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Abstract 

Calibration of a solenoid producing magnetic fields up 

to 7300 gauss has been carried out and a value of K, the 

field-current ratio determined. This value is K = 36.835±.011 

gauss/ampere. Fields produced by four measured single layer 

standard solenoids were used as comparison standards. K was 

measured both at low currents and at the operating current 

used for spectroscopic measurements. A,. small decrease occurs 

in the value of K as the current increases. Expansion of the 

solenoid as it is heated by the passing current is largely 

responsible for this decrease. 

Values of e/m have been obtained fr om the Zeeman 

separations produced in this magnetic field. Singlet lines 

of Cd M439, of Zn }.6362, of Ne .A.5852 and A6074, and of He 

A5015 and A4921 were used. The Zn and Cd lines required a 

careful theoretical examination of the g-values of the 

exciting levels. Ne required an application of the g-sum 

rule. No correction of g was required for He. Lines were 

exci tea. in the positive column of a discharge. Liquid air 

cooling was applied to the He source. Zeeman patterns were 

photographed with a Fabry! Perot interferometer with the 

following results: 

Cd ~6439: e/m = 1.7570 ±.0007 
Zn ')..6362: e/m = 1. 75'70 t .0008 
Ne ')..5852 and 16074: e/m • 1.7580 t.0014 
He A5015 and f\.4921: e/m = 1. 7560 .t .0009 

These results are stated as 

e/m = (1.7570 ~.0007) x 107 abs. e.m.u. per gram. 



I In.trod.1.rntion 

The primary purpose of these measurememts has been alll 

attempt to settle the controversy that existed regardilllg the 

true Talue of the specific charge of the electron. Im 1929, as 

Birge1 ) pointed out, there existed two different and yet apparl'--

ently equally acceptable values of e/m. From spectrscopic meas

urements Babcock 2 } and Houston g) obtained values which indi

cated e/m equals (1.7606 ± .0010) x 107 e.m.u./gm ( units and 

factor 10 7 to be omitted hereafter} whmle Wolf 4 ) by deflectimg 

electrons im a magnetic field obtained e/m = 1.7679 ± .0018. Su.ch 

a large discrepancy might either be caused by an over estimation 

of the experimental accuracies or by an actual difference in e/a 

for bound and for free electrons. 

NumerpRs more refined researches have been undertaken as 

attempts to decide betweem the two alterutives. In 1930 there 

appeared two Talues obtained by a method which. measured electron 

velocities with oscillating electrostatic fields. Wlaen combimed 

with the mea~ured potential drop which the electrons kad exper

ienced, Perry amd Chaffee 5 ) obtaime_d e/m = l.761L.G .± .0010 and 

lfirckner 6 } obtained e/m • 1. 7602 ± .0025. In 1932 Camp·oell and 

Houston 7 ) published tlae value e/m = 1. 7579 ± .0025 ae obtained 

by Zeemam measurements on Zn and Cd singlet lines. Essentiall~ 

' the same metlaod and apparatus were used as is to be described. 

1 

The Talue being lower than any previous reliable Talue and yet not 

sufficiently accurate to decide whetlaer the discrepancy was real 

or accidental, l?rofeeso.r Honston decided that it woll.ld be advise-

~~ References are listed at the end . 
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&ble to repeat the problem with the aim of obtaining as acourate 

a value as was compatible with the inherent precision of the 

e.pparatus. 

R~cently various other methods have been applied and new 

v.alues of e/ ~obtained. Dunnington S) by a new oscillating 

electric fields and magnetic deflection meted obtained e/m = 
1.7571 ± .0015. Kirch.ner

9
) has obtained an impreved v.alue of 

e/m by -his method which eqaals 1. 7585 ± .001!3. From differences 

iny(Hl) and -Y(H:) Gibbs and Williams l0) obtained e/m = 

1.757 ± .001. The results obtained from Zeeaan measurements in 

Zn and Cd were recently pablislaed by Kinsler and Houston ll) 

and are e /m : 1. 7570 ± .0010. 

A solenoid whose field is uniform, measureable, and cap

able of being controlled to the desired degree of precision is 

an essential piece of apparatus required for making precision 

measurements in the Zeeman effect. The solenoid used was the 

one described by Campbell and Houston 7&12 ). It wae built to 

produce the :ae.xi1i11um field of the required u.niformi ty from the 

available power supply. A Fabry-Perot interferometer was 

found to give sufficient resolution to obtain precism o measure

ments of the longitudinal Zeeman splitting of the two 6 

components o:f tlae measured singlet lines. 

The Talue which has been obtained is 

e/m = (l.7570 ± .0007) x 107 e.m.u./gm 



II Calibration of the Magnet ic Field 

Solenoid 

The details of construction of the air-core solenoid 

have been completely described else where ?,l2). It will be 
-Co 

sufficientArepeat only those facts which pertain to the under-

standing of its use and calibration. The coil is contained in 

and insulated from a brass container consisting of an inner 

brass tube of 6.3 om inside diameter and an outer tube of 40 

cm diameter. The tubes are 93 cm long and are closed at the 

ends with cast brass plates. The coil consists of 2449 turns 

of No.4 B.S. copper wire and has a resistance of 1.27 ohm.s 

at 20 ° c. 

The solenoid is cooled by prunping kerosene through it at 

a rate of some 200 liters per -minute. Cooling of the kerosene 

in turn is obtained by passage through eight p,utomobile :', 

radiators which. are continuously cooled with running water. 

.'3 

The temperature of the solenoid is measared by a thermometer 

placed in thermal contact with the outer shell of the solenoid. 

The insulation resistance of the kerosene between the brass 

shell and tke windings was measured from time to time and 

always found to be greater th.an 105 ohms. Comparing t11is re

sist~nce with that of the coil one sees that leakage of 

current is negligible. 

Two compound generators connected in series, supplied the 

solenoid with an operating carrent of 190 amperes at 275 volts. 

The field circuit of one of the- generators is controlled by a 

rheostat placed near the solenoid and thus the solenoid 
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current can be regulated by varying the impressed voltage. 

Fifty-three kilowatts are required to produce and maintain the 

maximum operating field of 7000 gauss. This power is dissipated 

without tJe temperature of the outer shell exceeding 40°C. 

Tne intensity of the magnetic field in absolute gauss is 

determined from the relation 

1) H = KI : KRP 

where K is, an experimenta lly determined colilstant and I is the 

current in int.amperes as obtined from the potential P measured 

by a potentiometer across the terminals of a .001 ohm standard 

resistance R through which tlae current :flows. The constant K 

has been determined from direct comparison of the magnets 

field with the fields produced by long single layer solenoids, 

whose magnetic constants can be computed from their turn 

densities and dixm.iensions. Calibrations have been made at two 

separate periods more than a yeRr apart. All of the spectro

scapic measurements on Zn, Cd, and Ne were made between these 

calibrations so as to insure the detection of any change in K 

if it should take place during the actual use of the solenoid. 

Standard Solenoids 

Four di ffe rent standard solenoids were used in the 

calibration. Two of these consisted of single l aye rs of No.12 

bare copper wire wound on linen bakelite tubes which had been 

threaded to take 10 turns/ inch. Linen bakelite was used 

because it is known to be non-ferromagnetic. The other t wo 

were wound with No.20 enameled copper wire on tubes threaded 
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for 28 turns/inch. One of these was wound on linen bakelite 

and the ot her on a brass tube upon wt.ich a layer of insulating 

varnis~ad ·been baked. All @.re of such a size that they can be 

slipped inside the inner tube of t he large solenoid a.nd\were 

insulated from it t hroughout their entire length. by a layer 

of empire cl~th. 

The number of turns per cm was determined 

by measurements with the glass scale,of cathetometer BL 8166, 

used in such a manner that coincidences were observed be-

t ween t he edges of turns and marks on the scale. Turn densities 

in t he various intervals were then evaluated and averaged over 

all intervals. :No appreciable deviation from uniformity was 

observe d. However, as a precaution against a deviation exist

ing in the value at t he center of the solenoid as compared 

with the average over the entire length, t he intervals were 

chosen so as to give progressively more weight to the cente~. 

