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point of view of the electrons and their inter-
actions, and. completely disregards their wave
aspect. The agreement between theory and ex-
periment may justify this in the case of helium.
Ke have plenty of evidence, however, from
electron diffraction effects that the elastic elec-
tron scattering does require us to use the wave
aspect for a complete description of what
happens. This raises the question as to whether
or not it is necessary to modify the method of
using the experimental data described in the
earlier paper so as, in some way, to take account

of the wave nature of the electrons in the
inelastic electron scattering. We are inclined to
think, however, that the simple particle view can
be retained in the interpretation of this kind of
experiment, and that the discrepancy will be
removed by a more accurate method of handling
the wave mechanical description of the hydrogen
molecule.

We wish to thank Professor Kirkpatrick and
Dr. Hicks for letting us have the numerical
values from which their published curves were
drawn.
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The excellent focusing properties of crossed electric and
magnetic fields have been utilized in the development of a
new, precision method for the determination of e/m for
electrons. This method differs from previous methods in
that the final equation, for e/m does not involve the velocity
explicitly. Moreover, focusing criteria have been worked
out which effectively eliminate any possible influence of
electron energy upon the value of e/m. That this is a great
source of error and uncertainty in other methods is shown

by the great difference between the energy of the electrons
before and after emergence from a slit. This effect is too
great to arise from a contact potential difference but it
can be attributed to direct electron bombardment of the
slit and the subsequent formation of a surface charge on it.
The magnitude of this charge is not constant but varies
between 9 volts and 24 volts, depending upon the applied
accelerating potential. The value of e/m obtained with the

present apparatus is, e/mo = (1.7571%0.0013)X 10' e.m. u. ,

where 0.0013 is the probable error derived from a least
squares solution of a set of observations for various electric
and magnetic field intensities. Other sets differed from this
by less than 1:5000. The mechanical accuracy of the
present cylindrical condenser sets the limit on the precision
attainable with the present apparatus. However, the error
due to this cause is less than the probable error stated
above. The limitations of the present condenser can be
reduced considerably through the use of a new condenser
designed in accordance with kinematic principles. The
method presented here for the 'production of magnetic
fields of great uniformity and a new, precise cylindrical
condenser would permit a determination qf e/m to be made
with the method of crossed fields to within an accuracy
of 1:3000.

I. IwrRoDUcvroN

HE focusing properties of crossed electric
and magnetic fields for electrons, in the case

of circular orbits, were discus~ed in a recent'
paper in this journal. It was found that this
combination of fields is capable of extremely
sharp focusing of electron beams that vary both
in direction and in velocity.

This same field combination was investigated
experimentally to determine its suitability for

' A. E. Shaw, Phys. Rev. 44, 1006 (1.933).

the accurate measurement of the specific charge
of electrons. In practically all deHection measure-
ments of e/m, the precision is limited by uncer-
tainties in the velocity of the electrons. In the
method of crossed fields, the final equation does
not contain the velocity explicitly, hence uncer-
tainties in the accelerating potential do not enter.
Although the accelerating potential does not
appear explicitly in the equation for e/I, pro-
vision must be made by focusing to adjust the
velocity for any given ratio of intensities of the
electric and magnetic Fields.
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described in the condenser under consideration.
For the .circular orbit r = p, a constant, the
magnetic force is always directed along the
radius vector, hence Eq. (3) becomes,

A'/p4 = (-'He/m)' —K/p'.

FrG. 1. Section through cylindrical condenser showing
the accelerations of an electron in crossed electric and
magnetic fields.

The aim of the present paper is: (1) to describe
experimental focusing criteria which eliminate
the velocity uncertainty from the method of
crossed fields, and: (2) to present the details of
the measurement of e/m by this new method.

II. THEoRY oF METHQD

(r'0') '/r = (He/m) r', (2)

where the primes indicate time derivatives. Eq.
(2) can be written (r'8')'=-', (He/m) (r')', which,
integrated subject to the initial conditions that
at t =0; r = ro, r'= ro', H =0 and O'=80' gives
8'= —', (IIe/m)+A/r', where A =rpP[8p' ——,'(He/m)]
Substituting this value of 0' into Eq. (1), there
results,

r"=A'/r'+K/r r( ', He/m)'. (3)— —

We are interested only in those orbits which
are nearly circular, since only these may be

'W. Bartky and A. J. Dempster, Phys. Rev. 33, 1019
(1929). Cf. also J. Mattauch and R. Herzog, Zeits. f.
Physik 89, 786 (1934).

In Fig. 1 is shown a schematic representation
of a cylindrical condenser in which a beam of
charged particles is free to move under the action
of a radial electric 6eld and a magnetic held

which is normal to the plane of the orbit.
A charged particle entering the field at S de-

scribes an orbit under the influence of a radial
acceleration K/r due to the electric field, and of
an acceleration (He/m)v, due to the magnetic
held which acts at right angles to its direction of
motion at every point of the orbit. If the direc-
tion of the two forces are as shown, the equations
of motion in polar coordinates are, '

r" r(B')' =K/r —(He/m—)r9', (1)

and

x"= ——,
' (He/m)'x

8'=-', (He/m).

(6)

(7)

The solution of Eq. (6) is

x=I' sin (He/m)t/v2.

The beam is focused when x =0; thus it is evident
from Eq. (8) that a divergent bundle of rays is
reunited after a time t = ~%2/(He/m). The angu-
lar distance traversed by the beam in this time t
is obtained from the solution of Eq. (7). It is
pr/V2 radians, or 127' 17'.

If r be substituted for p in Eq. (1) and p be
considered a function of H', we And that p passes
through a minimum for O'=-,'He/m. Therefore,
when the adjustment of the electric and mag-
netic fields is such as to make A = 0 and (He/m)'
=4K/p', we have particles with slightly different
velocities describing approximately the same
circular orbit.

To find the sharpness of focus, the orbits de-
scribed by the particles having different direc-
tions and different velocities can be computed to
a further approximation, ' which gives a general
equation for the radius vector of the path at the
point of focus; vis. , H =127' 17' as follows:

r =p(1 —cp+cp'/3+ cip/3+ 8'+ prcib/v2) (9).
This equation contains the initial conditions
associated with the entering slit, that is where
e =0, we have for the point of entry, rp ——p(1+cp),
and for the angle of entry, (dr/pde) p p

——ci,
and for the angular velocity at entry, (dtt/dt) p p

= —,'H(1+ 8)e/m.

For orbits which differ by an amount x from a
circle, r=p, let r=p+x, then Eq. (3) can be
written,

x"= —x[(He/m)' —2K/p']. (5)

If the electric and magnetic helds and the initial
angular velocity Ho' are adjusted so that A =0,
then from Eq. (4), (He/m)'=4K/p' and Eq. (5)
becomes,
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Since Eq. (9) is quadratic in 5 it shows that
there are in general two values of the velocity to
give any r. For a beam of small angular di-
vergence c&

——0 and these two values coincide at
a minimum va.lue for 8=0. Thus at 0=~/v2,
r= p(1 —co+cd/3), where p is expressed by the
relation,

p' =4Z/(He/m)'. (10)

In the apparatus, co was of the order of 0.00026,
so that p= —,'(ro+r) to better than 1:10'.

