Then the fluxmetar deflecta an
5f;amount, d, which corresponds to & one percent change of field strength.
"5ﬁfﬁf;The 1ocu8 of P where H,ﬂ,o 99 Ho is the one percent contour line, As

'Tiftthe sgarch coil movesgalong this pontour line,no fluxmeter deflection
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E In Figure 2.44 an image of the collimating slot A appears on the ,

| ‘”‘i;fseala B as 1ight originating frcm bulb G passes through the collimating
S talit and the focusing lena D and ia reflectea from the flnxmeter mirror =

*19:3 A photocell, F, located ax the center of the scule receives 1ight

:"and generates - signal &p 1ong as the fluxmeter is reading mid—scale to
‘*r‘f,";wlthin the width of the image of the collimating slot.
Figura 2.45 shows the sanrch coil in the magnetic field to be

');fexplored- It 18 mounted on. a lucite base whieh is separatea from a

"??&Fmeta1 éheet tw tr&cing paper.. Figure 2.46 ahows the output of the

::171nduction coil connected across the metal sheet and E: wire tip just b

[

;beneath the center of the search coil. Lega with rounded tips are

'Jlfprovided in order that the 1ucite mount can be moved easxly and smoothly

' "’”f%abaut on the tracing paper. Whenever the image of “the collimating slit

;falls on the phctocell, sparking occurs through the tracing paper from

| }iva{f the wire to the metal pl&te‘ ag_ ‘/ , - ‘
: If the fluxmatar zero, for the search coil 1ocated in 8. field of :

 5lfstrength H Ho, were set &t a deflection distance, d, that corresponds
‘?to a cna percent changa of field, then when the coil is moved to the one

':‘ffl]percent contour a spark would Jump from th@ wire through tha paper to

-lathe metal sheet, 1eaving a burnt hole in the paper. Other paints on. the

7 **-?;one percant qontour ean be obtainea by trial and error until enough are’

.J‘hf btained to show a smooth continuous curve. The two peroent contour

N’ '?ﬁf¥11ne ia obtainad in a aimilar fashion except that the coil starts from
i the one peroent contaur instead of from the uniform field o
| A aimple method will now be described for obtaining fluxmeter |
R |  ‘ﬁ deflections that correspond to the O 5, 1 O, 2.0, 3 O, 40, etc., percent
wﬁgrr;_ff;f Vifchanges of" field._ The field atrength in the gap of a magnet a8 measured
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‘uniform field as meaoured with tha seardh coil is ) L 5
=gy ‘?'f‘*,’.~
i d ia the aeflection of the fluxmeter that follows as a .
result of tranalating the search coil from one point to

» ‘the other and A 18 tho effeetive area of the searoh coil

he percent ohange ‘ field strength between the twowpoints under con~v

;aideration is

SUTERUIRY "205'3:7 T sé)’

»laiﬁ{pf field, Then Az 200 Af.- This condition can be realized quite'
fo:‘;easily by adJusting the tnrns of the: search coxl. :
| ;Iofn Oparation of the contour mappiﬂg device 15 described by the 1isting
'fl:; of the following stepsz _., , 5 : :

o "{“1,,'After the search 0011 1s located in the uniform field,
' the flwmeter sero 15 adjusted to mid-seale. Sparking.

'fi:oceurs.?i_; C'o _:o;., o ‘ | R

’93552‘_oA deflection corresponding to 0 5 percent ohange of
" “field occurs as the flip ooil s turmd through 900, :

JlﬁiﬁﬂigfofB. lThecsearch coil is moved to the 0 5 percent contour,

":-,}Sparking oocurs if the polarity of tho search coil

. ;..(2.87)" -

ﬁfSuppose the ‘oondition’is imposéd that a':'df for;a oné.ﬁefeent ehahgef




.,gf-;is oorrect. -

'*fThe Operatér who moves the search coil hunts for 1'“

‘"fﬁfadditiﬂnal pomnts Qn the 0 5 percent contour.

