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“Abstract

Velues of e/m have been obtained from the Zeeman separations
of the Cd line A 6439 and the Zn line A\ 6362, the g-factors of
which have been carefully examined. Magnetic fields up to 7300 gauss
are produced in a solenoid giving less than .1% variation in field
strength over a length of 6 cm at the center. Tpe cu;rent—field
ratio K of the solenoid is determined, under operating conditions,
in terms of the calculated ratios of measured single layer solenoids.
The field strength during exposure is given by the product of K and
the solenoid current. Evaporation of Zn and Cd in the short (6 cm)
positive column of a helium discharge gives the desired lines, the
Zeeman patterns of which are photographed with a Fabry-Perot interfer-
ometer. lieasurement of the separations at orders of interference in
the neighborhood of 100,000 gives the following values:

Cd M 6432 : e/m = 1.7578 x 107 e m units &+ .06%

Zn A\ 6362 : e/m = 1.,7576 £+ ,05%

These results are stated as

e/m = (1.7577% ,0017) x 107 abs e m units.



A Determination of e/m

from the Zeeman Lffect.

I, Introduction

The precise evaluation of the specific charge of the electron
has been frequently attempted during the last twenty years. Our feel-
ing that e/m is a fundamental constant leads to the expectation that
it should odcur in the descriptions of various observed phenomena with
a8 single definite value. The three types of phenomeng which lend
themselves best to precise determinations of e/m are 1) the accelera-
tion of free electrons in electric and magnetic fields, 2) the 4eeman
effect, and 3) the difference between the Rydberg constants of H and
He . The disagreement between the values so obtained, more particular-
ly between those arising from the same phenomenon, has been serious
enough to justify further work.

In a critical survey of the measurements of e/m which had been
mede before 1926, Gerlach ,, found that the more accurate determina-
tions by each of the three methods were in good agreement, with & mean
value of e/m =1.766 x 107 @em. units per gram (hereafter the units
and the factor 107 will be omitted). In his discussion, however,
Gerlach followed Back 2) in omitting from consideration the result
e/m = 1,761 001 obtained by Bsbcock 5) from the Zeeman effect of

116 spectral lines, for the reason that the Runge denominators for some

of the lines were large and uncertain. Babcock made & later calculation4)

based on 48 lines for which the denominators were well established, and

1) The references are listed at the and.



obtained e/%x::]JVGOG =*.0012. IlMeanwhile Houston 5) had obtained
e/m:: 1.7606 X 0010 from a determination of the Rydberg constants of

H and Hé+; end Volf 8) had completed careful measurements on the deflec-
tion of electrons in g megnetic field, which gave e/m:: 1.7679 %= ,0018.

The close agreement between the spectroscopically determined
veluss of Babcock and Houston, end the fact that the 0.5% discrepancy
between these and Wolf's value amounted to four times the probable error
of the last,lled Birge 7) to suggest that there were two values of e/m:
the spectroscopic value, to be used with atomic electrons, and the de-
flection value appropriate tc free electrons.

Subsequent to Birge's suggestion there have been published two
more precision measurements of e/m for free electrons, and also several
discussions of the possibility of correcting the deflection value by
employing quantum mechanical expressions for the path of an electron beam
in a magnetic field. The first of the new experimental work was that of
Kirchner 8) who in 1929 announced preliminary measurements giving e/m<:
1.770. His final value 9) was 1.7602 & 0085, His method was a modifi-
cation of that of Wiechert 10)° The wvelocity attained by electrons
felling through & potential difference of 2500 volts was determined by
passing them through an electrostatic velocity filter driven by a high
frequency oscillator. Using the same method with sccelerating potentials
as high as 20,000 volts, Perry and Chaffee 11) obtained e/m =1.7611% .001.
The agreement between the two determinatioms is close. Perry and Chaffee,
howaver, were under the objectionable necessity of employing magnetic
fialds to focus their beams. Kirchner considers their accuracy overesti-

mated; his own value contains a purely estimated correction of .06% for



the influence of contact potential within his apparatus. Before full
reliance can be placed in these two recent values for free electrons,
not only must Wolf's higher value be explained away, but also the
values close to 1.766,obtained by Bucherer, Wolz, Neuman, Alberti,
Bestelmeyer, and Busch\lz). Perry and‘Ghaffee attempt to explain the
difference between their value and Wolf's as the result of retardation
by the residuel gas in Wolf's apparatus. Applying their extrapolation
of the Thoméon-@héddington formula to the pressure of Hg vapor at the
temperatﬁre (-200 C) of Wolf's traps indicates less than .02% error
from this cause. It‘is probabig:;g;s, as Wolf reports that he obtained
a "dark" vacuum.

The attempt of Pege 15) to explain the diserepancy between the
deflection and spectroscopic values of e/m on the basis of a wave-
mechanical treatment of magnetically deflected electrons has resulted
in some controversy. The most conclusive work on the subject is that
of Uhlenbeck and Young 14) and that of Huff 15)° The former treat the
'streaming’' of electrons in & sémi-infinite magnetic field, and find
that an error of only .0001% is introduced by clessical computation of
deflection experiments. Huff examined the same problem, making use of
the Dirac electronkto include possible spin effects)and obtains the
same result. The question of whether or not there is a real difference
between the spectroscopic and deflection values is still an open one.
No adegquate theoretical explanation has appeared, and the experimental
avidence is divided.