In the event that c&, the angle of entry at
0= 0, is not zero, the minimum value of the radius
at 0= m/W2, as 5 is varied, is found from Eq. (9)
to be r =p(1 —co+co'/3 —0.9cP), so that -,'(ro+r)
=p(1+c02/6 —0.45cP) is the equation that con-
nects p with the observed values of r0 and r. The
term co2/6 is less than 1: 106 hence it can be ne-

glected. In several preliminary tests sufhcient gas
was admitted to make the electron beam visible.
It was then seen to be a sharp bundle down the
center of the condenser with a maximum di-

vergence of less than i. : 50. Thus the term 0.45c&'

is less than 1:6000 for the rays of maximum
divergence and the change in p is less than
i:6000.

In the experimental realization of these condi-

tions, either the electric field or the magnetic
field is adjusted so that the beam is focused onto
the collector at r, as a minimum value for varia-
tions of the velocity. Then from the value of p,
e/m can be computed from (e/m)'=4K/H' p'.
The value of X may be deduced from the
equation,

r2

m —dr=eV,
r1

where r& and r& represent respectively the radii
of curvature of the inner and outer plates of the
condenser and U is the potential difference across
the condenser. The value of Z' from Eq. (11),
when combined with Eq. (10) gives,

(12)

Thus we have an expression for e/m in terms of
the electrostatic field intensity, the magnetic
field intensity and the radius of curvature of the
electron beam,

III. GFNERAL EXPERIMENTAL ARRANGEMENT

The schematic diagram of the entire apparatus
is shown in Fig. 2, where the cylindrical con-
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FTG. 2. Schematic diagram of the control circuits for the electric field, the magnetic field,
the accelerating field and the electron collector.
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denser and the magnetic field coils are repre-
sented in oblique projection.

(A) Source of electrons

The source of electrons was a coated cylin-
drical filament, 0.025 mm in diameter. The. fila-
ment was mounted like a monochord string under
the slight tension of a tungsten-molybdenum
spring (T in Fig. 3) in order that its expansion
when heated would not throw it out of the line
of the slit. The tungsten-molybdenum spring was
shunted by a Hexible strip of pure silver which
carried most of the heating current. The filament

gave adequate emission when heated by currents
of approximately 0.050 ampere. Although the
filament support and its circuit were almost non-
inductive, the small heating currents served to
minimize its magnetic field.

The activation of the filament required a
heating current of 0.1 ampere and an accelerating
potential of 350 volts. This process was carried
out in a separate evacuated chamber outside of
the main apparatus. When the filament was

properly activated, it was mounted in its support
and installed in the apparatus. In this way it was
possible to retard the formation of partially
insulating layers on the surface of the slit (S in

Fig. 3) adjacent to the filament. It was found
necessary to shield the filament on all sides in

order to restrict the electrons to the slit.

(8) slit

The photograph in Fig. 3 shows the slit, the
collector and the inner plate-of the cylindrical
condenser. The slit S which collimated the elec-
tron beam, was 0.03 rnm wide and 2.0 mm long.
The plate in which the slit was formed was made
of gold to avoid surface oxidation under electron
bombardment. The slit was located syminetri-
cally with respect to the two plates of the
cylindrical condenser and its plane was radial.
The radial position of the slit was set by means
of a mechanical fixture which fitted over the
inner plate of the cylindrical condenser. There
was no electrostatic deflecting field in the region
between the filament and the slit (see Figs. 2

and 4). It was necessary, therefore, to place the
filament in such a position that the electrons,
under the influence of the accelerating field and
the magnetic field, entered the slit normally.

i l@l ~W

B i.

FIG. 3. Inner plate of cylindrical con denser, showing
collector and slit system. C, gold wire collector, 0.045 mm
diameter; A, 0.1 mm pitch adjusting screw; I, inner plate
of cylindrical condenser; GC, accurate glass cylinder; CC,
center of curvature of plates engraved on front face of GC;
S, slit for beam, 0.03 )&2.0 mm; M, mechanism for adjusting
slit; S; old wire slit, no longer used; I', filament support.
Filament is directly in back of S; T, spring to compensate
for expansion of filament.

The wire slit (W in Fig. 3), mentioned in an
earlier paper, served originally as the initial slit,
the image of which was focused onto the col-
lector. This wire slit has been abandoned because
of difficulty with surface charges forming on it.
The final readings presented in this paper were
taken with the wire slit removed. The angle of
refocus, namely 127' 17', was measured between
slit S and the collector, , since the distortion of. the
radial field in the vicinity of the slit has a
negligible effect on the position of focus.

(C) Accelerating field

The control circuit for the accelerating field is
shown in Fig. 2. The accelerating potential was
applied between the grounded slit and the mid-
point of two 150,000 ohm resistances, R6. The
accelerating potential was read' on voltmeter V~,

'The small drop due to the emission current was ap-
proximately 0.03 volt.
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which was a precision instrument of one megohm.
Resistance R5g was a 2500 ohm slide-wire and Rp
was a 5000 ohm protective resistance. A11 poten-
tials were supplied by storage cells to insure
constancy.

Switch Sprovided an important control for the
accelerating field. It was open while the electric
and magnetic field circuits were being adjusted.
Thus, in addition to minimizing the bombard-
ment of the slit, the electrons from the filament
were kept out of the cylindrical. condenser until
the electrostatic and the magnetic forces were
adjusted approximately to bend them into a
circular orbit. This same procedure was followed
for each new set of values of the electric and
magnetic fields.

(D) Collector

The electron beam was picked up by a cylin-
drical gold wire, 0.045 mm diameter (C in Fig. 3)
which was connected to an FP 54 Pliotron, ' as
shown in Fig. 2. The current sensitivity of this
circuit was of the order of 10 '4 amp'ere and
electron currents to the collector were of the
order of 2&(10 "ampere.

The wire type of collector was chosen in order
to avoid distortion of the radial electric field.
One interesting feature of the use of a wire col-
lector was the fact that the ratio of secondary
electrons to primary, electrons was greater than
unity, thus giving the wire a net positive charge.
This was verified by the use of a small Faraday
chamber consisting of two coaxial tubes, the inner
of which was joined to the Pliotron. With this
arrangement, the secondary electrons were not
able to escape and the collecting circuit showed a
net negative charge. There appears to be no
effective way of eliminating secondary emission
under these circumstances, hence focusing was
carried out in terms of a positive deflection.
When operating at pressures of the order of 10 ~

mm Hg, and small beam intensities, the deflec-
tions were very constant. It is also important to
note that with the beam intensities used, no
appreciable change, due to electron bombard-
ment, took place on the sur'face of the col'lector,
for long periods of time.