3 :ﬂThe 0.5 Percent contour is ehecked frequently against

| :J;UQthon produced by the ninety degree throw of
";ithe flip coil | S

mf;  As soen as enough burnt holes are present in the :

= 1 paper to distmnguiah the contour llne, the operator
T,raturns the search coi) to the uniform f;eld. - --; 
"Y ‘A deflection corresponding to one percent change °f

"uf;ela fcllows a the flip ool is turned through 180°‘— -

J ;iAf -100 turn—cm2 ,:ﬂ% tf .

sfégga ﬁq OQQ 1ine-tnrnﬁ per cm deflection
S o 3000 oersteds.J,__‘_ Lo
zig,;From Equation (2 87) ' i

2 x 100 % 3000 . .
df T erooo 8 96 o

"H} 5b‘Thus the deflection, d, for one percent 18 d = df =.8. 96 em. fheﬁ k ‘
Liﬂ’:resolVing power of the photocell is about 0 30 em or 8‘3% X i = 0 03-3.
 f :!:percent change of field.-, o a

| 2 10.2 Box Ger Technigue

| The circuit employed is the aonventional circuit containing eearch
.Jl‘coil, bucking eoil, flip-ccil, G. E. Fluxmeter, thermal ewm f. compensator,
. ,and flux standerd, Point by point determlnation of the uniformity of |
;the magnetic field along straight lines is aecomplished by moving a. car

o {ksupporting the coil in steps along a track. Reaaings are photographed
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‘ffby closing a mlcroswitch nust before moving the ooil each time.  . _
: Figure 2.47 shows a knurled knob A, on ‘the end of 8 long shaft

upon which aro mounted many stops.‘ Car c is moved along the track |
V‘oway from the oporator by pulling 11ne D~or it is moved along the traok
‘ toward the operator by pulling line E.‘ In the photOgraph Y small .
ifolookwiae motion of the knurled knob WOuld cause & stop to be rotated
f:iﬁto position‘ At that point a tooth and gear arrangement prevents
Iher motion of tho knob A, Now 1ine D is pulled and the oar oves
the.diotance between stops of one iuoh. To obtaln a further motion of
he7car tho operator of the device must push down on the machine acrew,
hat‘depreSSes tha mieroswitch, I, to permit further rotdtion of the
kn _led;knob Depressing the microawitoh senda e surge of ourrent

ﬁ_“t”‘ough{the solenoid puller that operates the camera release.- Aftor

:‘.‘v‘:*'_;-tho‘/kuurled“ knob 1s rot.ated to the *next position set by the gear and
Niftooth arrangement the car may be moved another “inch and so on., It is
possible to turn the knurled knob to a position where the car oan be |
»ooVed along tho entire 1ength of the traok wibhout stopping for resetting
puiposes.5g ‘ f | ‘A o ' |
",{2 10.3 gegcm; Arc Tgbe . | |
i - gure 2 48 shows é sketoh of & mercury ave tube that can be used
‘fto determine the ahape of the lines of magnetic force in a localized
ﬂ;region. Eleotrons emitted from the filament A are accelerated by the
,f“{ianodo B to form & diffuae glow in the evacuated glass tube C. The glow .
}~fo?;;oocurs a8’ the electrons, bombarding atoms of mercury vapor arlsing frém
lk*; vthe mercury drop D, exoites them 1nto radiation.‘i | '
| When “the tube axis 18 located along a magnetio field the diffuse
: fglow sharpens 1nto a tight beam, the orgsa-aeotion of which has the
;‘oshape of the hole in the anode, with very sharp boundaries. This

”phenomenon ooours since the electrons intially directed along the axis
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.ﬁof the tube cannot travel perpendicular to the lines of force. Deviation
fof the: lines of force from Y stxaight line perpendicular to the pole
ﬂé}pieces from which the magnetie fleld emanates can be plotted from

"‘.