The work described in this paper wes planned by Dr. Houston to

approach the problem from enother direction, namely, to test the agree-



ment between the spectroscopic values by making a new determination
from the Zeeman effect which differed in experimental detail as widely
as possible from Babcock's prodedure. The value which has been obtained

i
) @/ :Q-'TSW:t .001’1) %107 abs em «.

General Reguirements of a Determination from the Zeemen Effect.

It was the plan of this work to examine the 4eeman effect of
only a few lines whose behavior in a magnetic field could be reasonably
well established. It was alsc necessary that the lines have a simple
Zeeman pattern and be both sharp and free from hyper fine structure.

Ve mey consider two terms having the g-factors g and g's In &
magnetic field, H, & transition between the sublevels characterized by

m; and mj' will differ from the field-free line by

]_,’ \) ) a_.e.L
Av13 4rmpe
where a = mig - mj'g'

If there is no departure from Russell-Ssunders coupling the g-factors

may be accurately calculated from the Lande formula. With two-electron
systems in which a departure from ls céoupling is evidenced by the close
approach of the singlet term to the triplet term, the theory of Hbustonls)
mey be applied to calculate the g-factors from the observed separation

of the fine-structure levels. The diéturbance of the g-factors from
levels in other configurations has not been greated.

In the Zeeman effect of singlet lines several combinations of



the m-levels may give the same AV when g has the value of 1 given by
the Lande formula. The g-factorscalculated by Houston's method for
slightly disturbed terms, however, differ somewhat from 1 and the lines
due to the several combinations do not coincide. To the center of
gravity of the observed Zeeman component is relsted a value of &
avereged over the contributing transitions according to their intensi-
ties, Iij' The appropriate value of g te be applied to the & compon-

ents of singlet lines is thus

2) e Iy (me - my'e')/ 2 I35
ij id

summed over the combinations giving approximately the same av .

The equation for determining e/m becomes

o

Te A\)
H

3) e/m=

® |

where e/m is given in absolute electromagnetic units when ¢ is the
veloeity of light in vacuo, H the"magne(tic field in abs-gauss, and

is expressed in em~l reduced to vacuum. The essential measurements are
those of the magmetic field H and the Zeeman displacement A\) . In the
present determination the magnetic field was produced in an air-core
solenoid. Two lines were employed, the fP - 'D lines Cd N\ 6439 and
Zn \ 6362. These satisfy the requirements of sharpness and simplicity,
and show only small deviations from unity in the calculated values of
a. For the cadmium line gy =1.00049, g = 1.00216, and & =.999655.
For the ainc line gD: 1.00003, gp = 1.0002, and 8 = .999945. The long-

itudinal Zeeman effect was photographed with a Febry-Perot interfero-

meter crossed with a prism spectrograph.



II. Apparatus

Solenoid. The solenoid constructed for this experiment was
designed to fulfill the requirements that:

{a) The variation of the field strength over & light source
6 cm long and placed longitudinally at the center of the coil should
not exceed 0Oel%.

(b) A method of cocling should be provided to permit contin-
uos operationvat full power.,

(¢) Subject to the demands of (&) and (b) the maximum possible
field strength should be obtained from the available D.C. power supply.
The chief features of the method of design are contained i;inpendix y.4
(pe1).

Figure (1) shows a cross section of the solenoid as it was
constructed by the Institute shop. The winding is continuous and con-
sists of 2449 turns of No. 4,B and S. (5.2 mm) square d.c.c. copper
wire in 18 layers. The coil proper is 80 cm long, with an outer
diameter of 39.7 cm and an inner diameter of 7.6 cm. The coil was
wound on the heavy beass inner tube T, between the cast-brass spiders
S, and was insulated from the tube by a layer of 3/16" micarta strips
laid longitudinally, and from the spiders by micarta strips attached
to the spider arms. Between each layer of the coil was placed a layer
of black fiber spacers, each 6.5 mm x 3.2 mm x 80 cm, parallel to the
axis of the tube and spaced so as to leave passages through the coil.
4 similar layer of spacers insulated the wire from the brass tube,

40 cm in diameter, into which the completed coil was forced. The ends
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of the shell were closed by the cast-brass plates &, which were
screwed to the inner tube and to 2 flange on the outer tube. The
entire assemblage, Weighing 1200 lbs., was supported by & wooden plat-
form in the constructicn of which only brass screws were used. In
order to obviate the accidental presence of iron in the sbiders and
the end plates they weare qast from/ﬂ'freshly alloyed copper and zinc.