4 L. A. DuBridge, Phys. Rev. 37, 392 (1931).

Although the collector was located symmetri-
cally with respect to the two plates of the cylin-
drical coodenser, it was not electrostatically
symmetrical because of its two supports. Thus
when the potential across the electric field plates
was varied, a charge was induced in the Pliotron
circuit. Condenser C (Fig. 2) of air dielectric and
capacity- 2.48ppf, established the electrostatic
symmetry of the collector and eliminated the
induced charge.

The adjustment of the collector with respect to
angle and radius was carried out by means of the
mechanism shown in Fig. 3. A was a 0.1 mm
pitch screw of which there were two. These
screws possessed one degree of freedom in rota-
tion and their supports one degree of freedom in
angle. This allowed the collector to be located at
the proper angular distance from the slit and at
the appropriate radius of curvature. The accu-
racy with which this angle may be set does not
influence. appreciably the ultimate precision of
the determination. The method employed in the
final measurement of the radius of curvature will
be described in the section on the electric field.

(E) Electric field

(a) Mechanical structure and physical measure-
nzent. —The electric field was formed between
two concentric cylindrical surfaces which were
held concentric by means of an accurately turned
glass cylinder (GC in Fig. 3). Upon the front face
of this cylinder was engraved the center of
curvature (CC in Fig. 3). The eHective axial
length of the electric field was about 3.0 cm
whereas, the axial width of the eIectron beam was
only 0.2 cm.

The field plates were cast from a bronze whose
magnetic susceptibility was checked by a'sensi-
tive method' and found to be negligibly small.
After careful machining, each plate was coated
electrolytically with a layer of 24-carat gold, in
order to minimize the polarization described
later.

The radii of curvature of the two cylindrical
condenser plates were. 3.4071 cm and 2.7901 cm.
These dimensions were determined in the follow-

~ E. B. Rosa, et a/. , Bull. Nat. Bur. Stand. 8, 285 (1912).
Cf. also Jackson, Proc. Roy. Soc. A104, 672 (1923} for
absolute method of calibration.
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ing manner. First the diameter of the inner
plate was measured in various azimuths by
means of a Swedish Gage Company micrometer
caliper. This micrometer, of grade A, was checked
against its standard block at frequent intervals.
The two cylindrical plates were assembled in
their Anal position with respect to the glass
cylinder and bolted together securely. This unit
was then placed on the bed of a Geneva compara-
tor in a fixture that permitted one degree of
rotation about the axis of the glass cylinder
which was perpendicular to the bed. An accurate
steel sphere, coated with a thin layer of 24-carat
gold, was attached to the end of a tool steel rod of
diameter smaller than the sphere. The steel rod
was arranged vertically so that the sphere, which
was fastened to the lower end of the rod, lay
between the two condenser plates. The support
holding the sphere was independent of the bed
of the comparator, and thus a translation of the
bed of the comparator moved the condenser
plates with respect to the sphere. ' The sphere
and the two plates were joined together in a
simple electrical circuit in such a way that con-
tact between the sphere and either of the plates

FIG. 5. Complete assembly of the entire apparatus with
measuring microscopes in place. FA, glass tube containing
cylindrical condenser; E, coils for investigating influence of
earth' s.field; GE, combination Gauss eyepiece and telescope
for locating cylindrical condenser; J, thumb screws to
adjust position of cylindrical condenser —there are two in
front and two in rear; IIS, spring plunger which maintains
glass tube (FA) in contact with thumb screws (J); N, nut
to translate glass tube (FA) along axis of magnetic field;
31M; median plane microscope to judge coincidence of
median planes; II, , magnetic field coils; X, noninductive
connections to magnetic field coils; RIi heat radiating fins;
I., external leads for connections to cylindrical condenser,
filament, etc. ; V, vacuum pump connection; 0, magne-
tometer mounted externally to indicate presence of stray
fields.

FIG. 4. Cylindrical condenser in glass tube. End plate
removed. Cl, spring connecting leads; R, ring supports;
3III', median plane of electron beam; I', round glass pins
that hold condenser in median plane under force of spring
leads; FS, flat spring, of which there are six, to support
condenser in glass tube.

' It is assumed that the relative motion of the cylindrical
plates and the sphere is along a diametral line. However, it
can be shown that, even if the line of motion were not
coincident with a diametral line by as much as 0.5 mm, the
corresponding error in the measurement of the separation
would not exceed 1:8000. This can be inferred from the
equation,

F= (r2 —ri) I 11—,'(X2/erg) + ~

where Y is the separation of the two cylindrical surfaces of
radii ri and r2, measured along a line parallel to a diametral
line but removed from it by a perpendicular distance X.

was indicated on a galvanometer. In this manner,
careful measurements were made of the radial
separation of the condenser plates in the median
plane of the electron beam in four different
azimuths between the slit and the collector wire.
This method of measuring the actual separation
between two cylindrical surfaces is capable of
precision and reproducibility.

In measuring the width of a slot by the motion
of a sphere, no lost motion due to backlash in
gears is permissible. This was avoided in the
Geneva comparator through the use of an Ames
dial gauge which was attached to the end of the
comparator in contact with the bed. Thus the
screw of the comparator served merely to trans-
late the plates whose separation was desired. By
choosing a measuring sphere of proper diameter,
the displacement of the dial gauge was limited,
thereby minimizing the slight periodic error due
to the eccentricity of the pinion in the gauge.
Finally, the dial gauge was calibrated against our
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decimeter standard No. 56 which had recently~
been che'eked by the National Bureau of Stand-
ards. The gold plated sphere was measured in a
number of azimuths by means of an accurate
micrometer caliper.

The precise location of the collector wire was
determined by a slight modification of the fore-
going method. The wire was connected elec-
trically to the inner plate and thence through the
galvanometer circuit to a gold plated sphere as
before. In this way the wire was located with
respect to the inner plate. However, one very
important precaution is to be observed, that is,
the wire must always contact the sphere at the
end of that diameter of the sphere which lies

along the line of the displacement. If the sphere
were out of line on either side, the actual dis-
placement would be greater, hence by rotating
the condenser plates with respect to the sphere
through a very small angle about their vertical
axis, a minimum displacement of the sphere be-
tween the inner plate and the collector wire can
be found. A number of such readings were taken
first at a point below the median plane of the
electron beam and then at a corresponding point
above the median plane. This enabled the wire to
be located parallel to an element of the inner
cylindrical surface in the proper radial position.