The coherence of t he re sult obtai ned upon comparison of t he 

results of the f our individua l s olenoids i ndicate s the 

i mpr o-bab ili ty of any one havi n6 a h uge err or. Randomness i n 

t he turn dens i t y f ln.ctuat i ons a l so tends t o redtwe the s iz e oi 

!,ny error tl,c. t rn. i f;°;i t a r:r i se Ir om non- uni f ormi ty . 'l1he glass 

sea.lo rm s f i1· s t cali ~n·c.t e u. ·ji one per son against a Gae r tner 

type MlOOl stan a_ar d rnet e:c at :P omona College anu l ater Dy 

a no~her ~er so n against a gla ss decimeter scale belonging to 

the 1ft. Wilson Observatory which in turn had been ca librated 

at the Bureau of Standards. By use of a traveling microscope 

with a micrometer eyepiece it was- possible to investigate the 

scale throughout its entire length. Both calibrations led 



to t he id.entical result that the scale is Ufif@:or.mly .03217a too 

long at 21 ° C. This correction has been applied. to all measure

ments made with the scale. 

6 

Bakelite solenoids have the advantage of ease in avoiding 

current leakage ·between the winding and the tube but they have 

the dif,advanta ge of expanding and contracting with the season 

of the year. This is pre suma'bly caused by the change in 

humidity which results in a change in the moisture content of 

the bakelite. The truth of this explanation is supported by 

noticing in Table I that all three bakelite solenoids seem to 

expand and contract togetur at much the same rate. Each sol

enoid was measured beforeand e.fte:t use so as to insure use of 

the appropriate turn density. The turn density of the brass 

solenoid showed no measurable change and after careful 

winding no leakage was detectable between the winding and the 

core. 

The standard. solenoid.s were usually used at a tempera

ture slightly diff erent from that at which they were measured. 

Consequently, it was necessary to actually measure the 

temperature and to maintain it fairly constant during a series 

of readings. A temperature coeff icient of expansion of 

-5 2 x 10 was applied to all of the solenoids. This coefficient 

is near to those of brass, copper, and bakelite. Validity of 

this correction is apparent from the greater coherence of 

measurements, mad.e over a temperature range of .'30 ° 0, when it 

is applied. 



Table I gives the da t a on the solenoids. The constants 

Ks of these solenoids are determined from the relation 

2} Ks • 0.411n cos ct cos cp 

where n is the number of turns per cm, c,(, is the angle subtended 

at the center by the radius of the end winding, and f is the 

angle of pitch. Errors given are the average deviation errors. 

Just the average error will be computed and carried over 

throughout this article. The average error has been computed 

instead of the mean deviation error which is obtained from it 
.lfi bj dision of it with the square root of the nuni'ber of obser-

vations. This has been done in an attempt to allow for the 

unpredictable residual errors. Given errors represent uncer

tainties in the last place of the given values. 

N"ull Method Calibration 

The first me~d applied for comparing the constants of 

the .standard solenoids with that of the large solenoid was a 

null balancing method. Because of the limitation in the 

strength of fields producible by the standard solenoids this 

method is only applica·ble to measurements of K when the current 

I is less than one ampere. It is not desireable to place too 

much confidence in the constancy of Kover a wide range of 

currents because the change in temperature, the effect of the 

external surroundings, and the internal electro-magnetic force 

distortions will probably affect its va lue. Consequently, 

an additional method was used which permitted an evaluation of 

K at all currents. 



Tabl~ I 

a. Data on the standard solenoids 

Solenoid :Sffective diam. 
in cm. 

Length 0.4'?1coso<.cos <f 

---

Bakelite, no. 1 G.00 09.7 1. 2E,3 71 ± 3 

bakeli te 1I o. 2 5.S7 09.5 l. 2f :37 4 ± 1. : 

Bakeli t e ··r .. '7 s·, O • . ,. .:i 5.92 90.4 

:Srass 5.8G 90 .0 1. 2[ 39 7 .± 2 

------------------- ---------

b. Melil.surement of 7 urn Density 

:::o l enoi d :Js. te 1~ea dings ?urns per cm. Ks 

Bakelite· Ho. 1 12/21/31 40 ::.'.. 0326 ± 4 4.9303 ±5 

1/29/32 ::o .'3 .9340±5 4.9321:4 

3akelite No.2 12 /21 /31 
I ' 

50 3.9389:±"2 4.9384!..'3 

1/10/32 44 3. 9403 -± 7 4.9401 tg 

6/20/32 60 3. 935.'3 :±" 2 4. 9338 ~ 3 

3 /3/3 3 18 3.9406 ±3 4.9405 t4 

Bakelite No. 3 12/23/.Sl 30 11.0295 :!: 15 13.8304 ±19 

2/4/32 34 11.0322 -:ts 13.8338 ±11 

Brass 12/23/31 30 11.0220 ~10 

2/4/32 30 11.0232 :± 5 13.8224 ±:.10 

2/1/33 30 11.0235 ± 10 
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The arrangement of the apparatus used for determining hhe 

ratio between the constant of the large solenoid Sand that of 

a standard solenoid is shown in Figure 1 • 

.Standara Solenoid -

Rs2 

The ratio of the currents in the two solenoids with their 

fields in opposition was varied until they balanced as was 

indicated by the wall-type ballistic galTanometer G experi

encing no deflection when the flip coil is rotated through 

180 degrees. Then 

3() K = K8 ( Is/ I) 

where the subscripts refers to the standard solenoid and I 8 /I 

is the ratio of currents for which tlie opposing magnetic 

fields balance. In actual practice the method consisted of 

read.ing a series of small deflections as the current in the 

standard solenoid was varied by changing R1 and then another 



series upon reversal of both currents. V/hen the two sets of 

current ratio - deflection curves are P,lotted they intersect 

at the true balance point and eliminate the effect of the 
r 

earths magnetic field. 

Since the currents were mea sured by means of the poten

tiometers P1 and P2 across the terminals of the standard 

resistances R~1 and Rs2 , the actual observed ratio of balance 

was that of Ps/P where Prefers to potential in volts and the 

subscripts , to the standard solenoid. Since 

it was necessary to know accurately the ratio of the various 

standard resistances. Table II contains the adopted values of 

standard resistances as used in these calculations. Determin

ations of their values will be discussed later. 

Nominal 
value 

10.0 

1.0 

0.1 

.01 

.001 

Table II 

Values of standard resistances 

Current Bur. Stds. Value rel. 
(aVp ) value 10 ohm 

10.000 10.000 

1.0000 1.00005 

1.5 .10004 .10005 

15 .1000.'3 

1 .010002 

15 .010000 

60 .001000.'3 

190 .00099996 

.'300 .0009994 

Adopted 
value 

10.000 

1.0000 

.100045 

.10003 

.010002 

. 010000 

.. . ,0010003 

.00099996 

.0009994 

l) 



Three flip coils were used.One contained 50,000 

turns of No.40 B.and s. enameled copper wire while the 

others were wound with 4000 and 7000 turns respectively. 

Table III contains the original measurements,corrections, 

and corrected results of each of six sets of observations 

made. The column under Ps/P consists of the observed pot

ential ratio at balance as obtained from the graph. Column 

T's contains the observe cl temperature of: the standard solenoid. 

R/Rs contains the appropriate ratio of shunts as obtained. 

from Table II. Column- I 8 /I contains the corrected current 

ratio after temperature and shunt corrections have -bean 

~pplied. 

Table IV contains the final results of all the null 

mEthod measurements. The errors given are in each case average 

deviations. In cases whe r e both the external deviation (Re) 

and. the internal deviation:: ( Ri} are calculable the larger of 

the two is always used. Because of an uncertainty in the 

value of the .01 ohm standard shunt in some of the measurements, 

the aver~ge deviation error has been increased by .005% in 

such cases. The results indicate that the four different 

standard solenoids are equally reliable since they lead to 

coherent results and that the large solenoid did not change 

with time. An estimate of the general reliability of the equip

ment is also obtained. However, the chief purpose of this 

method is to compare the obtained value of K = 56. 872 :t 5, 

with the value obtained by the second method at corresponding 

currents as a check on the reliability of the latter method. 
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Table III 

Null method calibration 

Bakelite Solenoid No.1 Bakelite Solenoid No. 2 
50000 turn flip coil 
12/23/31 

50000 turn flip coil 
12/23/31 

Ps/P Ts R/Rs I
8
/I P

8
/P Ts R/R8 Is/I 

.074796 30°0 7 .4770 .0746.71 26° C 7.4653 
797 L.0000 771 685 1.0000 667 
790 28 .0100015 767 663 24 .0100015 649 
795 770 677 66!3 
787 26 767 694 28 674 
795 n 775 695 " 675 
796 31 768 .693 30 668 
794 766 694 669 
793 32 763 688 30 663 
791 761 691 666 

7. 4768±3 7.4665±5 

Bakelite Solenoid No.$ Brass Solenoid 
50000 turn flip coil 7000 turn flip coil 
12/24/31 12/25/31 