The solenoid was cooled by pumping kerosene through the passages
left between the fibre spacers. 4 centrifugal pump maintained an esti-
mated flow of 200 liters per nminute through & cireuit consisting of
the solenoid and sight automebile radiators in which the kerosene was
cooled. The radiators,assembled in a unit and connected in series-
parallel with welded or scldered joints, were immersed in & tank of
running water. To protect the o0il &against contamination with water in
the event of lecks, the radiators were placed on the discharge side of
the pumpg so that the pressure of the kerosene was always higher than
that of the water. To test the insulatdion afforded by the kerosene, we
frequently measursd the resistance between the winding and the brass
shell, and always found it to be between 10° and 10% ohms. The leakage
resistance across the coil was necessarily of the same magnitude. 4as
the resistance of the coil was 1.3 ohms between terminals, the differ-
encé@ between the measured current and the effective current was negli-
gible. #ith the method in which ths solencid was used, moreover, the
accuracy of the measurements would have been uninfluenced by a consid-
erable leak, provided that the lezk was constant and that Ohm's law
was obeyed.

Two compound generators connscted in series supplieq the

solenoid with & full-load current of over 200 amperes at 270 volts.



The field circuit of one of the generators was controlled by means of

a coarse and & fine rheostat placedvnear the solenoid. A field of

7300 gauss, requiring 54 kilowatts could be maintained continuously
,without exceeding & temperature of 500 C.in the circulating kerosene.

During an exposure the exciting current was measured by means of a

001 ohm Leeds and Northrup shunt and a Brooks type deflection poten-

tiometer, and was held cbnstant by controlling the fisld current of

the generators. During the winding of the solenoid the diamster of

each layer was measured with calipers; the number of turns in each

layer was read from & revolution counter. From this data the field-

current ratio could be computed either as (a) the sum of the constants

of 18 single layers having the measured diameters, or (b) from the

virtual outside dimensions of the coil, using equation (1), Appendix I.

The sum of the 18 separate computations in (a) gave

X = 36,68 gauss per ampere
while (b) gave
K = 36,67 gauss per ampere.

These values are interesting only insofar as they are over 0.5% lower

than the measured value discussed in Sec. III. The difference is in

the proper direction to be explained as the result of the compression

of the inner layers by the tension of those wound over them.

The field variation of the completed coil is given in Table 1I.
The values in the Second cokumn were computed from Egfs. (1), (2) and
(3) in the Appendix. The observed values in the third column were

obtained from ballistic measurements made with a flip coil 3 cm long.



X cm # Px - To ®
cale. o obsd.,

0 0 0

1. .0072 -

2 .0288 +  ,047

3 .0635 ® 108
4 + 4115
5 .16

Teken in front of the center
+ Taken behind the center
The computed values are much more reliable than the observed
values. The latter are differences between single readings, and should,
moreover, be somewhat large because of the size of the flip coil used.
A curve plotted from the calculated values was used to graphically average

the field-strength over the light-source.

Source of radiation.

The light was produced by evaporating zinc and cadmium in the
positive column of & D.C, discharge through helium. The tube, shown in
Fig. 1, was constructed entirely of quartz. The illumination could be
confined to a constriction, 6 cm long and elliptical in cross section
(L em x 3 cm))which was placed at the center of the solenoid. The elec~
trodes were short sections of heavy copper tubing 2 cm in diameter. A
re-entrant window extended through the anode to within 2 cm of the con-

striction, which was viewed end-on. The proportions of the tube were such
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that neither of the electrodes was visible from the lens used to focus
the light on the slit of the spectrograph. Thus by adjusting the pressure
within the tube so that the cathode glow was confined to within a few mm
of the cathode no light entered the spectrograph save that originating in
the region of maximum field.

The helium filling the tube was continuously circulated by means
of a Kurth type two-stage diffusion pump, and purified by passing through
two charcoal traps kept in liquid air. The heat of the discharge was
sufficient to Vaporize zinc and cadmium shavings placed in the constriction
and on the cathode; wrappings of copper foil and asbestos maintained a
uniform temperature within the tube. At currents above 600 m.a. the
spectra of Cd and Zn were produced with great intensity, entirely suppress-
ing the He spectrum. All exposures, however, were made at somewhat lower
currents, as the Zn and Cd red lines were found to be considerably sharper
when their intensity was approximately one-third that of He N\ 5875. The
current for the discharge was furnished by four 500 v., D.C. generators in

series and was regulated by means of a series resistance.

3. Optical Apparatus

The Fabry-Perot interferometer is particularly suited to accurate
measurement of the longitudinal Zeeman separation of singlet lines. As
only the two displaced ( components are present, the dispersion of the
instrument mey be so adjusted, by altering the distance between the mirrors,
that the fringes due to one component lie midway between adjacent orders
of the other. This avoids the shifting effect encountered with closely
but unevenly spaced photographic images. The spacing of the fringes can -

also be adjusted by changing the field-strength, but where the measure-



ments are to be made as precise as possible it is advantageous to ob-
tain the proper spacing at maximum field.