The complete cylindrical condenser with fila-

ment, slit and collector installed and measured
was mounted inside a glass tube, as shown in

Fig. 4. This glass tube fits inside the magnetic
6eld coils as indicated in Fig. 5. The two rings R
(Fig. 4) were supported in the magnetic field
coils on six points, four of which were rigid (J in

Fig. 5) and two of which were flexible (HS in

Fig. 5). The front flexible support, which con-
sisted of a bronze helical spring was coupled to
the ring R through a ball and socket, thus apply-
ing two degrees of constraint in translation. This
method of mounting the glass tube inside the
held coils provides three degrees of freedom in
angle and one degree in translation. In addition,
the nut X (Fig. 5) gives one degree in translation.
This combined motion enabled the cylindrical
condenser to be located symmetrically inside the
magnetic field.

' L. V. Judson and B. L. Page, Nat. Bur. Stand. J.
Research 13, 757 (1934).

The actual location of the cylindrical condenser
was accomplished by the use of a combination
Gauss eyepiece and telescope (GE Fig. 5). The
Gauss eyepiece was used to establish the plane of
the trajectory normal to the magnetic 6eld. After
this the telescopic objective was attached and
the center of curvature of the cylindrical plates
was located on the axis of the magnetic field. The
reference plane for these adjustments was the
polished front face of the glass cylinder (GC in
Fig. 3). The microscope, MM in Fig. 5 was used
to judge the coincidence of the median plane of
the electron beam with the common median
plane of the two magnetic 6eld coils.

(b) Electrical control circuits The .—electric
circuit which controls the electrostatic deHecting
field is shown in Fig. 2. Rheostat R4 consisted of
a single layer of resistance wire wound in a helical
groove on the surface of a cylinder. The cylinder
was capable of rotation and a moving contact
slid over every portion of the helical winding
when the cylinder was turned about its axis. This
provided a continuously variable potential for
the fine adjustment of the electric field. The
coarse adjustment was made by means of the
slide wire R5~ and the switch attached to the
0—160 volt storage battery. The volt box' shown
was used to measure the potentials applied to the
electric 6eld.

The slit and the wire collector were located
practically midway between the two plates of
the cylindrical condenser. In some of the pre-
liminary experiments, the zero equipotential sur-
face, containing the slit and the collector was also
located midway by making V&W V&. If we let r&

and r~ be respectively the radii of the inner and
the outer plates of the cylindrical condenser, then;

and
r2 K

e V~ ——rn dr 0

rg+)(r2 —rg)

Experimentally, no observable difference was

8 This was a Leeds and Northrup volt box that had been
checked at the National Bureau of Standards and more
recently had been rechecked along with the O. i ohm
standard in the Standards Laboratory of the Common-
wealth Edison Company, Chicago, through the courtesy pf
Qr. Sgeveps y,nd Mr, DOndanvllle,
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found between the adjustment for focus when
these values of U were used and the adjustment
when V& was made equal to V2. The ground on
the voltbox in Fig. 2 was the connection that
established the zero surface.

1» SHUNT

(F) Magnetic field

(a) mechanical structure and electrical circuits.—The magnetic field which was used to deflect
the electron beam was produced by the two coils
shown at H in Fig. 5. The coils were rectangular
in cross section and each was composed of 119
turns of No. 12 Cotenamel wire, thoroughly
shellacked. Each coil was wound on a bronze
frame which slid without shake over an accu-
rately turned cylinder of bronze. The coil frames
were attached to the cylinder by three point
screw supports in such a manner that the separa-
tion and the parallelism of the two coils could be
adjusted with considerable accuracy. The coils
were so arranged on their cylindrical support that
when their individual median planes were
parallel to each other, the magnetic axis of one
coil was coincident with the magnetic axis of
the other.

The determination of the constant of the mag-
netic field coils was made by means of the two
standard coils shown in the schematic diagram
of Fig. 6. Standard coil No. 1 consisted of two
single layer coils of seven turns each of No. 12
enameled copper wire. The wire was wound in an .

80' helical groove of pitch slightly greater than
the diameter of the wire. These two coils were
wound on the central portion of the cylinder, at
the ends of which were located the two magnetic
field coils. Standard coil No. 1 and the magnetic
field coils were coaxial about axis A. For sim-

plicity in representation, several turns have been
omitted from the drawing vf coil No. 1 in Fig. 6.
The two coils of standard No. 1 were connected
in series aiding and the two magnetic field coils
were also series aiding.

The field of standard No. 1 was arranged to
oppose the field of the magnetic field coils. The
glass assembly shown in Fig. 4 was removed and
a small oil-damped magnetometer, whose motion
was magnified optically, was placed at a point
which lay on the trajectory. This indicated when
the two fields were equal. Equality was always
judged for current reversals through both sets of

t

COMMON Mf.

Fic. 6. Schematic diagram in section of the arrangement
used for standardizing the magnetic field coils. The common
median plane is parallel to plane of diagram.

coils, thus correcting for magnetic asymmetry, in
the neighborhood of the coils. This null arrange-
ment provided a simple, yet precise method for
the determination of the constant of the mag-
netic field coils at the trajectory in terms of a
standard coil. Since the plane of the trajectory
was parallel to the' plane of the magnetic meridian
of the earth's field, as determined within the
laboratory, it was unnecessary to compensate for
the earth's field. From the spot finally formed on
the collector after long bombardment, it may be
concluded that the electrons were practically
completely confined to the plane at right angles
to the axis. Hence, with no component of motion
normal to the plane of the orbit, the earth's field
had no inHuence and spiralling was negligible.

The mathematical computation of the constant
of standard No. 1 for points on the trajectory
involved an infinite series. Although this series is
rapidly convergent, it was nevertheless. desirable
to secure an additional experimental check of
standard No. 1.This was accomplished by means
of standard No. 2, also shown in Fig. 6. This
standard, which could be attached to the as-
sembly shown in Fig. 5, consisted of a single layer
of 24 turns of No. 20 enameled copper wire. For
simplicity, only .a few turns are shown in the
drawing. The wire was wound in an 80' helical
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groove of pitch slightly greater than the diameter
of the wire. The cylinder upon which this coil
was wound was located so that the magnetic axis
of the coil was coincident with axis 3, which lay
in the trajectory. That is to say, the radial dis-
tance between axes A and 8 was practically
equal to the radius of the trajectory. Standard
No. 2 could be utilized to compensate either
standard No. 1, or the magnetic 6eld coils. The
procedure was identical in either case, and the
magnetometer was used as before to indicate
when the fields were equal.

The leads from the various coils were brought
out in the plane which was normal to the common
median plane (Fig. 6) in order to avoid the mag-
netic contributions of these short leads. The con-
necting wires to the control circuit were non-
inductive. In order further to eliminate stray
6elds, any material which affected the magne-
tometer was removed from the vicinity of the
apparatus. It was found that anything which was
too far off to disturb the magnetometer had no
observable effect on the electron beam. The
slight stray 6elds due to the slide wires in the
accelerating field and in the electric field circuits
were eliminated by allowing currents to flow to
them through noninductive leads from the bat-
tery. The slide wires were then moved about until
the magnetometer showed no deflection, even for
current reversals. The slide wires were then
fastened permanently in their respective posi-
tions. This procedure was followed in locating all
of the control apparatus. After all the apparatus .

had been placed and the fields measured, the
magnetometer was mounted permanently in
position. 0 shown in Fig. 5. Even though this was
removed from the region of the trajectory, it was
found that stray fields incapable of affecting the
magnetometer in this position had no effect on
the electron beam.