Ps/P Ts R/Rs Is/I Ps/P . Ts R/R8 Is/I 

.026674 !38° C 2.6660 0.26692 26° C 2.6680 
674 1.0000 660 695 1.0000 68S 
668 33 .0100015 658 684 25 .10004 672 
668 658 688 676 

0.26674 30 :.a:.0000 659 .026691 31 1.0000 682 
674 .10004 659 693 .0100015 684 
672 .'30 657 683 35 673 
672 " 657 687 677 
675 30 660 
674 659· 2.6679:±..'3 

2.6659±2 
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Table III (cont) 

Bakelite Solenoid No.2 Brass Solenoid 
7000 turn flip coil 4000 turn flip coil 
6/28/32 12/5/32 

P 8 /P Ts R/Rs I 6 /I P
6
/P Ts R/R8 I 8 /I 

0.74765 28 ° C 7.4726 0.26692 24 °0 2.6677 
767 1.0000 728 698 1.0000 68.'3 
769 27 .100045 731 694 25 .10005 679 
771 733 695 680 

.074754 26 1.0000 7 39 692 24 679 
751 .0100015 7.'35 691 678 
751 25 736 . 697 35 679 
756 741 697 679 

7 .47.'33 ±4 2. 6679±1 

Table IV 

Results of null method calibration 

Solenoid Date Mean I 8 /I K K 
s 

Bakelite No.l 12/23/51 7 .4768 ± 7 4.9303 36.863 ±4 

Bakelite No.2 12/23/31 7.4665±9 4.9384 36.873:±:5 

6 /28/32 7.47.'3.'.3 ±a 4.9338 36.871 ±4.5 

:Bakelite No.3 12/24/31 2.6659 -::3 13.8304 .'36.870 :!"6 

Brass 12/25/31 2.6679 :!:4 13.8224 36.877 :!:5 

12/3 /32 2. 6679 ±2 l.'3.8224 36.877 ±4 

Mean 36.872 ~ 5 

(Re/Ri = ~80) 
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Cali.brat ion with a Mu tu.al Ill.ductance 

The arrangement u.sed to determill.e the solenoid constant 

K under the actu.al eonditions prevailing during a spectro

scopic exposue is shown in Figure 2. 

Stan(kJrd Sotenoi<J 

F!G.2 

Resistance R4 was adjusted so that nearly full scale defle-ctiom. 

of the galvanometer G was obtained when the flip coil was 

operated in tlo.e field of tlae standard solenoid. The current 

ill the primary of mutual inductance M was then varied until 

its reversal by means of a switch gave a deflectiom equal to 

that produced by tke flip coil. Assuming the resistance of 

the galvanometer circuit and the constant of the galvanometer 

to remain fixed, this gave calibration of the mutual inductance 

and the flip coil im terms of the standard solenoid constant 

and the ratio of the two currents. 
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Using the notation 

K - constant of the standard solenoid (gauss/ampere} s 

I 8 - curent in the standard solenoid ( amperes) 

F - magnetic area of flip coil 

M - Talue of mutual inductance 

I~ - curent in inductance primary which gave the same deflec

tion as I~ in standard solenoid. 

we have 

5~ 2 F H
8 

- 2 MI~ -
but Hs : Ks Is aE.d therefore 

6) F K I' • M I' or s s Ja. 
M/F = K8 

(I8/ IJ:L) 

Having calibrated the mutual imductance in this manner 

it could then be used to calibrate the large solenoid. The 

required data was obtained by decreasing the galvanometer 

shunt R4 until the galvanometer gave almost full scale deflect

ion when the coil was turned over in tke field of the large 

solenoid and then increasing the current in the primary of the 

mutual until upon its reversal one obtained the same deflection. 

:From considerations similar to those leading to equation (6) 

o.m.e obtains 

where I and I are respectively the currents in the inductance m 

primary and the large solenoid leading to the same galvanometer 

deflection. Combiniag with equation (6) one obtains 

8) K: Ks (I~/ Ia)(Im/ I) 



Equations connecting change in magnetic flux ~fin tke 

galvanometer circuit with the galvanometer deflection &are 

9) Q = 

and 

10) Q = C e 

108 ( Re + I~ t R4 Rg 

R4 + Rg 

• 
R t-R 4 g 

where Q is the charge pass ing t larough the galvanometer, Rg is 

the resistance of t he galva nometer, RC is the resistance of 

the flip coil, Rm is the resistance of the mutual inductance 

secondary, R4 is the resistance of the galvanometer shunt, 

and C is the galvanometer constant in coulombs/radian. In 

addition to the resistances and C the constancy of F and M 

must ·be considered inorder to estimate the validity and 

accuracy of the method. 

{a) Galvanometer constant C 

C must not change dm,ing the calibration of the inductance 

with any of the solenoids. Although C is not strictly a 

constant throughout the entire range of deflections it is 

nearly so for any narrow _range of deflection values. In the 

actual measurements, flip coil deflections were interspersed 

between inductance de f lections over a narrow range of values 

and tke current ratio of corresponding deflections, ( Im/I) or 

(r~/I~}, obtained by graphical interpolation. This serves to 

eliminate both the error of changes in C and tkat arj'l sing 

from the non-linearity of the @harge-defleotion graph. If the 
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deflections were of the same direction and magnitude and if 

the galvanometer circuit was well insulated so that the zero 

did not drift, the deflections could be repeated to within the 

measurable accuracy of .02%. The galvanometer used was a 

Leeds and Northup Type P ballistic galvanometer placed 40 feet 

from the large solenoid. The magnetic field of the latter was 

found to affect the galvanometer constant by disturbing the 

permanent magnets of the galvanometer when it was closer than 

15 feet to the magnet. 

(b) Resistances in the galvanometer circuit. 

These resistamces must remain constant in~ any one cal

ibration run to within .03% for otherwise the individual 

galvanometer readin~s will neither be reproducible nor will 

the deflection-current graph line have a repeatable location 

and slope. It will be shifted and rotated by relatively the 

same amount that the resistances change. As can be seen from 

equation (9) the deflection changes approximately inversely 

with the sum of (Re + Rm + R4) alild directly with R4/Rg• Other 

terms are neglected because R4 is small. Consequently, the 

temperature of the resistances must be controlled. The 

values of the various resistances were usually R
0 

= 1519 oams, 

Rg = 2046 ohms, Rm= 9475 ohms, and R4 = 50 ohms when 

calibrating the large solenoid at high currents. 

Although the resistance of the flip coil was relatively 

small as compared with the total resistance, it needed to be 

controlled because its temperature changed by as much as 25~0~ 
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This resulted in a change in its resistance of about 125 ohms 

which corresponds to a change of ahout 1% in the resistamce of 

the entire circuit. The flip coil absorbed heat from the 

surrounding solenoids. Finding it impossible to eliminate 

this absorption by surrounding the coil with a double-walled 

evacuated silvered glass tube, it consequently became 

necessary to bring the coil to some equilibrium temperature 

and hold it there. Such a state was attained by surrounding 

the coil with a glass tube and controlling the temperature by 

blowing a current of air along the outside of this tube. With 

this arrangement,temperature equili•rium was attained at 30°0 

in about 10 minutes and was maintained indefinitely. 

Control of the secondary resistance was important both 

because it was the predominate resistance and because it 

absorbed heat from the primary of the mutual inductance. A 

change of 1°C in its temperature changed the resistance of t he 

circuit by 37 ohms which corresponds to .25% of the entire 

resistance. This was reduced to a negligible amount by 

immersing the whole mutual indactance in a bath of transformer 

oil. 

Changes in R4 and Rg had no apparent effect since they 

change together while remaining at room temperature and thus 

Ri/Rg remained constant. The above precautions reduced the 

change of resistance during the time of a sltries of measure

ments to less than .oz%. 



(c) Magnetic~. F of flip coil. 

This must remain the sam9 throughout all measurements. 

Two small flip coils were used and both led to the same result 

which indicates the probability that neither had a eonstant 

error of any considerable magnitude. Both were strongly 

built amd operated by springs so as to insure a constant 

rotation through 180 degrees. Each layer of the coil wire 

was shellaced to prevent leakage between turns and the frame 

holding the coil was insulated from the surrounding solenoid 

with a glass tube. Both coils were wound on red.manol spools 

and all parts of each coil and its supporting frame were made 

fromrrntaterials of non-ferromagnetic nature. Temperature effects 

on the value of F were negligible because of the small 

expansion coefficientoof redmanol. 