The interferometer used in this investigation was of a modified
Hilger type with plates 2.5 cm in diameter. The adjustment of the plates
to parallelism by means of differential screws was both sensitive and
stable. The interferometer was placed between the collimator and prism
of a spectrograph. The sputtered gold surfaces of the interferometer

plates were sufficiently dense to show twenty visible reflections of the

filament of a 10 watt lamp. The resolving power mey be roughly calculated

as half of the number of reflected beams multiplied by the order of inter-

11

ference. Most of the exposures were made with the plates separated 3.5 cm,

corresponding to an order of over 100,000 and a resolving power greater

than 106,
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At this order of interference, the normal Zeeman separation with
the maximum field of 7300 gauss caused the components to overlap, with a

separation of 4.5 orders. In Figure 2pathe Zn and Cd red lines are shown



Zeeman
at this separation. Two<€f components belonging to the same order are

indicated with a bracket. Because of the uneven spacing of the compon-
ents, this exposure was not measured. Fig. 2 shows the Zeeman pattern
of the cadmium red line with the components separated approximately
3.5 orders, at a field of 6860 gauss. The spectroscopic apparatus was
mounted on a heavy concrete slab supported by twelve tennis balls which
were prevented from rolling. This arrangement proved stable, and effec-
tively protected the interferometer from the unavoidable vibrations from
the cooling pump. The supports of the collimator, interferometer and
camera were independently fastened to the concrete base, permitting each
part of the optical system to be separately aligned. To protect the
interferometer and prism from temperature variations a tight wooden box
was provided, from which the slit and the camera projected.through felt
gaskets. The box, which rested on a felt pad covering the concrete base,
could be removed without disturbing the apparatus. The temperature was
observed with a Beckmann thermometer and reguleted by electrical heating
to within .05° C. The spectroscopic equipment was placed 2 m from the
solenoid, a distance sufficient to prevent disturbances either in the
apparatus or in the field within the solenoid.

Although a 1 cm diaphragm was used between the interferometer
mirrors, exposures ranging from 30 to 90 seconds, on Ilford Hxtra Rapid

Panchromatic Plates, were sufficient.

IIT Measurements

Magnetic Calibration

The intensity of the magnetic field during an exposure was deter-

mined as

4) H=KI=XRP

12



where K is the magnetic constant in gauss per ampere, and I is the
exciting current measured in international amperes obtained from a po-
tentiometer reading of the voltage P across the shunt of resistance R.

As the ratio of the int. ampere to the abs. ampere is .99995 there is

no appreciable error in regarding H as being given in absolute gauss 17)
The value of K was obtained by comparing the field produced by a measured
current in the main solenoid with the field in a single-layer standard
solenoid, the magnetic constant of which could be calculated from the
turn-density and the dimensions. The comparison has been made by two
methods.

The first of these methods is a null method affording a direct
comparison between the two constants. It is limited, however, to mea-
surements of K where I is less than 1 ampere. It is undesirable to
place too much reliance on the constancy of X over a wide range of
currents, because of the possible influences of ferromagnetic surround-
ings, heating and slight distortions of the coil due to internal electro-
magnetic forces. Therefore the chief use of determinations by the null
method has been to test both the constancy of XK and the accuracy of the
second method, with which determinations are made at both high and low

currents.

1.) Standard Solenoids.

Two standard solenoids were employed in the calibrations. One
consisted of a layer of No. 12 B and S bare copper wire wound on a bake-
lite tube which had been threaded 10 turns to the inch. The bakelite
was of linen stock in order to avoid the reputed ferromagnetism of paper

stock bakelite. The other solenoid was wound with No. 20 enamelled wire



on a brass tube which had been threaded 28 turns to the inch and upon
which a layer of insulating varnish had been baked. Both were of a
size which permitted them to be placed within the inner tube of the
large solenoid. The number of turns per cm in the winding of each was
measured in terms of two scales, one a Starrett steel meter, the other a
ToKen
glass scale mede- b¥ from cdlhe tometer BLSIE Both scales were calibrat-
ed against a Gaertner Type M 10O\ meter at Pomona College, by a
method of simultaneous readings made with a microscope provided with a
micrometer eyepiece. At 20.5° the glass scale showed an excess length
of 0.032%; the steel scale a ,008% excess. The errors were uniform to
within the accuracy of the calibration, and have been applied to all
measurements,

The uniformity of the windings on the standard solenoids was
carefully examined. The brass solenoid could be adequately checked by
scale measurements. Owing to the difficulty of reading smell distances
between the larger turns of the bakelite solenoid its uniformity was
examined with the use of a microscope mounted ¥igidly on the carriage of
a Pratt and Whitney precision lathe. A total of 125 readings were made
on every tenth turn along 4 sides of the coil, The distances were deter-
mined in terms of the screw of the lathe by reading a revolution counter
at each setting. The winding was found to be uniform to within the
estimated reading error of ,002 cm. In addition these measurements pro-
vided a third independent evaluation of the turn-density of the bakelite
solenoid.

Table Ii gives the data from measurements of the two solenoids,
together with the values of their constants computed from the relation

6) Ks=.47rncoso(cos§0

14
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where n is the number of turns per cm. 0{is the angle subtended at

D)
the center by the radius at the end, and CF is the pitch angle of
the winding.

2.) The null method.