The control circuit for the magnetic field coils
is shown in Fig. 2. Rheostat R3 was for the coarse
adjustment whereas R1 shunted by R2 provided
the 6ne adjustment, which was used in the
actual focusing of the electrons. Rheostats R»
and R3 were practically noninductive. R1 con-
sisted of a narrow loop of manganin wire shunted

by a slider of the same material. This provided a
continuously variable adjustment. R3 consisted
of two ribbon wound coils adjacent to each other

with a common slider. The smallness of the
current through R2 and its remoteness from the
main field made it unnecessary that it be
noninductive.

The current for the magnetic 6eld coils was
supplied by large capacity lead storage cells and
the absolute magnitude8 of the current was read
on the same potentiometer that was used to
measure the potential of the electric field.

(b) Evaluation of intensity constants for stand
ard coils,—Many coils have been devised for the
production of homogeneous magnetic 6elds.
These range all the way from various combina-
tions of conical and cylindrical solenoids to finite
groups of windings, of which the Helmholtz
arrangement is perhaps the best known. The
Helmholtz combination produces a field of uni-
form intensity in the neighborhood of the mag-
netic axis and in the common median plane. The
author has found it possible to produce a 6eld of
uniform intensity in the median plane but at
any desired point off the axis by reducing the
usual separation implied by the Helmholtz
arrangement.

The x component of the magnetic 6eld in-
tensity in oersteds of a single circular turn of wire
carrying current i (e.m. u.) is given by'

2''ba
II,=

Qy2

1+ (a' —4x')
22r4

45y4
+ (a' —12a'x'+ 8x')

2242 ' 8

45y'
+ (35a' —840a'x'+1680a'x' —448x')

2242 62r12

]5y8
+ (6615a' —264,600a'x'

22426282p16

+1,058,400a'x' —84,672a2x'

+120,960x')+ . (13)

Here x and y represent the coordinates of the
point at which II, is expressed, with the origin of

' A. Gray, A bsolute Measlrements in Electricity and
Magnetism, second edition (1921), p. 212. The fifth term
was derived by the author because of the insu%ciently
rapid convergence of the first four terms.
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FrG. 7. Magnetic field intensity distribution diagrams, which show the intensity variation over the region in
space traversed by the electron beam. The axes A and B refer to Fig. 6. Diagrams (a) and. (b) illustrate respec-
tively the case for two circular turns computed according to the Helmholtz separation (x=4.0000) and the im-
proved separation (x4=3.4883). (c) and (d) illustrate respectively the case for standard coil No. 1 computed
according to the Helmholtz theory and according to the author's method. The values of II represent absolute
field intensities for unit current, and y is in cm. The width of the cross section of the electron beam has been
exaggerated to facilitate representation.

coordinates at the center of the coil of radius a,
and r'= a'+x'.

In the Helmholtz arrangement, (r1'H, /Bx')„D
=0 reveals the presence of a point at x= a/2,
where BH,/Bx is constant. Thus by combining
two circular turns so that each contributes to the
field at x=a/2, great uniformity is obtained
along the axis at a point midway between the
two turns.

In order to secure uniformity off the axis but
in the common median plane of the two circular
turns, the condition, (BH,/By) = 0, was examined
for a new separation. To a first approximation
only the first three terms of Eq. (13) were used.
This gave

BH /ay! = =x'ydx4+Bx' —X=o

where A and B are constant coefficients and N is
the constant term. If 1t is substituted for x', this

reduces to

f(4) =4'+~V+&4 &=0—
and as a first approximation x=3.58148 cm for
field constancy at a point off the axis, y = p =3.0,
the approximate radius of curvature of the beam.
The convergence of the infinite series was not
suAiciently rapid for three terms, hence it was
necessary to compute the value of x to a higher
degree of approximation. For this purpose, five
terms were 'used, with the result that

BH,/By! „=p——xg'4+A gxg" +Bgxg"+Cgxg

+D1x1 ++1xl +~lxl ~1 0)

where A1, B1, -, Ji1represent the new constant
coefficients, %1 is the new constant term and x1
is the new value of the separation. As before, the
determination of x1 can be simplified by sub-
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stituting P~
——xP, with the result that

f(4'1) 4'1 +A 14'1 +81/1 +el/1

+D14'1 ++14'1 + ~14'1 +1

Since the value of x obtained from the three term
series represents an approximation to the root
of the five term series, the evaluation of P~ was
carried out by the method of Newton. "When the
first approximate root x =x~ was taken to be
3.58148, succeeding values were obtained as
follows: x2=3.49204; x3=3.48887; x4=3.48830.
The fourth approximation satisfies the original
equation with a residue of 1 part in 1.5)&10'.
When applied to a coil consisting of two circular
turns, this value of x is the distance at which each
of the turns must be located with respect to the
common median plane in order to secure uniform
intensity at a distance y= p off the axis of the
coils. The corresponding x for the Helmholtz pair
would be 4.0000. In Fig. 7(a) and (b) are shown
the field intensities computed" for these two
separations, as applied to two single circular
turns. The intensity in the region y= p=3.0, is
referred to unit value by proper choice of current
ratios. The variation of intensity along the
median plane with the new separation is of the
order of 1:5000, for a variation in y of ~2 mm,
whereas in the Helmholtz case the variation is 12
times as much. The field at the edge of the elec-
tron beam, +1 mm from. the common median
plane, is also very constant. Fig. 7(c) and (d)
illustrate the case of standard coil No. 1. Even in
this case, where the cross section is finite, it is
apparent that the improved separation produces
a more uniform field along the median plane and
over the section of the beam than the correspond-
ing Helmholtz arrangement.

(c) Intensity constant for standard No. 1.—
In order to compute- the constant for standard
No, 1, we shall regard it as made up of a pair of
coils, each composed of a set of seven coaxial
circular turns of equal radii. The contribution of
each of the seven pairs of turns, which are
symmetrical about the common median plane,

"Scarborough, NNmencal Mathematical Analysis (Johns-
Hopkins Press, 1930), p. 178."I take this opportunity to express my great' apprecia-
tion of the valuable aid rendered by Dr. P. G. Saper
thr'oughout the entire work of computing the magnetic
field.

An independent computation of the field was
carried out by a new method of successive ap-
proximation" which confirms the sufficiency of
the five terms previously used. This powerful,
new method allows the absolute value of the
field to be rapidly determined to any desired
approximation.

The expression for field intensity at the point
y=p due to a single pair. of circular turns of
radius a and symmetrical about the common
median plane at the improved separation used is

H, j„,=0 47raiL/A.

or for the seven symmetrical pairs,

Lg
H.