(d) Constancy of the Mutual Inductanee M. 

The value of M must remain constant over a wide range of 

primary currents. It was necessary to change this current by 

a fact or of 200. Two inductances were used in two diff~::erent 

locations. Each was located midway between the floor and the 

ceiling of a nearby room and as far as possible from all 

visible ferromagnetic material. One consisted of a low 

resistance (2 ohms) primary o.f No.12 s.c.c. copper wire wound 

on a micarta tube 8 inches in diameter and 15 inches long. 

The secondary consisted of 12 lbs. of No.32 s.c.c. enameled 

copper wire wound in three coils and rigidly supported within 

the primary. The second was made from the first ·by 

enlargement of both the primary and secondary. 



As a check upon the constancy of M, the deflections 

resulting from the reversal in the primary of currents 

differing by a factor of over 100 and in the same range as 

used in the solenoid calibration, was compared with the 

steady deflections due to constant currents through the 

galvanometer. The arrangement used is that shown in Figure 5. 

M 
01t8atn 

FtG:3 

The most general expression for the current in the 

galvanometer G is 

11) i = E - L di C de 
dt - 108 dt 

r 
where 

E - applied voltage 

L - self inductance of· ·the circuit 



C - torque in(dyne cm/ amp) produced by the reaction of 

the current in the galv. coil with the field of its 

permanent magnets. 

Q - angle of galv. coil relative to zero position. 

r = ( Rg + R1 ) + Rm • R4 
Rm+R4 

The equat ion of motion of the galvanometer coil is 

12) 

= C i 

where 

k - damping constant on open circuit 

I - moment of inertia of coil 
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, - galv. suspension constant in ( dyne cm/aadian) 

Substituting i from (11) into (12) and simplifying one obtains 

13) £C r 
Since the galvanometer was used in a critically damped state, 

(i.e . ) just becoming non-oscillatory, one obtains from the 

nauxi~liary equationn of the above second order differential 

equ.ation 

( ~ ~))::: ~,1 
/0

8r 
14) 

as the condition for critical damping. The term containing 

L has been discarded for simplicity since subsequent calcu

lations and observations showed it to be negligible when 

compared with I. Measurement showed the critical damping 

resistance r = 12,200 ohms. 
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-The relation between the final steady current if through 

the galvanometer and its final deflection Qf is 

15) if = yQ f 

From Kirchoff~ Laws of branched currents it is possible to 

show that a current Ir in the circuit (R2 - Rs2 - R8 1) will 

produce a current 

16) 
• 

where 

R : Rm + ( R1 + Rg) R4 

(Rl t Rg) t R4 
and 

R81 • .01 ohm standard resistance. 

Combining (15) and (16) there results 

i 7) 1 v- ~ { c ~, -f R G) -t 0tl . l e 
R~ · Rs, C f-

• 

as the relation between the current measured by the potentio-

meter P2 and the deflection of the galvanometer G. By 

measurement of the current sensitivity and of the logarithmic 

decrement and period on open circuit it was possible to 

evaluate the galvanometer constants C, k,')'and I. From these 

constants it was calculated that for a steady current and with 

the galvanometer critically damped the deflection should be 

within .01% of its final value 52 seconds after the current Ir 

was made. Observation gave a value of 55 seconds. Readings 

were always taken 100 seconds after closing the circuit which 

made it a certainty that the deflection had reached its 

maximum value. 
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The other required measurement is that of the deflec

tion caused by the instantaneous current that passes through 

the galvanometer upon reversing the current in the primary 

of the mutual inductance M. When a current passes instan

taneously through a ballistic galvanometer one has the equa

tion 

18) Cf i dt = rfd2e . dt 
dt 2 

Integrating each side 

where Q is the charge passing, is obtained. The general 

solut ion of the motion of a critically damped galvanometer 

whe n E = 0 in equation (13) is 

20) k 't 
~ = (A t Bt) e- 2I 

where 

In this particular case the initial conditions at t = 0 are 

Q • 0 and from (19) dQ/dt = CQ/I. Applying these , 

equation (20) becomes 

21) k't 
Q = C Q t e-~ 

I 

The time of the first elongation g1 is obtained f rom 

22 ) 
dQ/dt: 0=(l - k 't/21) 

and substitut ing t his value in (21) one obtains 

23) 

But t hA charge passing through t he galvanometer when the 
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inductance current Im is reversed:U:'. s 

24) Q - 2 Im M R4 -
R ( Rg + R1) -t- R4 

Eliminating ·~ between (23) and (24) 

25) [ ( I?, + ,z c;.) + if'/ } /<. 

~ '1 ' 1.. 1'1 
is obtained as the relation between the current Im and it~ 

corresponding deflection Q
1

• Dividing (25) by (17) one obtains 

26) f}'Y'I ~'e_ e, -- - -1-v -
'I 1"' !'1 As, e--F 

If the value of k' is substituted and I'm/I' r is tne re.tic 

o::f cu:rrents making G1 = Qf , the final result is 

t1::: 
as the equation for investigating changes of :vr with the 

size of the primary current. 

The experimental procedure consisted of taking a 

series of observations of inductance deflections intermingled 

with stea dy current deflections at low currents in the 

mutual , then at high currents, and then again at low currents. 

:By graphical interpolation the ratio ( I:r/ItiJ_) could then ·be 

obts.ine~at both high and low currents. If ,.I does not 

change these ratios sh ould be the same and thus they a.re 

a measure of the constancy of I.I . 'r:he accuracy depends 

largely upon the constancy of the constant factor in the 

above equation ~27). It was possible to adjust R1 and R4 

so that both r = 12,200 ohms and a full scale deflection 



was obtained. T~is was possible since the two conditions 

could always be satisfied by the two variables. 

'.::able V contains the results of three sets of 

measur ements. 

. 27726 
711 
698 

435 
4.'34 
435 

474 
465 
457 

Table V 

Direct current - mutua l i nductance . comparison. 

.27703 
699 
698 

448 
449 
444 

456 
454 
449 

:'.io. ti o lo,, 
high 

1.0008 
004 
000 

.9996 
.9996 

.9997 

1.0009 
004 
003 

1.0002 ±4 

These results are not as accurate as they could have been 

made with e. better galvanometer since it was found to be 

difficult to work rapidly enough so that neither of the 

galvanometer constants C or,had time to change. However, 
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they indicate that the value of Mis constant to within .03%. 

Results of Mutual Inductance Calibration of Large Solenoid. 

Tables VI and VII contain the original measurements 

by which the two mutual inductances were calibrated. The 

accuracy of these observations is seen to be of/the same 

order as obtained in the null metbA.il,_work. Tables VIII and 

IX contain the observed values in the calibration of the 
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Table VI 

Calibration of Hutual Inductance No.l 7000 turn flip coil 

Solenoid PS/Pm rr -s Rm/Rs I 8 /Im Ks(Is/Im) 

Bak. No.l 9.5541 25°C 10.000 955 .00 
572 30 .100035 25 

1/29/32 563 28 18 4710.9 ± 8 
570 40 n 03 
575 23 35 

K -s - 4.9321 955 .16 ±12 

Bak. No.2 9.5387 29 953.39 
416 29 6,9 

1/10/32 383 50 " 18 470 9 . 9 ±.11 
.'3 83 2 7 39 
39 5 28 49 

Ks= 4.9401 953.42 :±-13 

Bak. No.3 3.4065 38 10.000 340. 38 
072 38 .100045 45 

2/4/32 079 53 49 4710.1 ~11 
091 53 II 61 

R:s = 1.3.83.'3 8 340.48= 6 

Brass 3 .4079 31 340. 59 
106 35 92 

2/4/32 077 34 54 4 708. 3 ~13 
0 73 42 " 4'7 
081 34 57 
093 33 71 

z = s 13. 8224 .'340.62-±10 

Mean 4709 . 8 ± 11 

( Re/Ri = . 67) 
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Table VII 

Calibration of Mutual Inductance No.2 4000 turn flip coil 

So1esoia l? sl'l\11 Temp. Rm7R8 I 8 7Im K8 lia1Iml 

Brass 9.6896 26 C 10.000 968.38 
891 .10005 33 

2/10/5z 927 69 
879 26 21 
860 " 02 
89.'3 25.5 35 
921 6.'3 15385. 6 2:: 25 
904 " 46 
924 26 66 
881 2.'3 
902 ,, 44 
90.'3 26 45 
954 76 
875 " 17 
874 26 16 

Ks = 1.'.3.8224 968.40± 17 

Bak. No.2 2.7102 22 " 270.87 
105 88 

5/5/'.33 lol 22 86 
107 " 92 
104 21.5 89 l.'.3i83 . .'3 .±. 18 
101 86 
113 21.5 " 98 
100 85 

KB = 4.9405 270.89 ± .'3 

Mean 13'.384. 3 .±- 21 



Calibration of Large 

Current Pr»./P 

1 amp. .078243 
270 
258 

0.782.'30 
240 

15 amp. .078190 
274 
255 
266 
192 

150 amp . . 78240 
285 
282 
273 
277 
252 
241 
252 

200 amp . . 78284 
257 
210 
213 
262 

T!lble VIII 

Solenoid with Mutual No. 1 

Temp. 