The arrangement of apparatus for determining the ratio be-
and the staudard

tween the constants of the large solenoidAis shown in Fig. 4. The
standard solenoid was placed within the inner tube of the big solenoid
and connected so that the two fields were in opposition. A large flip
coil wound with 10,000 ohms of No. 40 B and S wire was placed at the
common center of the two solenoids and connected to a lLeeds and North-
rup wall-type ballistic galvanometer. The ratio of the currents in
the two solenoids was varied until a balance was indicated by zero

galvanometer deflection when the flip coil was operated. The ratio of

the constant of the solenoid to that of the standard is then

5) A= Is

where the subseript s denotes the standard solenoid. The currents I
and Ig were measured by means of two Brooks Type deflection potentio-
meters, and standard resistances,

In practice the currents were read at a series of valves giving
small galvamometer deflections., A plot of the deflections against the
current ratios gave the balance point as the intersection of two curves.
By reversing the currents in both circuits, the influence of the earth's
field was eliminated. The potentiometers were interchecked, and showed
a maximum departure of 0.02%. The same standard cell was used with

both potentiometers.

18
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Table III gives the results of several null runs. Values
obtained in August, 1930, with two other standard solenoids, also by
the null method, are included because of the wide divergence between
the brass standard and the bakelite standard. This serious difference
eppeared also in calibrations by the mutual inductance method. It con-
stitutes the greatest uncertainiy in the experiment, It is a difference
far greater than the limits of error in measuring the brass and bakelite
solenoids. The errors given in the table are the uncertainties in
linear meaéurement and_igfin a direction to be explained by ferromag-
netism of the brass tube, or electrical leskage between the turns of
the brass solenoid. As the turns are wound with an air gap between
them, and frequent tests showed no leakage to the tube, the latter
alternative is not probable. The two solenoids introduced in Table
IIT were wound on 2 inch pyrex tubing, one with No, 12 B and S D.C.C,
wire, the other with No. 18 B and S wire. They were measured carefully
on a large comparator which had been calibrated against the Starrett
scale,

Two points are to be noted in Table ITII. The first is the fact
that the ratio between the main solenoid constant and the bakelite
solenoid constant has changed by .037% over a period of six months, only
two times the mean deviation of the 5 August 1930 values., The second
point is the probability that the brass solenoid has some defect, The
mean of the four values of K is 36.866., The value of K from the bake-
lite standard differs from the mean by .032%, while the difference for
the brass standard is .23%, or seven times as great., This will be
taken as a measure of the relative weights to be assigned to the two

solenoids in the second calibration, to be described.
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Calibrations with lMutual Inductance. In order to permit deter-

minations of the solenoid constants to be made under the conditions
which prevailed during exposures, the arrangement shown in Fig. 3 was
adopted. The current in the primary of the mutual inductance, M, is
varied until its reversal gives a deflection of the galvanometer, G,

equal to that produced when the flip coil at ¥ is operated in the field of

the standard solenoid alone. The @alvanometer shunt, Rg, is such that full

scale deflections are secured, Since the total resistance in the galvan-
ometer circuit is the same for both deflections we have, in effect, a
calibration of the mutual inductance and the flip coil in terms of the

standard solenoid constant and the retic of the currents. Using the

nomenclature
Kg = constant of std. solenoid, (gauss/amp)
If = current in std. solenoid, (amperes)
Hg = Kg Ig (gauss)
F = megnetic area of flip coil

M = mutual inductance

Iﬁ = current in inductance
we have

2FHg=2M1I'y
or FEKg I'g=M1I'p

7) W = KI'e/T4

Having calibrated the mutual inductance we can now use it to
determine the constant K of the large solenoid at full current. The gal-
vanometer shunt Ry is increased until a suitable deflection is obtained
when the flip coil is operated in the field of the main solenoid. The

current in the primary of the mutual inductance is now raised until a

19
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reversal with the switch Sz gives the same deflection. The currents
@quvmsamzd@ﬂ@dw“
I and I, in the solenoid and mutual inductance, respectively, are
A
read on the potentiometers Py and Pz. From considerations similar to
those leading to Equ. (7), we obtain

8) X = =

with Zqu. 7) this gives

9) K = Ky Lsln
' I'yl

Certain assu@ptions made in arriving ab Zqu. 9) must be ful-
filled if its application is to lead to accurate results:

a) The gelvanometer constent must not change during the cali-
bration of the inductance, nor during the calibration of the solenoid
from the inductences The Leeds and Northrup Type P ballistic galvan-
ometer was placed 70 feet from the solenoid, the field of which had
some effect upon.the galvanometer constant at shorter distances.
Fﬁrthermore, very slight dependence was placed upon the proportionality
of galvanometer deflection to current impulse.‘ A se:ies of deflectiouns,
covering & small range, was made using the flip coil. Intermingled
with these readings was a second seriss of deflections, in the same
small range, obtained by reversing the current in the primary of the
matual inductance. ZHach deflection in both series was then plotted
against the current at which it was read. Graphdcal interpolation to
the same galvanometer deflection in both series gave the dasired
current ratio (Im/I or I'm/I's)

bf) The method also requires that the mutual inductance have
the same value when being compared with the large solenoid as it has

during the comparison with the stendard solemnoid. 4&s the two types of
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comparison were intermingled, any permanent change would have shown
itself as a change in the rasio I'm/I's given by the suceessive cali-
bration against a given standard solenoid. No such change appeared.
(ve Table IV, page 23) Errors due to ferromagnetic surroundings were
minimized by suspending the inductance midway between the ceiling and
floor of an adjoining room. The construction of the inductance was
such as to guard against changes of its value when the necessary
changes in primary current were made. 4 low resistance primary of
No. 12 D.C.C. wire was wound on & micarta tube 8 in. in diemeter and
15 in. long. The secondary, consisting of 12 lbs. of Ko. 32 S.C.C.
enameled wire wound in three separate coils, was rigidly supported
within the primary.