~ „=,=0.4 a.P —-„
A:=~ Ak

where A=lim A;=lim 8;;
L=lim I;=lim 2II7',

A;+g ——
A;+8;

I3;~g (A;8;)l;——

L~+~ =L;+M; 8;L;+A;M;
3II;+.g =

and A'=(I.A) +x ' 8 =(Mgi) +x
where LA =c+p and 3IIB=a —p.

In this way the contributions of each of the
seven symmetrical pairs were computed to an
approximation better than 1:10', with the result
that the constant for standard No. 1 by this
method is

H, &~& ~ „=,=0.841591 oersted/ampere. (15)

The agreement between this value of II, and
that obtained by straightforward summation
(Eq. 14) of the five term infinite series is about
1:14,000. Thus, terms beyond the fifth may be
disregarded. When four terms of the series are
used, the difference is 1:5000.

"This method is due to Dr. W. Bartky to whom I
express my gratitude.

was computed for y = p by means of five terms of
the infinite series (Eq. 13) and the separation
used. The summation of these gave

II, ~q& ~ „=,= 0.841.651 oersted/ampere. (14)
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A

() (b)

FIG. 8. Theoretical curves which show the variation, (a)
in the magnetic field and, (b) in the electric field that is
required in order to focus when the electron velocity is
varied.

(d) Intensity constant for standard Xo 2.—.

Thus far, no mention has been made of the
helical nature of the current flowing in the
various coils. The computations were based on
the assumption that each turn of standard No. 1
was a circular turn.

In order to determine the effect of a helical
current the constant of standard No. 2 was
evaluated in terms of the line integral of the
magnetic intensity taken around the helix which
constituted this standard. The element of in-
tensity for a point in the axis but off the common
median plane is

dH, g&
= ai d/e[ a+(x —Pt&)'$», (16)

I a'+(24P )'j' (17)

Upon substituting numerical values, " the con-
stant for standard No. 2 in its axis becomes

H, &2&
——0.843923 oersted/ampere.

When standard No. 1 was compensated by

"It is noteworthy that when p =0, Eq. (17) reduces to
the standard form where the winding is assumed concen-
trated into a group of plane circular filaments. The field
intensity computed from this arrangement exceeds by14: 10,000 the intensity determined from Eq. (17).

where a is the radius of the coil, 2&rP the pitch,
x the distance from the reference plane to the
point at which the field is expressed and do is the
angle subtended on the axis by the normal corn-
ponent of the current element. The limits of
integration are derived from the pitch and the
number of turns on the coil. For the present
computation, the limits were referred to the
common median plane. Under these conditions,
Eq. (16) reduces to

standard No. 2

H, &» ~„,==0.841480 oersted/ampere. (18)

(e) Intensity constant for magnetic field coits
Of the three values obtained for H (~), as revealed
by Eqs. (14), (15) and (18), the value from Eq.
(15) supersedes that given by Eq. (14) since it is
a closer approximation than the evaluation of the
five terms of the infinite series. Furthermore,
with the present arrangement of apparatus, it
was more desirable to determine the constant of
the magnetic field coils by. the use of standard
No: 1. Hence, for present purposes, standard No.
2 served merely as an experimental check on
standard No. 1 with a resultant agreement of
approximately 1:8000. For this reason, the con-
stant of the magnetic field coils was computed in
terms of Eq. (15) with the result that

H, ~ &

——10.6291 oersted/ampere.

In connection with the above method of com-
pensation'4 for the determination of the constant
of the magnetic field coils, it is important to
recall that the intensity distribution diagrams
shown in Fig. 7 were arrived at by computation.
However, when standard No. 1 was used to de-
termine the constant of the magnetic field coils,
compensation occurred in the region of space
occupied by the magnetometer. Since the cross
section of the magnetometer was comparable
with the cross section of the electron beam, it has
been assumed that the constant of the magnetic
field coils, as so determined, represented the field
over this region. This is a reasonable assumption
because an equally homogeneous intensity dis-
tribution would be expected for the magnetic
field coils. As a matter of fact, Lyle" has shown
that, as far as its external field is concerned, a
circular coil of finite section can be replaced by
one or more equivalent circular turns. Thus the
theory, exemplified by Fig. 7(b), can be applied
very simply to the equivalent pair of circular
turns of a double coil of finite section in order to
improve the uniformity for points off the axis.

"In order to anticipate the thermal expansion of the
coils and their supports due to the heating effect of the field
current, compensation was carried out by means of ap-
propriate current intensities after the normal current
required to excite the field coils had produced thermal
equilibrium. No effect due to this could be detected.

'5 Lyle, Phil. Mag. 3, 310 (1902). Cf. also Barnett.
Research Dept. Terr. Mag. , Carnegie Inst. 4, 382 (1921).
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IV. EXPERIMENTAL RESULTS

(A) Focusing criteria

Although Eq. (12) does not require that the
electron velocity be determined in order to find

e/m, only electrons of a certain voltage equiva-
lent will reach the collector with given values of
electric and magnetic fields. Let us consider the
case of the dependence of the path upon the
velocity only, and suppose the beam to have no
divergence, that is c& -—0 in Eq. (9). Suppose
further that the slit and collector are adjusted to
the satne distance from the center (c& ——0). Then
at the collector, r= p(1+tie), where the velocity
of the rays is defined in terms of 5 by v=poo'
=-',H'p (1+8)e/m. Thus the beam reaches the
collector at the minimum distance p when 6 =0,
or v= ~sHpe/m. Introducing the accelerating po-
tential U~ in place of the velocity v, and sub-

stituting for Hp in Eq. (12), we find

V=2 V~ log, (rs/r1).

This value of V~ gives a minimum value to r so
that a slight variation in U~ moves the beam
outward a very small amount.

In order to determine experimentally the elec-
tron velocity which must be employed with given
electric and magnetic fields, we combine the two
equations, mv'/P=Hev Ze and ——,'mv'=eV&, and
solve for H with the result that

2'+ pB
IX=

p(2 Vge/m) i

where B is the electric field intensity, H is the
magnetic field intensity, p is the radius of curva-
ture and Ug is the accelerating potential applied
between the filament and the slit. This potential
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Fic. 9. Curves which show experimental results of test of focusing criteria. The sharpness of the. focus increases
slightly toward Hp and Vp and the focusing curve of maximum sharpness occurs in the magnetic case at Hp and
in the electric case at Vp. The width of the curve of maximum sharpness in both cases is slightly less than
the theoretical width computed from the dimensions of the slit and the collector.
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is measured externally by means of a precision
megohm voltmeter (V~ in Fig. 2).

The curve shown in Fig. 8(a) represents the
general form of the variation of H with V~. This
curve is the locus of the maxima of the individual
focusing curves, each of which corresponds to a
particular electron velocity and each is obtained
by variations of H while that particular velocity
is kept constant. It is to be understood, in ob-
taining the focusing curves, that B is constant
when H is varied through the turning point in
the curve' which corresponds to the particular
velocity.