22°0 
48 
22 
49 
24 

23 
23 
24.5 
28 
25.5 

25 
40 
40 
28 
36 
39 
.'34 
36 

49 
41 
37 
41 
44 

R/Rm I 11/I 

.99999 .0078243 
16.000 290 

" 258 
.106045 290 
10.000 274 

• 0078 266 :.!:' 16 

.10003 .0078219 

.99999 
... 

301 
285 

" 302 
" 225 

. 0078266 ± 32 

.0010001 .0078214 

.100045 279 
276 

" 247' 
266 
249 

" 229 
244 

.0078251 :.:- 17 

.00099996 .0078288 

.100045 246 
186 
205 
256 

. 0078256 :!:' .'35 

28 

Jan. 1932 
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Table IX 

C~libration of Large Solenoid with Mutual No.2 March 19.'3.'3 

Current Pr:,/P Temp R/Rr1 I m/I 

1 a11p. .27540 22°C .10005 .0027555 
541 10.000 556 
528 54.'.3 
5.'.31 n 546 
528 54.'3 
525 540 

.027551 " 1.0000 551 
552 10.000 552 
530 5.'30 
526 526 
528 528 
54.'3 It 54.'3 
558 " 558 
549 549 
560 560 
554 " 554 
559 " 559 
550 550 
549 " 549 
536 5.'36 

.0027546-+ 8 

5 amp .275.'34 22°C .10004 .0027545 
542 10.000 55.'3 
532 54.'3 
547 " " 558 
54.'3 554 
536 547 
5.'36 It 547 
540 ft 551 
538 549 
546 557 
5.'39 " 550 
540 551 
5.'34 545 
5.'31 " 542 

.0027549 ± 4 



Table IX (cont.} 
_. • • ~ M • •• • • '• -- . 

190 amp. 2.7518 30°0 .00099996 .0027525 
521 1.0000 528 
550 58 557 
532 559 
551 ff 558 
515 58 520 
522 529 
528 n 535 
516 36.5 622 
518 524 
514 " 520 
511 38 518 
513 520 
522 529 
526 39 535 
518 n 526 
516 39 524 
553 541 
527 555 

.0027529 ± 6 

~------------------
Table X 

Results of Mutual Inductance Method 

Mutual no.I Mutual No.2. 
K ( I /I } - 4709.8 ± 11 Ks( I /I ) ... 15384.3 ±21 s s m - s m -

Current Im/I K Im/I K ___________ __;:.:;:,_ ____ _;..;;. ___ _ 
1 amp. 

5 amp. 

15 amp. 

150 amp. 

190 amp. 

.0078266 ± 16 36.862 ±: 9 

.0078266t32 36.862tl5 

.0078251!17 36.855IS 

.0078236±33 56.848±15 

.0027546:!:.8 36.868tll 

.0027549~4 36.872t7 

.0027529±6 36.846t9 

Adopted value of K for operating conditions 56.835!11 



large soleno i d at various currents in terms of the two 

inductances. Table X gives the resulting values of K as 

obtained from the two sets of measurements. The general 

agreement between the two inductances is a further support 
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of t heir individual validity, The average value of K at low 

current s is 36.866 ± 9 which is in ss.tiifactory agreement 

with that of 36.8'72 ± 5 ,_,_ obtained ·oy the null method. The 

average d.eviation is nearly twice that of the earlier method. 

which is to be expected since each of its two parts has 

approximately the same error as the former. Because of 

greater consistency and improved apparatus the results 

with the second inductance are given twice the weight of 

those obtained with inductance No.1. 

The constant K apparently decreases with increased 

currents. All the values in Table X are reduced to 22°C. 

Since it was probable that t he temperature of the solenoid 

was higher than that measured for the brass case, this 

correction may be larger and consequently would increase the 

value of K. Recently, support of this hypothesis was 

obtained by measurement of the resistance of the solenoid 

coil when at operating temperature and then at r oom 

tempera ture. The respective values of the resistances were 

1.274 ohms at room temperature of 22.5°C and 1.42 ohms at 

an observed operating temperature of 40°C. The change in 

resistance indicates an internal temperature of 50°0 

instead of 40 ° 0. However, the Zeeman effect data and the 



calibration were made under identical conditions and 

consequently no correction is applied to the value of K 

used for spectroscopic observations. The adopted value of 

K given in the table differs from that tabulated for 190 

amperes by the amount of this correction and by .005% to 

change from international to absolute gauss. 

Standards and Eauipment Used. 

All currents were measured with standard resistors 

and potentiometers. Potentiometers used were one "Queens" 

BL8922, one "Type K" BL.'3286,~ two ''Brooks" BL3251 and EE1502 

deflection potentiometers. The "Queens" had been checked 

against a "Wolf" potentiometer and was used to standarize 
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the others. The slide wire of the "TypeK" was found to read 

low ·by .OB% at all readings. When it was necessary to use 

the deflection potentiometers they were used in so far as 

possible with small deflections. 

The 1 ohm BL398A and 10 ohm BL397A resistances, of 

the hermetically sealed in oil Bur.of Stds. type, were newly 

purchased and have Bur. of Stds. certificates guaranteeing 

the values given in Table II to within .005%. The respective 

mean temperature coefficients of resistance are ~.000009 and 

+.000008 per degree centigrade. The ~eiB~ .01 ohm BLS95 

resistor was of the Reichsanstalt type. The .1 ohm BL.'390 

and the .001 ohm BL.'389 shunts were Leed.s and Northup standard 

resistors for large currents. They were recently calibrated 

at the.Bureau of Standards for various currents. Being solely 
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interested i n the ratios of the resistances, they have been 

intercompared from time to time. One met~d consisted in 

comparing their ratios with a known 10/1 ratio at various 

currents, and the other a direct comparison by passing the 

same current through two of them and measuring the potentials 

across each. The results are tabulated in Table II and have 

been applied to obtain correct current ratios from observed 

potential ratios. 

The same Weston Standard Cell BL 3285 was used for all 

readings and thus any variations affected all observed 

currents to the same extent at any one time and thus haA 

no affect on the ratios. For the past three years it has 

been compared with newly p~rchased cells with Bur. of Stds. 

certificates and has been found to gradually change from 

1.01866 to 1.01857 volts. As fluct~ations in its value 

would affect spectroscopic measurements it was compared 

while subject to room temperature conditions with two 

thermo-stated cells. Over a three week period the maximum 

deviation from the mean was .ooa% and the mean value was 

1.01857 ± .00004 int. volts. 

Measurement and Control of the Solenoid Cvxrent. 

!~addition to knowing Kit is essential to be able to 

measure and control the current I in the large solenoid 

inorder to obtain any desil·ed magnetic field strength. 

Currents were measured by a null balance potentiometer conn

ected across the terminals of the .001 ohm standard shunt. 
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As may be seen in Table II this shunt's resistance decreases 

9 parts in 10000 when the current change s from 60 amperes 

to .'300 amperes. As this change is ob-viously caused by heating 

it was necessary to allow the resistance to always · operate 

at the same temperature. Figure 4 gives a graph of its 

temperature as plotted against the elapsed time since the 

various currents were started. 

~:q::::!+;f:p..:Jp:i:!fl:U,:~:i+=,::J:4llCyll=cr.µ:;::r:q.:i.p:U!.j=q:t:ut-:!tti'fll%1%%\\1illri~+nq:i:i:tt:q®:p:!:j~: -+j_ji 

-.- • ~~ 1 , . -; -~-1~ f ~ ~¥-1:tt~~+r-~ T -~~~ - -,_ ' . t· - -- , 11¼M-lt ~:~:n~1i¾ 

If one allows the current to pass for ten minutes before 

measurements are made, the maximum remaining possible 

change is .01% and consequently this procedure has been 

any 

followed. An estimate of the actµal value of the resistance 
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at 190 amperes has been obtained from energy dissipation 

considerations. 