¢.) The required constancy of the flip coil is indicated by
the coherence of the readings.

de) The galvanometer shunt resistance, Rg, needed to remain
constant only during each half of the calibration. JSeparate coils of
chromel wire were prepared for each required value of resistance.

Using this method determinations of the main solenoid constant
were made at solenoid currents of 200 amperes, 150 amperes, and 1
ampere. Although the comparisons between the mutual inductence and
the bakelite solenoid, and those between the inductance and the largse
solenoid were made alternatsly, the results have been collscted
separately in tables IV and V. A series of comparisons with the brass
solenoid was also made. These are averaged into the final result with
the weight of 1/7 which was estimated from the null method. The three

values of K given in Table V for the three different currents show no
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definite trend. The error in the value obtained at 200 amperes is
the propagated mean ddviation.

A Leeds end Northrup Type X potentiometer and two deflection
potentiometers were used in these calibrations. The currents in all
three potentiometers were checked against the same standard cell.
Since the value of X as given in Equ. (9) depends only upon relative
current values, the e.mefs of ths standard cell is immaterial. Upon
being interchecked the potentiometers showed a maximum disagreement of
.03%, and average deviations of ths order of .00l%. The shunts were
calibrated by the Southern California udison Company's testing labora-
tory against resistances having Bureau of Standards certificates. The
total correction in e/m for the shunt errors entering both calibrations

and current measurements during exposurss is less than .004%

Spectroscopic leasurements

Since the solenoid field during an exposure is H= Klg, where
K is the solenoid constant and Ig the current, HEqu. (3) becomes

.\)
10) e/m :-:éﬂli AV
a kK Ie

Zeenran

The difference2AV between the wave numbers of the two 4 components
is found from the difference in order of their fringe systems at the
center of the interferometer pattern.

The relation for the frgetional order in terms of the diameters

of the fringes is

2
11) ? = Dy
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ZIABLE IV

CALIBRATIONS OF THE MUTUAL INDUCTANCE

Bakelite Standard Brass Standard

Is/1, : 39.813 Is/ly § 14.225
846 234
852 230
854 223
833 234
827 227
834 —
842 Mean — 14.229
834
851 iean dev. =% .4027%
829
84.0

Mean = 39.838

Mean deviation =4.025%

Kg = 4.930 (£ .028%) Kg= 13.823 ( + .006%)
(From Table II)

Kglg/Ip= 196.40 = .032% . Kglg/Ip = 196.68

Veight'X 7 Weight : 1 (pe VT )

Difference : 0.14%
Weighted mean™s :

Kglg/Iy = 196,44 ( =k .04%)



Table V

CALIBRATION OF LARGH SOLENOID

200 amp. 150 amp 1 amp
i 5.3282
365
331
305
289
262 5.3266
282 5.3278 315
300 322 289
283 311 297
299 311 285
Mean : 5.3298 543305 543290
Mean dev. 0.034% 04026% 0+022%
?
K= sls . .IE: 36,857 36,852 364862
' 1

(£ «05%)
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where Dj is the linear diemeter of the i-th ring from the centem of
the pattern. Two approximations are made in deriving Igqu. (11):
tan @ has been substituted for o, and 1l- ngor cos @ . The errors
introduced ars partially self-cancelling and for our purpose quite
negligible since e , the angular diemeter of the largest fringe
measured, was less than .04 radian/{. The error is even further re-
duced by the fact that we employ the difference between the p's of
the two Zeeman coznponentsf

The diameters, Dj, of roughly twenty fringes of each component
ware measured on a comparator. The value of p for each component was

then calculated as follows: From the table of values of Dig a2 mean

i - Di’l was obtained. Dividing this into each D;2 gave, ,
(/4// of which should = p)

by Zqu. {11), a table of i4 p. The mean of the fractional par’csmp’is

value of D

the desired fractional order at the center. From ths difference in
order, p - p' between the fringes corresponding to+AV and =4V in
the Zeeman pattern, the separation in em! is given by tha expression

11) 2&\): _?L_-_.?_:.
2d

in which the meximum error introduced by epproximation is the recipro-
cal of the order of interference, or .001%, OV must be reduced to

‘vacuum in order to give the correct result in Zgu. {10). This was
' becaunse ' ’

was Mmeasured
distance 4 in terms of the wavelengths of ngon secondary stendard

AWavelengmﬁ m T.A. units.
lines, the =alues of which are given few vacuum-condiviems. The method

ing. the interferometer plate

of Lord Rayle ighls) was followgd in evaluating d, giving an accuracy
of one or two parts in 1000,000. The order of interference was changed

after every three or four exposures.
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During the exposures the solenoid current was measured by the
seme shunt and potentiometer that were used in the 200 ampere calibra-
tion runs. By constant regulation of the generator field the current
was maintained with average fluctuations of 0.17%. 4 week before the
exposures were started, the standard cell was checked with a cell
newly arrived from the Bureau of Standards. This and other comparisons
which have been made through the‘kindness of Dr. Smythe indicate a
constancy to within one part inn4£2&%g'over & period of one and a half
years.