In a similar manner, we get

E= [Hp(2 Uge/m) l 2V—g)/p

Fig. 8(b) shows the general form of the variation
of E with V~. In this case, the focusing curves are
secured by varying the electric field intensity for
a particular electron velocity at a constant mag-
netic field intensity.

Each of the curves shown in Fig. 8 reveals a
unique value of the velocity U& corresponding to
particular values of electric or magnetic field
intensity, namely Ho and Eo. From (BH/B Ug) =0,
we get, Vg= pE/2, at H=HO, and from (BE/'B V~)
=0, Vz=(H'p'e/m)/8, at E=EO. When these
values of V~ are substituted into their respective
equation for H or E, the equation for e/rrl, , in

either case, becomes, e/m=4E/IPp. The radial
electric field intensity E is now expressed in
terms of the applied potential U, and e/I
reduces to

e/m =
H' p' log, (r2/r~)

This equation for e/ns corresponds to the unique
velocity U~ associated with the turning points
where E=EO, when H is constant, or where

when E is constant. Thus e/m is ex-
pressed in terms of a magnetic field intensity and
an electric field intensity for a unique electron
velocity V~. Hence we see that in order to bring
a beam of electrons to focus under the action of
given electric and magnetic forces, the electrons
must possess a unique velocity U&, as defined by
the foregoing criterion, even though this velocity
does not enter the equation for e/m.

In Fig. 9 are shown typical results of the ex-
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~
FIG. 10. Curve showing differences between the energy

of the electrons before and after emergence from the slit
(S in Fig. 3). The differences increase in approximately 5
volt steps.

perimental test of the focusing criteria. The
group of curves plotted in Fig 9(a) . with gal-
vanometer deflection against magnetic field in-
tensity H are the actual focusing curves. Each of
the focusing curves was taken at the particular
velocity indicated on the single curve shown
above them in the figure. This single curve is the
locus of the maxima of the focusing curves. Thus
we have at the point corresponding with H=Hp
a magnetic field intensity of 25.715 oersted, a
constant potential V of 56.000 volts across the
electric field plates and an electron velocity of
170 volts, as applied and measured externally by
U~ in Fig. 2. The group of curves shown in Fig.
9(b) illustrates the situation for a variation of the
electric field. In this case, the focusing curves
were secured by varying the potential U across
the electric field plates for a constant magnetic
field H=28.428 oersteds, with a particular elec-
tron velocity corresponding to each focusing
curve. For this family of curves, V0=67.999
volts.

It is evident from Fig. 9 that quite an appreci-
able uncertainty can exist in the evaluation of
the electron velocity associated with the points
II=Ho or E=Eo, without affecting the deter-
mination of IIO 01 Eo. For example, if the elec-
tron velocity were uncertain to the extent of ~2
volts, at the point H=Ho, the maximum un-
certainty in the magnetic field would not exceed
1:6000. EXowever, the velocity associated with the
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point H=Ho, or E=Eo, is merely incidental as far
as the computation of e/m is concerned T. he
ultimate precision of the determination of e/m is
related to the accuracy with which Ho or Eo can
be ascertained from the so-called locus curves and
is independent of the corresponding velocities.
In other words, the focusing criteria developed

above serve merely as an experimental device for
selecting particular electron velocities which can be

focused wi th given electric and magnetic field
intensAies.

(B) Magnitude and origin of the differences
between experimental and theoretical values
of Vg

The actual determination of e/m was carried
out for a wide range of electric and magnetic
field intensities, where the corresponding veloci-
ties varied from 120 to 400 volts. It is important
to observe that the values of U~ that were re-
quired to give the adjustment for minimum r =p,
did not agree with the values computed from Eq.
(19). To illustrate the differences noted, it was
found experimentally, for example, that for a
given value of U and H, the value of U~ was 120
volts, as measured by the megohm voltmeter
( Vz in Fig. 2), whereas from Eq. (19), Vz should
have been 110volts. Likewise for a higher value,
U& was 245 volts by measurement and only 230
volts by computation. Throughout the entire
range of readings there was a difference between
the value of accelerating potential measured ex-
perimentally and the value obtained by theo-
retical computation. This difference depended
upon the magnitude of the applied accelerating
potential, and was greater for the higher ac-
celerating potentials. Curiously enough, the in-
crease in this diRerence for increasing values of
accelerating potential took place in approxi-
mately five volt steps. In order to distinguish
these two potentials, we shall let U~ be the ap-
plied accelerating potential, as measured experi-
mentally, and U&' be the effective value obtained
with the actual focusing data by theoretical
computation from Eq. (19).

Figure 10 illustrates the variation in this differ-
ence as a function of the epplied accelerating
potential U~. In Fig. 10, the axis of abscissas
represents the applied accelerating potential, as
measured externally by the megohm volt meter,

and the ordinates are the differences between the
applied accelerating potential and the effective
accelerating potential, as defined by Eq. (19).
We might think of the effective accelerating po-
tential as the equivalent electron velocity associ-
ated with the electrons after they have emerged
from the slit into the region of the deHecting
fields. The applied accelerating potential, on the
other hand, is the actual potential applied be-
tween the filament and the slit. Theoretically,
these two velocities should be identical. However,
it appears as if there existed in the neighborhood
of the slit a retarding field which slowed down the
electrons before they emerged from the slit. As a
result of this retardation, the emergent electrons
possessed the critical velocity required for focus-
ing by the particular electric and magnetic forces
operating. The velocity of the emergent electrons
is expressed by Eq. (19) and the difference be-
tween this potential and the applied potential is a
measure of the retarding field present. This re-
tarding field may arise from an electronic charge
which accumulates on the surface of the slit
adjacent to the filament. That direct electron
bombardment may modify a metal surface suf-
ficiently to sustain a Hoating charge was pointed
out in an earlier paper. i

From the foregoing, we infer the significant
fact that in the method of crossed electric and
magnetic 6elds the, focusing is carried out with
electrons whose effective velocity after emergence
from the slit is known precisely from the electric
and magnetic forces operating. Therefore, any
retardation experienced in the region of the slit does
not constitute an uncertainty in this method of
measuring e/m. Since practically all other experi-
mental methods that are used for the determina-
tion of e/m by electron deflection depend in one
way or another upon a knowledge of the velocity
of the electrons, the existence of this effect
presents a serious difficulty in the use of these
other methods.

(C) Attempts of Kirchner and Dunnington to
correct for velocity uncertainties

Apparently the only correction which Kirch-
ner" attempted to make for a possible velocity
uncertainty was the correction for the contact

' F. Kirschner, Ann. d. Physik 12, 503 (1932).