Vf;ﬁreadinga takEn on & cathetometer.-,i’”
5‘;3_.2 U gtray £ jo1d. ﬂgasgm ente SRR
Eﬂ f  Q} Fairly axten81Va maasurements of stray fields °f model magnets aro
”"ifginegesaary~to determine ﬂorces on ferromagnetic materials 1ocated near
“the full scale prototype.. The question nay amse, for examzale» h°W e

“imuuh the reading of an ammeter is affected & given distance away from

,ths'magnet._ I’ésoma cases only the direction of the stray field is

fof both magnltude and direction of the magnetic field at each point in :
Q;fqpeation.-gA:-~’ '
o Fine iron filingslocated on a horizontal shset in the atray field

;ﬁaround‘a model magnet will arfangeﬁthemselves along the 1inas of force

.ifuthe aheet is gently tapped, and produée a s&tisfactory pattern in a |

‘Timited by the rate of change of the magnetie field. In 8 region |
i’of sharpuiron cornens a gap in tha pattern occura bacause the iron

zpartiales are pulled to the iron and accumul&te there. However, stain~-

"1ess steel filings (being slightly magnetic), aprinkled in this area,
g, wi1l &rrange themselves along the lines of force without accumulatlon.
jl?l,ﬁiﬁstray field pattsrns, altered by changes 1n magnet eurrent must be
' ﬂ7 fobtained for each eperating cendition. | ‘
» v:: A white sheet of paper mountad on a horizontal board that fits the
1:_fcontours of the model magnet prowides an excéllent background for the
yiill filings in phbtography. However, as the usual photographlc process
vwincludes form&tion of an image on film, develppment of negative, and
ienl&rgement, the record is not immedi&tely available¢ An alternative

"fmethod has been developed for obtaining a permanent record of an iren

#

ffreqaired. A satisfactory answer to the prﬂblem lies in the determination ',i
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iifiling pattern. v e o S L |
h A large sheet of senaitiﬁed paper (Bruning B and W dlrect printing -
:“biaek 1ine paper) is placed on the horizontal board in subdued light.

':the magnet current is adjusted and held steady the sheet is gently

t';ped;so thab 8. pattern of stainless stael and iron filings is formed.

'psjare turned on for approximately ten seconds and then turned
'ving.the sensitiaed paper in subdued llght again. The magnet
'5 ] turned off and the iron filing pattern raarrangea itself to-
:  fa pattern‘characteristie of a 1ow field. As soon a8 the sen31tized

;:fpaper7is cleared of filing 1t is rolled up, taken yo a blue printing

;»machine, developed, and ﬁried in a few minutes. It ia then available
:as aniaia in thaining stray fleld intensity maasurements.

Normal procedure has been to make field strength measurements with

;s'archffoil and General hlectric F&uxmeter while the permanant filing
,pattefﬁ record is in plaaa.v Normally 8 stray field run is made along a
;gtraight line.l In all cases the 3e&rch coil is oriented at-the time of
eadingfwith the plane of ita effective area normal to the lines of
:tf;force., While the magnet current is held ste&dy the search coil 15

,T°f£liPPed at a number of positions 1n succesaion along tha straight line

’i‘;-:«;.;including,the, calmalated magnetie field intenaitiea.

Before the first race track in the Alpha pmnnt was put into operation,
j?tests of the magnetie field were made to detevmine whether or not the .
é<theoreﬁically specifiad fields ware‘ebtained (see Volume IV of the -
‘T‘jl-Radiation Laboratory Gontribution to the Manhuttan Project Technical
1;Ax8eries) There were two regions of the tank which were inVestlgated,-
vifnamely, he regions between the 1inear shims and the region of the

;ﬁﬁlgoggpe._ Two magnatic measuring devices were d631gned especially to ; |

l- V
)'\ S

7Tu;til the run is completed. All pertinent data is written on the record,_;
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 p:aff0rd rapid magnetic surveya of these regions of the tanks.(7) We  "
\o?“'shall refer to these devices a8 the ahim rogion device and the source
ii}region devica. The equipmenb was. designed and built at the Radiatlon
ELaboratory and shipped to Oak Ridge in the Summer of 1943 for the tests.‘_G"
The tests were carried out by Radiation Laboratory personnel with the
féaéiatauce of the personnel from Tennessee Eastman OOrporation and Stone'
}and Webster Enginee;ing Oorporation. No attempt will be made to go into