Thirty one separate reductions of nineteen interferomster
patterns gave the values of 2113‘§f[L listed in Table VI. lore than
half of the patterns were ind@pendently measured and reducad by two
parsons, whose results showed &an average absolute discrepancy of .03%
and a meximum discrepancy of .13%. The mean for each pattern is
weighted according to the number of times it was reduced. The values
of o/m given have been calculated by Lqn. (10) using & = .999655 for
the Cd line and‘E = 999945 for the Zn line. The solenoid comstant,
K= 36.857}is tsken from the 200 amp. calibrations. (Teble V) The
following corrections have &lso been introduced:

4 0,005 %, int. to abs. gauss
4+ 0.004 %, total correction for shunt resistances
4 0.020 %, for aversge field over the light source (Bable I).
- 002719, reduction of BY +o vacwurn
Since the probable errors found for ‘°f/1 cover the uncertainties in

both AV and I, the proballle relative error in e/m is given by the

square root of the sum of the squares of the relative errors in X and



TABLE VI

SPECTROSCOPIC IMEASUREMENTS

Cd N 6439 n N 6362
Plate Wt. Plate Wte
1 0034395 9 . 0034387 3
2 34352 2 11 34387 1
3 34421 2 12 34375 2
4 34391 2 14 34383 2
5 34425 2 16 34379 1
6 34364 2
7 34347 1
8 34411 1
12 %4405 1
13 34408 2
14 BABLE 2
15 34366 2
17 34350 1

Mean s 00343815
Mean dev.: «08%
Prob. error : .02%

1.757%
e/m: 2H568€ abs. e.m.lU.

Prob. error ! .07

Mean : 00343827
Meen dev. : «03%
Prob. error : .01%

1.7576
o/m = 3+#58% abs. 9.meu.

Prob. error .05 %
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and Av/‘[ « The uncertainties given in Table VI are obtained in
this way, and &re seen to depend chiefly upon the probable error of
.05% in X. Because the mean deviation between the null-method values
using four stendard solemoids was .11%, and because of the consequent
uncertainty in assigning weights to the two standard solenoids used
in the final calibration, the result of these measurements may be
stated as
17577
o/m= (‘11"?'5'8'2:1:0,]_.%) ::_107 @.m.u. PET gm.

This value is 0.16% lower than the value 1.7606 obtained by
Babcock and Houston, and iso;;;gélower than the value 1.7595 indicated
by Millikan 19) to £it with e, h, and X on the basis of the Lewis and
Adams expression for the fine-structure constant.

The writer wishes to express his gratitude for the advice and

energetic collaboration of Professor Houston, who suggested this worke
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Appendix I

Design of the Solenoid

The type of solenoid selected was that of a cylindrical con-
tinuous coil having a rectangular cross section. Cooling was to be
accomplished by pumping kerosene directly through the coil, the layers
being separated in such a way by long fibre spacers that & large
number of rectangular channels extended from one end of the coil %o
the other. An outline will be given of the method used in selecting
the dimensions of the coil and the sizes of wire and spacers to fulfil
the required conditions of (a) uniformity of field, (b) maximum ratio

of field strength to power consumption, and (e¢) cooling.

o W 2b Figure I shows the section of a coil
L
pJ _f' of N coaxial turns which are densely
QA
T ' and uniformly distributed throughout
s ...9(.._)(4_‘_ ——

a space limited by an outer cylinder

of diameter’s, cm, an inner cylinder

L of dismeterpa, cm, and two planes

Fa.l. 2b cm apart and perpendicular to the
common axis of the cylinders. In what follows it will be assumed that
the internal diameterZal is predetermined by the size of the apparatus
to be accomodated in the solenoid., If a current of i amperes flows
through each of the turns, the field strength at the geometric center,
0, is |

10(ap - a7) 8y +\Ja12 + b2

N B P
J.o -

gauss



At any axial point distant x cm from O, the field is parallel to the

axis and has the strength

2 2
2) Hx = .._m_ (b - x) 1n 8o +V&2 + (b - X)
0b(e; - aj) 8y +—Val:a + (b - x)°

+ (b + x) .'Lx1a"3+v%:a+(‘D‘LX){a
8y +w{élgf+ (b + x)?

Hy is an even function in x with a maximum at x = 0, for which value
Equ. (2) reduces to Equ. (1), The maximum relative variation in the
field over an interval on the axis extending x cm on either side of
the center is then Hy - Hy, and condition (&) may be stated as

Hx - H <
3) ———— Vg
HO X

IiT

where Vx is the permitted relative.variation over the interval of 2 x cm.