Assume the energy loss equals L (T8 - Tr) where Tr is 

the room temperature and T
8 

is the resistance temperature. 

Then equating energy input to output one obtains 

28) 12 R = t(Ts - Tr) 

but 
29} 

where o(. is the resistance temperature coefficient. The result 

o:f su.stituting ,0.Jinto (28) is 

30) oZ.. 12 R : L .h R 

From (30) and the values of Rat 60 and .'300 amperes one may 

evaluate of... and Land then deduce the equation 

31} R::r - R60 I 2 - .'3600 

R300 - R60 90000 - 56.00 

This equation gives R = .00099996 ohms at 190 amperes. This 

value of the resistance was applied in obtaining the solenoid 

constant K. Never-the-less, should there- exist an error in 

the assumed value of the sh111D.t, it would have no influence 

upon the accuracy of the spectroscopic measurements. The same 

shunt was used under like conditions and hence its value and 

likewise any error cancels out in the final result. 

Constancy of the current was maintained by manual 

control of the current in the field coils of the motor-gen

era.tor set. It was found possible to hold the current steady 

to within .015%. This error combined with that in K makes the 

average error in the magnetic field less than .OZ5%. 



III Spectroscopic Me;i~rements 

Interferometer 

Zeeman splitting was observed and measured with use 

of a Fabry-Perot interferometer. The instrument used was 

the one previously described in connection with the measure-
of ment ,-.hydrogen f ine structure, 13 ) and was plB.ce d between the 

collimator and prism of the spectrograph. The entire 

speciregra1?h was mounte J. on a concrete slab supported by 12 

tennis balls and placed two meters from the solenoid. This 

arrangement was stable. Vibrations in the room resulting 

f rom the operation of other equipment did not disturb the 

interferometer. 

The plate surfaces were obtained from evaporation of 

silver in a vacuum until a density was obtained which gave a 

reflection of 90 to 95 percent. The process and apparatus 
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used was that d.eveloped by St rong 14 ). Pollowing this 

procedure it was relatively easy t o obtain plates which showed 

.'35 visible reflections of a 25 watt lamp and yet were 

suf ficiently transparent so that e:e:ce ssi ve exposure times 

were not required. An estimation of the resolving power was 

obta ined as half the number of reflections multiplied by the 

order of inter f erence. By order of interference is meant 

the number o:i:' wave lengths in twice t he dis t ance between the 

plates. Haximum resolvj_ng -p owers were 2000000 for Zn and Cd, 

1500000 for Ne, and 660000 for He. Aluminum and gold surfaces 
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were al s o tried, howevsr, silver wa s found t o produce sharper 

lines in the r·egion 4900 - 7300 Angstroms. The central 1.5 

cm of 2. 5 cm diameter mirrors was used. 

The interferometer was enclosed in a tight woode n box 

f rom which t he collimator slit and the camera projected 

t hro ugh fe lt gaskets. ~he box rested on a f elt pad and it 

was thus possible to remove ~he box without disturbing t he 

adjustment of the inter f erome t er. Collimator, prism, and 

inter f erometer we re se par ately sur1ported and could be 

independent l y brought int o alignment . Exposures were short, 

being of f rom 2 t o 10 minutes, a nd thus thermo-stat ic contr ol 

of the interferome ~er temper ature was unne cessary. 

S:he :1abry- I'er ot i nterfer ome t er i s pa r t icnl a.r l y adap t ed. 

to accurate me a srTement of t he lon:3 i t udina l '.;; ee men se:.;ien:d; :L on 

o~ singlet line s . In the ideal case, only the two displaced 

o comp onents are present while the undisplaced 11 component 

is missing i f one observes parallel to the field. There f ore 

the dispersion of the instrument may be so adjusted, by 

altering the dist ance between the mirrors, so that fringes 

due to one component lie midway between the adjacent order·s 

of the other. The distance required for even spacing ranged 

fr om .39 cm a t ½ order of separation, with no overlapping 

t a king place, to 3.5 cm at 4.5 orders separation, when f our 

overlapp :Lngs of the other com, onent have taken place. 

The .. actual measurement of the splitting -1 2 b.Y, in cm 

of the two 6 comp onents was obtained f rom the difference in 



order of their fringe systems at the cent er of the int erfer

ometer. The relation for the f ractional order at the center 

in terms of the d.iameters of the fringes is 

32} p 
D-2 

l. 

D.2 - n.21 
1 l-

- i 
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where Di is the linear diameter of the i-th ring from the 

center of the pattern 7,lZ}• The diameters of roughly ten 

fringes of each component were measured on a comparator. }Prom 

the table of values of Di 2 an average denominator could then 

be found. Divid.ing this into the D1
2 terms, vil..ues of p the 

fractional part of the o:-cder could then be de t e1·mined and 

averaged. From the difference in order, ( i + p) - ( p' + i' ) , 

between the fringes corresponding to +ti.v and -4V- in the 

Zeeman pattern, the separation expressed in cm-1 is 

.'33 ) 2 Av: 
( P + i) - ( J;) 1+ i I ) 

2nd 

The index of refraction of air n is required beca use the 

distanced between the plat es was measured in terms of the 

wave lengths in air of the He secondary standard lines as 

expressed in int. ang. units. Division by n thus reduces AV 

to cm-1 in a vacuum as is required. The method of Lord 

Rayleigh 15) was f ollowed in evaluating d, result ing in an 

accuracy to within 2 parts in 1000000. 

Source s of Radiation 

The source of radiation used f or Zn, Cd, and Ne was 



almost of identical design with that described in previous 

p ublications. 7 , 12 ? ig.l) The tube was made of Pyrex glass 

and was operated at a lower temperature than the previous 

one. This served to reduce the Doppler broadenimg. The 

discharge was limited to a 6 cm constriction by means of the 

re-entrant window passed through the copper anode and by an 

opaque glass st op placed in front of the cathode. The 

constriction was viewed end on. This design was used so as 

to make certain that only light reaches the slit of the 

spectrograph, which has originated in the calibrated section 

of the magnetic field. 
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Both the constriction from which the radiation 

originates-and the calibrating flip coils occupied essentially 

the same space when placed in the solenoid. Therefore, it 

is unnecessary to apply any correction for the falli:gg/off 

of the magne t ic field. either radially or longitudinally, since 

the field measured is that used. At most this correction 

cannot exceed .0055{. 

Four 500 volt D.C. generators connected in series 

produced the current for opera.ting the discharge tu·be. Control 

was maintained with a series resistance. At 350 m.a. the 

Zn and Cd lines were of sufficient intensit~ to be photo

graphed in three minutes on Wratt r:1 n and Wainwright Hyper-

sesi ti ve Panchromatic plates. Ne pictures were taken at an 

operating current of 80 m.a. At this low current the source 
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remained cold. :2or· the Zn and Cd measurements He was cont

inuously circulated through the tube by a two stage diffusion 

pump. Three liquid air charcoal traps were used for 

puri f ication of the gas, Ne was circulated alone. 

~igure 5 shows the discharge tube used fot excitation 

of the He spectra. 

A water cooled aluminum catode C is fitted into the tube 

through a ground glass joint. This joint maintains a vacuum 

ind.efini tely and requires only a very small amount of stopcock 

grease. Not enough organic vapors are emitted to introduce 

unwanted impurities into the discharge. The constriction is 

cooled by a continuous fl ow of liquid air into the 

surroun'd.ing jacket L. 
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Calculations show the effect of the relatively large 

paramagnetic suseptibility of the liquid oxygen in liquid 

air is negligible. Even if it were pure oxygen with ~ 

equal to 2qQ • 10-6/gm the maximum effect is .02%. Liquid 
--~ . .:_· ; 

nitrogen, which is diamagnetic, was also used. No measurable 

difference existed i n the results obtained with it as 

compared with those c:1 obtained using liquid. air. The suseep-

t 1·bili ty of the aluminum used was found to be paramagnetic 

with 

The re-entrant window inside the aluminum anode tubing 

became cold through radiation and conduction from the liquid 

air. Moisture was then collected which cloude-d the window. 

Blowing dry air upon the window removed this di ff iculty. The 

anode end of the tube was paint ed black with the single 

exception of the window. Consequently, just light from the 

constriction reached the spectrograph. 

This source was operated at a current of 250 m.a. 