:'regarding the mechanical construction of thase devices. »However,

fpart w111 be considered briefly., In the discusaion we shall make use of

flip coil and B roVing coil. All of these parts were attached

| Actually there were three ares. of coils located in the,medlan and 

* 8 in. planes respectively of the tank (Z :*oals taken in the

w'o;imedian plana) hach arc of coils consisted of 30 coils whlch were

#

.f&rranged at equal intervals 1n X along the arc of e oircle of radius

s 15 . (See Figure 2. 49).. The suppor’oing mechaﬂism was oo arranged
3ffoovfthat these ‘arcs of coils oould be moved a5 & unlt in the R direction-
. ofgln the initial position the’ circles of 00118 Passed through the source

"'*1;:Hand the receiver locations since the diameter of the eircles was equal
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f;; to the dletance between these positione.. Lach coil had its axis parallel

; 54to the Z axis and all of the coils in any one arc were connected in

'7c}aer1ee with a galvanometer, 80 that when the coile cut the magnetic flux f'
‘a measurement of this change wes glven by the galvanometer reading (6)

7.;The range of positions of the arcs of coile in a tank is inaicated in '

= fﬁgFigure 2 49. The entire unit could be moved in the Y direction by means .

”&,cof an. external motor control in jumps Of 0.8 in. Eech are of Coils was

eiﬁﬁmoved from its 0 positlon into the tank a total of 31 or 32 jumps and

'“7]7;the ‘alvanometer reading corresponding to eech Jump was recorded photo-

:.ﬁfgraphlcally; Normally three Tuns were made in each tank with thepwk

'Q?galvanometer conneoted eucceesively to oach of the three arcs of coile.

o {fThe nature ef the SQﬂipment can be visualized by Teferring to Figures

tefz 50 amd 2.5, o |

The object in placing the coils elong an arc’ of 8 cirCJe which
””Tocaapproximated the path of an don going from the source to the receiver |
|  '12i:wns to giv  en epproximete measure of the quantity ‘fhzdx eround the |

"fiiiiporbit._ Thia 1ntegra1 ia proportional to the X displacement at the

?7iQreceiver.(8) In this way a, comparieon could be made with the valuee of

the dieplacement expected from the theory.

V‘The ffip coil cOnaisted of single coll whieh could be rotated u

"’Vii; }through'18°° 1ocated at a given point in the medi&n plane of the tank
‘iiiione purpose of this coil was to standardize the galvanometer deflections
v”fffrom tank to tank., A fixed galvanometer deflection was taken as st&ndard
"3f?and the deflectionzof the flip coll was adjueted to this Stand&rd f°r L
f‘f;eech tank by meane of altering the resistance of the galvanometer ,
"vcircuit.. ‘; I S :,, , | ‘ : :
| The roving 00115(9) were eingle coile with thelr axis in the 2
: ;ifdirection, ‘one in each of the planes of the arcs of COilc. ~They could

. be moveo along a circle of radius 49 4 in. in JumPS Of approx1mately 3
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- ;int‘(See Figufe 2.52), The colle were connected in series with their

respective arcs of coils, the flib’coil, and the galvanometer. The

galvénométér deflections for the 3 in. Jumps were recorded photograph-

;_1¢511y; 'Thé movement -of the coils along the circular arcs was con-

trolled from outside the tenk by an electric motor through a screw

| affangénént.” A’counter'attached o the device read 8 revolutions per 3

';1n. (3028 77') Jjump of the coil.