We will not consider the radial variation of the field, as it is neglible

compared with the longitudinal variation.
The resistance of the coil is

27l

4 -
) R 5

where Q is the specific resistance, T the mean radius of the coil, and

S the cross sectional area of the wire., From the geometry of the coil

this may be written as
o - 22t 81 O .
2 B W?(aa+al)

5) R=7%bla -&1) N T Al -8y
N

where >\ is the space-filling factor, or fraction of the total coil-

volume which is occupied by wire.
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Combining £qus. (5) and (1) to eliminate N, we have

Ho® gib A (1n 22 * a22+b2)2
"R~ 100(e," - &17) a1 +Y a1 + b°

6)

as an expression for the efficiency. With the substitution of

X = a,/a;, @ = bf/a; , 6) becomes
e ———
7) Hy = WA
al?
where w = i®R, the power expended in the coil.
1/2 o« \x 2
8) G = 2[2_%} i< +g.2

is the shape-factor of efficiency, which contains the entire dependence

of Hy upon the shape of the coil. The size dependence of H, is con-
tained in the factor l/ a; of Equ. (6).

G has a meximum value of .179 at X = 2, =3, A chart of the
values of G for a wide range of & and G3 has been published by
Cockeroft ;). The values of &, and b which, with the adopted value of
a;, give a maximum G, subject to condition that they satisfy Equ. (3),
are the desired dimensions of the coil. They are best found by trial,
because of the complexity of the expressions for G and Hy.

The process may be illustrated graphically. Inspection of HEqus.
(1) and (2) shows that if we put x = g aj, Equ. (3) is of the form

(omitting the inequality)

= f (g,"‘-)g)

where A = ae/al, (3 = b/al as in Equ. (8) for G. As we have assigned

1) J. D. Cockeroft, Phil. Trans. Roy. Soc., 2274, 317, (1927).
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fixed values of x and aj, %’ is a constant and V;S, may be treated as
a function of ol and (3 alone. In Fig. 2 the contours G = const.
and V.8 = const. have been roughly plotted against o and.@i « The
values of G are those of Cockeroft (l.c.); V is the variation for
x=3cm a = 3.8 cm (§ = ,8). On each V contour there is & point
for which G is a maximum. Its coordinates oL and givgﬁgequired
dimensions: aj; 8, = %Xaj;; b = g aj. Since neither G nor V changes
rapidly on the curve V g = .00l, only a tentative selection of O-y
and k} need be made, subject to alteration to fit the stock sizes of
wire and tubing.

The dimensions of the coil now being roughly determined, it
remains to decide on the number of turns, N, the space filling factor

}\ , and the quantitiesrelated to N and /\ , namely the cross sections

of the wire and the spacers. We will assume the wire to be square in
section having a side ¥hcm., The spacers also will be assumed square,
of side d em. We now obtain relationships which may be solved for the
four quantities N, )\ , m, and 4.

Since the available power W and the voltage V are given, we

have, by Equ. (4),

“_ 2y A(e, - &)
'JTNQQ(BE + al)

9) W = Y_
' R

in which only N and )\ are unknown., From the geometry of the coil,

the cross section of the wire may be expressed as

10) m® = 2b ) (2, - 8;)/N



The remaining conditions depend upon the cooling regquirements.
The heat resulting from the dissipation of the power W is to be carried
away by a total flow F cc/sec of a liquid having density P/ and speci-
fic heat O , If the permitted rise in the temperature of the wire is

A T, the required flow is
/
11) F=WJoP(AT -T)

where J is the heat equivalent and U is the highly uncertain tempera-
ture difference which exists between the wire and the cooling medium.
If we now essume the spacers, which are d cm square, to be spaced d cm
apart in each inter—layer)then each of the ducts is d em square, and

the number of ducts is approximately

1/2 (Total vol - vol wire) _ ma®(1 =N)
12) n = vol of 1 duct = 232

The flow through each duct is then

2
13) =< o

" Tage(1 - \)

The arrangement we have made of the spacers also results in the approx-

imate relation

14) A _.I&__

This is made clear by ¥ig. 3 in
which the approximate rectangle ABCD

is the section of a parallelopiped con-

taining one spacer, one duct and the
wire immediately above them., The entire

volume of the coil may be divided into



n parallelopipeds identical with the one shown in section as ABCD,
which is thus representative of the entire volume. The ratio of
wire volume to total volume is then that of the areas ABEF/ABCD
which leads at once to Egqu. (14).

Bqu. (13) for the flow may now be extended. To a first ap-

proximation the flow in a square pipe 1) d cm on & side is

1 gt dp

15) T v dz

ce/sec

where Vv is the absolute viscosity (poise) and %%:the pressure gradient.

In the present instance the ducts are 2b cm long, and we may estimate

the pressure p against which the circulating pump will deliver F cc/sec.
dp . _B_ )

Then ekl and Equ. 15) becomes

d4p

16) f=é—4?-5—

Combining Equs. (16) and (13) results in

Tpas2(1l = N)

We now have the four equations (9), (10), (14), and (17) which
may be solved for the four quantities N, N, m, and d. All of the other

guantities are regarded as known.

1) R, J. Cornish, Proc. Roy. Soc., 1204, 691. (1928).