During a 5 minute exposnxe less than one lb. of liquid air 

was required to keep the cooling jacket filled. Liqiud air 

was blown into the jacket with compressed air,through a 

double walled siphon. The widths of the He lines were about 

¾ as great when liquid air cooling was used as compared with 

the widths when just water cooling~as applied. These observed 

widths indicate about 50% efficiency of cooling. A.~ressure 

of approximately 5 mm of Hg was used. Although lower pres

sures of gas would have led -to sharper lines, it was found 

impossible to operate the source at lower pressures. The 



magnetic f ield t ended to spiral the electrons and ions into 

the walls and put out the source. 

Equation for elm 
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The primary purpose of these measurements has been to 

determine e/m. The relation between e/m and the Zeeman split

ting of the two 6 components of a singlet line is 

e/m • 4 11 c/aH • AV-

where c is the velocity of light in a vacuum, His the 

magnetic field in abs. gauss, AYis the displacement of one 

component in cm-l in a vacuum, and a is a constant 

approximately equal to one arrising from theoretical consid

erations of the g- values of the excited levels. For the 

normal case a is one. In general it varies from element 

to element and from line to line. For discussion of results 

His replaced by its equal KI and the equation written 

35) 
e/m --

where 2nc/K is the same in all cases and 2 4~/I is the 

spectroscopically measured ratio of Zeeman splitting to 

current in the solenoid. 

a depends upon the perturb-ing effect of neighbor

ing configurations upon the two levels from which the 

observed line arrises. It is d.irectly connected with their 

g-values. Its definition an~ method of calculation has been 



described before. ?,l6 ) Consequently just its value will 

be calculated and used. 

Measurements in Zn and Cd. 
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Lines employed were 1P - 1D lines Cd ).6439 and Zn )-6362. 

Both lines are sharp and are free from hYIJer-fine structure. 

The interferometer mirrors were placed at distances such 

that the two corresponding 6 components were separated by 

from 1.5 to 4.5 orders of interference at maximum field 
I 

strength. J or each interferometer separation a number of 

exposures were taken. Currents ranged on both sides of even 

spacing of the fringes. This serves to cancel the effect 

caused by yhe apparent shifting of maximum when two broad 

lines are close together. In no case was a result used if 

the lines were more than 2'}~ off from even spaci-ng. 

Table XI contains the collected data of the measure

ments of 2 Av /I for the two lines. The first column contains 

approximate difference in order for each distinct adjustment 

of distance between the plates. Column 2 contains the 

number of plates measured at each such separation. The 

column under 2 b. 1/ /1 ccbnsists of its average value at each 

separation as obtained from measurement of the plates. The 

given error is the average error of these measurements. The 

mean 2 AV t;I is obtained by weighting these values according 

to the number of plates measured. Both the external and 

internal average deviation error is given for the meanJ AVjr. 

The small value of R8 /Ri in each case indicates that the 
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largest error is the accidental error arrising from the 

comparator measurement of the photographic plate. Thus, the 

assumed average deviation error in 2 ~~/I has been chosen 

nearer to that of the external error. 

The constants a are slightly different from those 

previously published because of a small error in previous 

ca lculations. In evaluating 2 '?rc/K, c has been taken as 

2.99796 • 1010 cm/sec. and K is the value for operating 

conditions as given in Table X. The uncertainties given in 

the resulting values of e/m are obtained from combination of 

those of Kand 2 DV/I. The only remaining possible error is 

in the value of a. It has been calculated from theoretical 

considerations and is as accurate, as the applied theory 

is correct. The increased coherence of Zn and Cd values 

af ter a is applied is a support of its validity. The 

measurements with Ne and He,whose results follow,were 

undertaken so as to eliminate this uncertainty as a is 

either 1.000000 or does not enter into consideration. 



Table XI -

Spectrscopic measurements in Zn and Cd. 

Order 
diff. 

5.5 

4.5 

4.5 

4.5 

5.5 

1.5 

4.5 

5.5 

Cd 

Ho. of 
plates 

8 

6 

5 

4 

1 

2 

5 . 

4 

.0054346-:!:16 

.'350±16 

.'352:l:24 

345-±10 

.'353 ±5 

356 ±5 

3.'31 -±8 

.'360±11 

Mean • 0054548 :!:15 ± 6 

(Re/R1 :: .40) 

a .99978 -
2 ~V-/I!, • 6e34556 ± 10 

2170/K 51141 ± 15 

e/m 1. 7570 ± 7 

Zn 

Order lfo. of 
diff. plates 

4.5 9 

3.5 4 

5.5 .'3 

3.5 2 

4.5 5 

Mea.n 
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2 AV/I 

.0054356±15 

352-;12 

340 ±24 

371=40 

352 ±29 

• 0034554 ±20 ± 8 

(R
8

/R1 : .40) 

.999955 

• 005455 7 ± 12 

51141 ±15 

1.7570±8 
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Measurements in Ne 

These measurements were made with two purposes in view. 

One was to obtain another value of e/m; and the other was to 

invest igate the validity of the g-sum rule in a par t icular 

case when subjected to measurements of high precision. A 

determination of e/m from Ne is desirable since no correction 

factor must be applied and since its spectral type is 

diff erent from that of in and Cd. 

The g-sum rule states that the sum of the Lande g-values 

f or all the levels in a specific electronic configuration havl 

ing the same J-value is the same for all types of coupling and 

for all magnetic field strengths. Ne lines A5852 and ~ 6074 

were f ound to be sunficient to make a precise check of this 

rule. Table XII contains information regarding these lines. 

Table XII 

~ 5852 /\ 6074 
s I s- 5 

J p 
; 

2p 3s P, 2p .'3p ( 2p , ) 2p 3s 2p 3p (2p) 
I ~ 

g = 1.000 g = o/o g - 1.500 g - o/o 
J = 1 J = 0 J = 1 J = 0 

The g-values given are those calc ulated assuming Russell

Saunders coupling. As may be noticed in any table of spectro

scopic levels 17 ) these levels are the only ones in the above 

electronic conf i gurations with the respec t ive given J-values. 

There f ore, the g-sum rule may be applied. Assuming no 

splitting takes place in a magnetic fiel~ of the levels 

with J = o, the equation f or t he separation in cm- 1 of the 



two 6 components if one level has J = 0 and the other J • 1 

and gag is 

36) A-V = (gH/4116) (e/m) 

Replacing H by its equal KI one obtains 

.'37) g1 (e/m) : (211c/K) (2 AY./I,) 
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for ~5852 where g1 refers to the value of g for this line a~cL 

2 A:v;/r, the spectroscopically measured ratio of splitting to 

current. Similarly 

38) 

is obtained for ;\6074. Applying the g-sum rule 

!39) 
g1 +g2 : l.000-t-1.500 = 2.500 

the•e equations give 

40) 
e/m -- (21ro/2.5K) ( ~ t ~ ) 11 r ... 

as an equation for determining e/m. 

Table XIII contains the results of the Ne measurements. 

The values of g1 andg 2 have been separately computed by use of 

e'quations (37) and (38) and with an assumed value of e/m=l.7670, 

the generally accepted value at present. Their sum is seen 
o.t' 

to be 2.5000 to within .07%. Therefore it seems that inl.east 

this case the g-sum rule is valid to better than.1%. 

The value of e/m has been obtained) after assumption of 

the validity of the g-sum ruleJby means of equation f40). 



Table XIII 

Measurements in Neon 

,f\-5852 
Ord.er Ord.er 

d.iff. 2 /JV, /I d.iff. 
I 

3.5 .0035520 4.5 
581 
6-03 

2.5 556 
549 3.5 
537 
570 
556 
576 
583 
559 
576 
528 

.0035560-± 20 

g 
( a/m =l. 7570) 

e/m ----
r-5852 1.0350 ±7 (eq.40) 

)..6074 1.4667t9 

ig = 2.5017±16 
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~6074 

2 /JV-1../I 
'l--

.0050345 
362 
405 
336 

430 
415 
.'375 
360 
372 
431 
388 
405 
.'349 
405 
336 

• 0050381 -± 29 

1. 7580 ± 14 
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Measurements in He 

The investigation of He singlet lines was next pursued 

in an attempt to determine e/m. The theory is completely 

accurate for He and there are no theoretical correction factors 

to be applied. He lines 1s - 1P ~5015 and~7281 and 1n - 1p 

M921 andt-6678 were investigated. 

It wa~found impossible to meas,:re the original plates 

with sufficient accuracy. Microphotometer curves were made 

of the fringe pattern at a (6 to L) magnification and then 

the fringe diameters measured from the microphotometer plates. 

Initial measurements at 1.5 orders separation led to four 

widely differing results for the four lines investigated. 