It was theifunction of the roving - coil to aid in properly p081t10n-v

1ng the curve obtained from the reading of the arcs of coils with ’

k respect to tha theoretical comparison curves. This was thought to be

» necessary at first because of the fact that the O or initial positlon of

the arcs of coils was such that some of the coils were in the 1nhomogen-

.'eous field. Thls meant that the flux cut by the are of coils in

- traveling from the homogeneous field to the 0 posltion was not taken

into con51deratlon in the arc of 00118 readlng.
In carrying out the measurements in the regionxof the shlms, the

first step consmsted in testing the separation of the shims and of the

tank pads with a measuring rod. Thls being done, the arcs of colls

v»unit was placed in the tank and the tank evacuated. After a satisfac-

tory vacuum'had been obtained, flip coil readings were made and the

’*reaistance of the galvanometer circults adjusted to obtain tha standard
»deflection on the photogrdphic film or v1s&alzscale. These particular B
; deflectlons depended upon ~the area of the partlcular flip coil in use.
‘;Tables and graphs were available for the determmnation of the necessary
-cchange in r651stance for any partlcular deflection. The final readings
ooi the flip coil deflectlons were recorded photogrgphically, as were

;valso readlngs taken with & Hibbert magnetic standerd made for the

-.-purpose of - determinlng the absolute values of the magnetlc flelu in the

'tank. Further flip coil readings vere slso taken after making ‘the runs
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STy with-théfarcs.of coils. 'Foliowing this, runs with the arcs of coils
m;%oo’yﬁere;mode in the 1eft; center, and right planes (median and t.Séinch

S planes)

The: data obtained from the arcs of coils measurements was in the

:'form of data sheets and photographs of galvanometer deflections produced
’_:by the coils. An exemple of an are of coil measurements is given in
'T.Eﬁgﬁ}é 2,53, The heavy black dots on the sidos are usod to indioate'
v‘_ o§eﬁ ohe_readings:aie to be taken with a positive or negotivé sigh. 1

"tﬁé iéédings lie be#woenoihe heaoy;dots and the 0 reodings thoy are
t’aké’n to be positive, otherwise negative. The top part of each photo-

" graph is devoted to the Hibbert standard readings.‘

: The first step in the interpretation of the data was the reading

of the galvanometer deflectlons from the photographs. The readlngs
' owere made to the nearest 0.1 nillimeter and were totaled successively.
':l“°n°¢ the sum of the galvanometer deflections had been obtained, it was
| poééiblo'to. plot the curve of the ‘[hzdx for each plene. This curve
'Was olotteo on tracing groph paper with the same scoles usod»for the
: thoofetioaluCOmparison_curves. A reprbduction of such a curve is
: ~1‘ahown ins Figure 2 Sbe Standar& compaiisonrcurves_were availoble for
"the'f 8 inch, * 7-3/4 inch; and % 8-1/4 inch planés. The magnetic
"field wag then checked by observing the fit of the experimental curves
.»to the theoretical curves by the use of an 1llum1nated screen, The
o'principal dlfficulty in carrying out the comparison of theoretical and
‘experimental curves arose from_tbo faotvthat there_was no unique way of

'*éomporihgvthe durves,,i.e.,,thereIWaé no unique way of placing the

.

'zoxperimental'curves on‘the theoretical'curve for comparison, ~ It had
i _baen deoided before making the measurements at the plant that the

- roving colls would not determine the value of the .fhzdx for the initial

position of the arcs of coils withusufficient accuracy. In tests made
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’f 5fﬁ:“  ;;ﬂ':'  -6n the.XA'ﬁnit‘in~Berkéley it was found thet the errors in the measure-
H;if?\}lﬂ5v_f  “‘rmenté.Withvtha'rOVing coil were lerge and unsystematlc and that the
: . :'device wéé of 1ittle use in helping to decide whether the field was
' Satisfaétory or not. GConsequently, the roving coils arrangement was
' vnot used in the measurements at . the plant
It had been dﬁtermined upon theoxetical grounds that in order to
‘_ have the foﬂal pattern of the beam limited to a one-half mass unit