A. E. SHA W

176X

e
O mo
X

eJE
I.7550

FIG. 11.Curve showing variation of the calculated value
of e/m with the potential applied across the plates of the
cylindrical condenser. e/ming = k V'; e/m = k V and e/re
=e/mo(1+&/V), where k=4 X10 /H' p' log, (r2/r~). V= V'

+p =applied potential; V' =actual deflecting potential
and (=surface polarization layer, in volts. The data, shown
were taken under the following conditions; 24-carat gold
surfaces on cylindrical condenser; p=SX10 7 mm Hg.
i (collector) =1.8)&10 " amp. ; p=3.0971 cIn; log, (r2/rI)
=0.199787; )=8.069 volt.

potential difference between the hot cathode and
the slit in his apparatus. Measurements were
made of the electron emission at various tem-
peratures over a potential range from 0 to 10
volts, between the hot cathode and the center of
the brass anode. On the assumption of the
validity of the V' law at these low voltages, a
plot was made of I against V. The result was a
curve which possessed a negative intercept on the
voltage axis. This intercept was of the order of
1.5 volts and was interpreted by Kirchner as due
to the contact P.D. between the hot cathode and
the slit. This whole procedure depends upon the
questionable assumption of the validity of the
three-halves power law at low voltages. Volta
potentials have been measured' by a scheme
similar to this, but under circumstances which
more closely approximated the assumptions of
the theory. Furthermore, this method of correc-
tion does not take into account the presence of
the space charge or polarization layer discussed
under (8). Since the magnitude of the polariza-
tion layer depends upon the accelerating poten-
tial, it should be rather appreciable in Kirch-
ner's experiment, where the accelerating poten-
tials ranged from 1000 to 2000 volts.

The 6nal equation employed by Dunnington"
for the computation of e/m by his method appears
to be independent of the velocity of the electrons.
However, his elaborate experiments revealed

"W. Schottky, Ann. d. Physik 44, 1011 (1914).
'8F. Dunningtoh, Phys. Rev. 52, 475 (1.937).

that if the gold surfaces of the defiecting chamber
and the slit system had suffered electron bom-
bardment for 6fteen hours or so, the subsequent
values of e/m were appreciably altered. This
difference was attributed to the formation of a
polarization layer under direct electron bom-
bardment. In order to correct for these polariza-
tion layers or surface charges, Dunnington as-
sumed they were constant (constant emission

C

current and small lapse of time). Hence extrapo-
lation to infinite electron energy gave a corrected
value of e/m

In previous experiments, ' the polarization
layer which formed on the plates of the electro-
static field was found to be constant for a matter
of hours, Provided no direct electron bombardment

of the plates occurred In th. e present paper it is
shown that the layers formed under direct electron
bombardment were not constant but depended upon
the velocity. Furthermore, they appeared to be
formed almost instantaneously and preliminary
tests revealed the interesting fact that they were
reversible. The accelerating potential in Dunn-
ington's experiment is derived from the high fre-
quency 6eld„ therefore, one would not expect the
surface layers to be constant under these circum-
stances. There is also considerable possibility of
such layers occurring on all the slits in Dunning-
ton's apparatus with a consequent uncertainty in
the electron energy and a distortion of the orbit.

(D) Determination of e/m

It was found most convenient to focus by
varying the magnetic field for a constant electr'ic

field, since it was much easier to maintain the
electric field constant than to maintain the mag-
netic 6eld constant. The group of magnetic
focusing curves shown in Fig. 9(a) constitutes one
set of data for the calculation of e/m. In this case
e/m would be expressed in terms of Ho 25.715——
oersted, V= 56.000 volts, the average radial posi-
tion of the slit and the collector, and the radii of
the two condenser plates. However, the curves
in Fig. 9 are merely typical, experimental curves
which were taken during the investigation of the
focusing theory. After the preliminary work on
the focusing theory had been completed, the
apparatus was very carefully gold plated again
and then measured physically, after which
several 6nal sets of data were taken over a wide
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range of electric and magnetic field intensities.
In the actual evaluation of e/m from these data,
the peak values of the focusing curves could be
ascertained without the necessity of plotting the
focusing curves themselves. From the simple
locus of these peak values, the values of Ho were
determined with considerable, accuracy, as can
be judged from the curves in Fig. 9. It is interest-
ing to observe that in the process of collecting the
final data, it was possible to repeat readings of
the peak values of the focusing curves to better
than 1:10,000.

The computation of e/m for the entire range of
field intensities investigated revealed the de-
pendence of the computed value upon the po-
tential applied across the plates of the cylindrical
condenser, as pointed out in an earlier paper. '

The graph in Fig. 11 shows the variation of e/m
with this potential. It is very important to recall
that the surface polarization layer formed on the
electric field plates is constant for: (1) a given
intensity of electron beam; (2) constant gas
pressure; and (3) clean metal surfaces, Provided
no direct electron bombardment of these ptates is
allowed to occur during the Process of focusing the

beam. In order to accomplish this, a shift to a new

pair of electric and magnetic intensities was
made only after the applied accelerating po-
tential had been reduced to zero (see switch S
in Fig. 2). In this way the electrons were kept out
of the region between the electric field plates
until the new set of field values had been adjusted
approximately to bend the electrons into a
circular orbit. After this preliminary adjustment,
the focusing process was carried out with the
beam deviating very little from the central
circular orbit.

The final value of the specific charge was
evaluated" from the data of Fig. 11, by the

"Iwish here to express my appreciation to Mrs. Ardis
T. Monk for checking independently the final results of the
computation of ejm.

method of least squares, with the result that

e/mo ——(1.7571a0.0013)&(10' e.m.u. ,

where the probable error is identified with the
least squares solution.

Because of the physical limitations of the
present cylindrical condenser, no attempt was
made to push this determination to the extreme
limits of accuracy attainable with this new
method. However, the very slight eccentricity of
the electric field plates does not invalidate the
probable error stated. "

In view of the work completed up to the
present time, it is of interest to make a conserva-
tive estimate of the ultimate precision that should
be attainable with this new method. From the
self-consistency obtained in both the theoretical
and the experimental evaluation of the magnetic
field intensity, 1:6000 is a conservative estimate
of the accuracy with which the magnetic field
intensity can be determined. The present limita-
tion of the cylindrical condenser is mainly
physical. This uncertainty will be reduced con-
siderably with a new condenser designed along
kinematic lines. The radius of curvature of the
beam must be measured to 0.005 mm in order
to be known to within 1:3000. Previous meas-
urements suggest that this should present no
difficulty. The constants of the standard cells,
standard resistances and the volt box are well
within the projected limit of 1:3000. It is,
therefore, the confident and conservative hope
of the author that with the new cylindrical
condenser a determination of e/m will be
possible to within a probable error of 1:3000.

It is a great pleasure to express my apprecia-
tion to Dr. A. J. Dempster for his very generous
interest during the course of this work.

2' I am very grateful to Dr. Carl Eckart for an interesting
discussion of this point.