Upon placing the interferometer mirrors at such a distance 

that no overlapping took place a third component appeared 

between each pair of corresponding trfringes. 

This component appeared at a position corresponding to 

that expected for the undisplaced ~ component. Caleulations 

made from the size of the solid angle subtended at the source, 

by the condensing lens indicated that its intensity should be 

.08% of that of either 6 component. Intensity marks were 

placed on a plate by means of the step weakener de scribed by 

Houston and Hsieh.is) From the microphotometer of the Im lines 

and the intensity marks it was then possible to determine the 

relative intensities of the ,r and 6 components. The ??compon

ent was found to be 3.3% as intense as a 6 component. At 1.5 
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orders separation of corresponding fringes the weak third 

component is not resoxvable. It does ,however, di1;,lace the 

apparent positions of the centers of gravity of the two 

strong components toward it. More careful alignment of the 

solenoid axis along the optical path, reduction of the size 

of the condensing lens, and reducing the amount of reflected 

light were all found to be ineffectual towards eliminating 

this spurious component. 

Figure 6 is a He photograph at l order separation made 

on aw.and W. Hyper. Panchr. plate. ?--6678, on the right, 

shows faintly the third component. Zeeman components belong

ing to the same order are bracketed in all figures. · Fig. 7 

is a He photograph at 1.5 orders separation made on an 

Eastman //33 plate. )-.5015 is shown on the right. Flg. 8 

shows a microphotometer curve of ~6678 at½ order 

separation. The 11 component is ve:ry noticeable. 1!1ig. 9 is 

Although a microphotometer curve of ~5015 at 1.5 orders. 

the 1T component is not resolved its presence is made apparent 

by the alternation in intensities of the minima. All these 

pictures were taken at currents whiah corresponded to even 

spacing of the 6 components. 

Being unable to eliminate the 71 component it thus be

came necessary to correct for its influence upon the positions 

of the true centers of gravity of the adjacent 6 components. 

The apparent distance between two fringes was taken as that 
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between the points obtained by estimating the positions of 

their respective centers of gravity, giving weight down to 

half maximum intensity only. 

In deriving the displacement of the center of gravity 

the following notationmwas used: 

2D - distance between fringes 

2d - width of a fringe at½ rnakimum intensity 

A - intensity of a 6 component 

B - intensity of a 'Tl component 
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X - distance from origin 
of a 6 fringe having 

( origin is at the true .center 
a 1( component to the right) 

- apparent displacement of € component 

I -

The intens·i ty about x = 0 is then approximately 
2. 

~ ~ )~) -~(A-0) 
41 ) 1:: A ( - d- ( X t 'lo) - o1. X • - o1. C )( - ~ V +- i3 e: 

J- e + e -t e 

The equation for the center of gravity under a curve y = f(x) 

is -~ 
Xe- foci?< 

Thus if the deflection of the microphotometer is assumed 

proportional to intensity as was nearly the case for the 

intensities used the displacement of the fringe as reproduced 

by the microphotometer is 

44 ) X :: ~ 
C J fM 

Substituting in ( 44) the value of I from (41) and the limits 

-d and td one obtains 
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o( '2-

Ji_ -e{Jx e. -r:1.U,-D) c4 

A a'. -2.. J -~ -d.. xc;l,,x 
~ cJ., . 

45} Xe... -=-

Now from the definition of d, I=½ I 0 for x = d, and thus 

we may write 

46} 

which results in~= 0.7/(2 . Using this and working out the 

integrals in equation (45) the result is a~~ 
p_ 

1
) L ( -, 7 ( a-11 -, cf 1-,t) 1 

[ :5- (f {I + -ff_))- 5 (-f ( z -t)1 - } ~ e - e,-, /J 
48 ) X - !J__ , ?. D 

c.. - A 

'I -f ( , 8JJ) 
where 

)( 1. 

49 } J (x.) = f e - ~ clx 
,l 

f (x) may be looked up in tables. Thus it is possible to 

obtain the displacement of a 6 component xc. , in terms of 

the distance between fringes 2D, if the ratios B/A and D/d . 

are known. 

Table XIV contains data on the derived corrections. 

The column under D/d contains values as obtained from 

actual measurement on microphotometer plates of the widt.hs 

d at l maximum intensity. Column 4 contains the line widths 

• -lat 6-Y- in cm ½ maximum intensity as calculated from the 

observed D/d. The next column is calculated from equation(48 ) . 

The percent correction for the fractional order of the 

displaced fringe is then obtained by assuming A/B equals the 

observed value of .'30. Column 7 contains the percent ef fect on 

2 D-V-/I. Por 1.5 orders this value is equal to 2/3 that in 
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column 6 and for 1/2 order it is twice, as may easily be 

seen from considerations of the effect of the change in each 

d upon the value of ( il + dl) - (12+ d2}• 

************ 
Table XIV 

Correction factors for He 

6rder I\. D/d 4-Y-in Xe % car. % cor. 
diff. om-1 2D•B/A to di 2 t1v /I 

1.5 4921 1.1 .20 .183 -.61 -.41 

5015 1 • .'35 .16 .14.'3 -.48 -.32 

6678 1.6 .135 .098 -.33 -.22 

7281 2.15 .10 .036 -.115 -.077 

.5 4921 2.95 .22 .004 +- .013 + .026 

5015 3.45 .19 .001 -t .003 t .007 

Table ~rv contains the results at 1.5 orders separation 

for the various lines. Although the apJJarent accuracy of 

measurement of 2 ;Yv /I is considerable, too much dependence 

cannot be placed in these results since an error of 10% in 

the value of B/A would have a 10% effect on the correction 

and an error of 10% in the value of D/d would have an even 

greater effect. Such an error is entirely probable. Results 

are all high as compared with others obtained. This may be 

caused by the application of too small a correction factor. 
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Table Z.V 

He measurements at 1.5 orders 

2 A-V/I ~ 4921 ,?. 5015 A.6678 ?,..7281 

.0034534 .00345.'36 .0034484 .0034425 
513 539 505 412 
534 545 465 415 
506 550 382 
473 517 .0034485±14 450 
440 510 431 
446 485 

52.'3 .0034419~16 
• 003449 2 ±.'33 536 
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• 0034 5 2.'3 i:19 

Cor. from -.41% -.52% -.22% -.077% 
Table XIV 

C or. 2 I). V-/ I 34355 34412 34409 .'34392 

21rc/K 51141±15 

e/m 1.7569±.18 1.7600±12 1. 7597 ±10 1.7588±11 

Ofl 
The line ~7281 was measuredAEastman Spec. Type IlK 

plates. I t required a 20 minute exposure upon being sensitized 

with an ammonia solution. This line is the most suitable one 

to be used in obtaining more satisfactory results, since if 

it could somewhat sharpened the correction fact or would be 
1;1.sed.

negligible. All these results are too uncertain to beAin 

the general average of values of e/m. 



Measurements of ~5015 and ~4921 at 1/2 order of 

interference of corresponding fringes are contained in 
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Table XVI. The correction factor ms very small and the values 

of e/m are thus reliable. As only four measurable fringes 

of each component occur on a plate, it has been necessary to 

remeasure the plates two or three times so as to obtain an 

adeq_uate number of individual values of p,the fractional 

order of interference, inorder that the average will be close 

to the true value. Thus accidental errors of measurement 

are largely responsible for any uncertainty in these values 

of 2 A-V/;I 

Table .x.-v r 

Measurements in He at 1/2 order separat ion. 

2 P.V /I 

6or. Tb. XIV 

Cor. 2 t--r /r 
211c/K 

e/m 

>--4921 

.0034351 
596 
341 
343 
317 
339 

• 0034344 ± 17 

t . 026% 

. 0034353 ± 17 

51141 ± 15 

1. 7568±10 

Mean e/m = 

)..5015 

.0034311 
338 
290 
324 
309 
3.'36 
311 

• 00.'34.'319-:: 14 

+ .007% 

.00.'34322 114 

51141 ± 15 

1.7552-±9 

1.7560±9 
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The values of e /m as oot"ained from each of the four 

elements are 

Cd 1. 7570 ±? 

Zn 1.75?0±8 

Ne 1. ?580 ± 14 

He 1. 7560 -t: 9 

Av. e/m - 1.7570±7 

Anjaverage between the external and internal average deviation 

error has been taken as the final error. 

The results of these measurements may be stated as 

e/rn = (1.7570+.0007) x 107 e.m.u./gm. 

This value of e/rn is one of the most accurate values that 

has been obtained and is in excellent agreement with recent 

other determinations. 
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