"fspread from its theoretical width it was necessary for the values of

.»the quantlty .[hzdx, experimental and theoretmcal, to dlffer by less
';than 3 cms, in terms of galvanometer deflection., ‘l‘his' implied that the
' curves must be compared 1n some definite manner. In viéw of the uncer=
tainty regardxng the actual pl&cement of the O on the vertical scale of
'the gxperlmental curves, the method of fitting may appear to be some-
-l,'whét arbitrary. Hewe#er? on the basis of tests made in the X4 units in
‘ ‘.‘Befkelej, ﬁhe methbd was beiieved to be satisfactory in deciding whether
or not a,giien ténk'passed the theoretical critéria.
| The method used is essentially the following. Keeping the first
’few points of the cprves together, the curves were adjusted Vertically
 ._ with respect to one enother in such a manner as to distribute the
7dlscrepancies.between,them. The first few points'refer to the sums of
H”*ﬁhé gélvﬁnameter deflections whenﬁtﬁe éfcs of coils are nearest. the
S : mouth‘bfjthe tank. Once the curvés have been fitted togethef'with the
,béstapbssible diétribufidn.of the éifferences and with the initial
‘pbints coinciding, the remaining portions of the cufves were checked to
_éeeiif they.deviatédvffom cne another by moré than 3 cms. Variousf
distinguishing featﬁres of the experimentel curves such as flaringvin
‘certain regions, bulging of the péaks, etc. were also noted. |
:.2.12;2 2he‘§ou¥c§‘Region Qevicé(7)

: The second lerge piece of equipment used in making magneétic surveys
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‘r‘of tanks was &'device designed to”test the'qualitx.of the magnetic
: field in the region of the source. . This unit was made up essentially
of three parts; the source exploring 0011, -or swinging gdte unlt the
'{flip coil,vand the center line device. The unit was also provided with}
_a-mercury arc.> The entire unit was mounted on a face nlate 80 that any
_ pértoof it could be used wlth the tank under vaouum, The source search
.ooil uﬁiﬁ wag compriéedrof a single search coii ﬁhiohooould be moved in‘
ooinumbef ofodireotions,in order to investigate the charéeﬁer ofrthe “
magnetic:field in the vicinity of the source. This eearch coil could be
.l,moved 1n the 4 direction at any point in the XY plane from plus 61° 41!

'rto -6°, measured with respact to the Y axis w1th the orlgln located at

-,‘the'point i ovaigure 2'55 Radlal motions were possible along any

‘radius through the 2 dxis as well as motions along arcs of circles with

"_centers on the axis. The network of positions which could be covered is

oshown in Figures 2 55 and 2 56. The motions were controlled by an

Lelectrie motor through & serew arrangement from outside the tank.

Figures 2 57 and 2.58 are included to show the general appearance of

‘» 'the equipment.

| The radlal\runs were made for the purpose of mezsuring the quentity

f‘dhz/dr, where r represents the distance along & radius. In this wey

f the_field hg at one point can be related to the field st some other

point‘in‘the éomovplane.‘ Tha arc runs gave the values of dhz/dE where

 £, represents:therdistance measured elong en arc. Finally, the runs in

vthe A directlon were mude for the purpose oi measuring the dquantities
z/dz. The manner in which these quantities enter into the theoretical

consideration is discasseo in Chapter IIX of Volume IV, |

The flip coil unit consisted of a coil at the end of & supporting
rod whlch could be rotated about the p01nt F in Figure 2.55. The

rotatlon was from~—5° 11' to 45°, as measured with respect to the ¥
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'directioﬁ. The coil could be rotated through 1800 about the axis of
‘;the supporting rod 80 a8 to mes.sure the magnetic field strength at the
vpoint where it was located. ?he £1ip coil meusurements were usually
"3fmade at the point designated Z'in5£he figﬁfe,fthe séme point at Which' '
';.the fllp coil readinés were made with the shim reglon exploring device,
: .This prov1ded ammeans of 1inking together the measufements made by these
'  two=explor1ng deV1ces.i Included with the flip coil device was & search

| fcoil attachea to the nod supporting the flip coil. This search coil
‘could be moved along the rod 80 as to neasure changes in the z-component

' of the magnetlc field..

The center line device consiéhoﬁ of & search coil which could be

moved 1n 2 inch Jumpa along the center 1ine of the tank in any one of 9

\"

planes.~ (See Figure 2.55). - The tank center 1ine in the medien plane

 was parallel to &nd 5s 225 inches from the middle plane or axis of

“ symmetry of the arc of coils device.

The meroury arc: unit wes similar to that deqcribed in section

| 2 10 3. The device enables one to see 1f the magnetlc fiela wes tilted.

The tube was located- near the receiver so that when the face plate was

_'turned end for end the tube assumed a position with its_axls along the

Z'dirécﬁion and at the'poéition of the actual source, It was 1ntended
to use this device only when the meesuroments with the source device

indic&ted the need of a closer study of the magnetic ﬂield in the

source region.

In tha use of: the source testlng device the procedure consisted

first of taking measurements with the flip coil, as in the case of the

arc of coils, except that the flip coil readxng was adgusted to al\

»‘different standara deflection.‘ Following this the excursions of the

“search coils were mads, starting at the point designsted as Mg in

Figﬁre'2.56. It was first moved to point A, and then from A fo point
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?Z‘ih”zlfjumps, therdefléction for euch jump being recorded photographie

: ilcélly}‘ The coil was next returned to 4, moved to B, and the second

. radial fuh‘from B to C was made also in 21 jumps. Following this the

 :chl ﬁaé‘movéd back to Vg, thence to Py end the first arc run from Po
' .tocwo'ih 3 jumps'was carried out. Thé coil was, thehrrefurned'to Po,

B moved to 0o, and the arc run from 0O, to Xo was made in 3 jumps. The

B same prooedure was c&rried out for the Brd arc run No to Yoo AltOgether

2 radlal runs and 3 arc¢ .runs were made in the median plane, giving a.

; total of 51 rea¢ings.’ Next, three arc runs were made in ‘the planes 8

inches on either side of ths medien plene, Flnally 4 runs in the Z

_ dlrectlon were made at points Vo, Uo, Tos Moy each run consiaﬂﬁu;of 8

2~inch Jumps between the +8-inch and -8-1nch planes.'

In the interpretatlon of the runs(7)(10) with the source search

o coil, it was not necessary to plot curves for comparison purposes. A1l

- of the informafion for eaeh tank could be entered on a deta sheet and

L the criteria for satisfactory tank performence then applied The dats

. sheets were 8o designed that the theoretical eriteria concernlng the

' ; laid qver ‘the data sheets,

' performance could be applied by the use of a template which gould be

Numbers on the templatgAgave the maximum

 'differences'all6wed between the numbers on the date shsets left uncov-

'ii ered by the template.‘ Thése maximum,values vere obtained_rrom the

theory.,

On the assumption that the focal pattern mast not dlsagree by

' more than one«half maas unit with the theoretical pattern it was de=-

’cided that the veriation of the 2 component of the field between 2 points

o in the_neighborhoqd of the arc 1 inch_apart in the direction of an arc

run with the search coil must.be;iéss than 0,2 peféent of the hdmogen-'

.- sous field.

Thé‘variaﬁionkih the % component of the field between any

2 points'inlthe’neighborhood'of the source and 1 inch apart in the 2



e
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| direction was to be 1ess than 0. 1 percent of the homogeneous field.
| These criteria when translated Anto terms of the maximum allowable
Vgalvanometer deflbction,differences‘were the ones entered upon the
»-ﬁempi&tes; ‘From thé magnitude of the magﬁétic field at the flip coil
vand network\of search coil measurements made in the source region it
' wa.s posalble to determlne the actual value of the magnetic field for

j"enough points to give an adequdte picture of the character of the field

in thzs region.
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[igure Captions

Ballistic Galvanometer Circuit.
Basic Circuit for Tlectronic Fluxmeter.

Circuit for Llectronic Fluxmeter with Oscilloscope.

.Photograph of Electronic Fluxmeter with 9 In. Cathode Ray Tube. (lag 336)

Plectronic Fluxmeter with Cameras llolder in Oporating Position. (llag 334)

Electronic Equipment in Chassis of Electronic Fluxmeter. (lMag 335)
Fluxmeter Circuit,
Optical System for Fluxmeter.
Typical Appearance of Scale When Photographed.
Fluxmeter and Objective Lens Mount: (Mag 321)
View of Light Source, Fluxmeter and Objective Lens., (Mag 322)
L = Light source
F = Fluxmeter
0 = Objective lens
View of Camers, Condenser Lens and Scale. (Mag.324)
S = Scale
Co= Condenser lens
K = Sept cmuerév
P = String going to solenoid puller
Principle of Operation of Balance.
The Two Types of Solenoid Measurements Involved
Case I: Air Cores in Both Colls
‘Case IT: Air Core in Coil No, 1, Stainless Steel Core in Coil No. 2
Calibration Curve for Hagnetioc Balance

Circular Solenoid Winding as Used in Standard Search Coil.
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Perts and Assembly of Staendard Search Coil Form.

View of standard Coils with One Disassembled to Show Components. (Mag 276)

Long Solenoid with Short Secondary Outsides
Long Solenoid with Short Secondary Inside.,

General View of Apparatus Involving Use of Long Solenoid to
Calibrate Search Coils. (Mag 196)

View of. Coil lolder, (Mag 197)
Electrical Comnections for Solenoid Method of Calidbrating Search COilgo
General View of Flux Standard. Type I. (Mag 258)
View Illustrating Kethod of Operation of F1u¥ Standard,
Views of Flux Standard, Type 1I. (a, Mag 326, b, lag 327, 6. Hag 325)
’

Standardizing Cireuit for Flux Standards.

Schematic Drawing of Control ircuit Used in Obtaining
“agnetizatlon Curves,

Schematic Drawing of lectrical Circuit for Ballistic Galvanometoer
Method of Obtaining Magnetization Curves,

Schematic Drawing of Electrical Cirouit for USihg General llectric
Fluxmeter in Obtaining Mapgnetization Curves.

Flip Coil Mount, Type I. (MHag 203)
Flip Coil Mount, Type II. (Mag 323)

Schematic Drawing of Electrical Circuit for Eleotronic Fluxmeter
Method of Making Uniformity Measurements,

Two Uniformity Runs with Electronic Fluxmeter,

Apparatus for Moving Search Coil Along Any Presoribed Straight Line
Path in Gap of Magnet, (Mag 201)

Close-up of Stylus Guide. (Mag 202)

. View of 351,4 Turnecm? $earch Coil Mounted on Its Holder. (Mag 316)

Schematic Drawing of Electrical Circuit Used with General Electric
Fluxmeter for Uniformity Measuremonts, : .

Search Coil (A) and Penmtopraph (B) - G.I. Flummeter llethod, (Mag 312)
Details ofkﬁaok and Pinion = G.B. Fluxmeter'ﬁethod. (ag 318)

Dotails of Crank (F) and 1exible Cable (D) for Rotating Plnlon - G.BE,
Fluxmeter Method, (Mag 319)
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View of Sept Camera and Fluxmeter - G.fZ. Flumxmeter Method.‘(Mag 333)

Schematic Drawing of Electrical Circuit Used in Connection with
Contour Mapping Device..

Optical System - Contour Mapping Device. .

View of Search Colil in Field to be Explored - Contour Mepping
Device. (Fig. 5A of Daily Log (Z Group) August 7, 1944)

Apparatus for Recording Points on a Contour - Contour Mapping
Device. (Fige 5B of Daily Log (Z Group) August 7, 1944)

View of Box Car Used in Meking Uniformity Measurements. (Mag 328)“,
Mefcury Arc Tube.
Location of Shim Device Measurements in Alpha~I Tanks.
View of Shim Region Device I. (Mag 121)

A = Arc of coils | B = Face plate
View of Shim Device II (Mag 108)

A = Coil in arc of coils

Schematic Drawing Showing Location of Roving Coil Measurements.,
Example of Arc of Coils Photographed. Data.
Example qf Experimental l;hzdx'Curve.
Location of Source Device Measuranenté in Alpha-I,
Details of Source RegioﬁvDevice Showing Loocation of Measurements,
Gene?al View of Source Region Device., (Mag 118)

Close-up of Portion of Source Region Device, (Mag 76).
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