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ABSTRACT

An apparatus designed to measure the specific electronic
charge fora free electrdn is described. A well collimated elec~
tron beam traverses axially a right circular cylindrical resonant
cavity, which is operated so that the principal field interaction is
due to a transverse, uniform, rotating magnetic field extending
- the length of the cavity. The cavity serves as a velocity selector
so that the electron beam is undeflected, when it remains within
the cavity an integral number of field cycles., The determination
of (e/mo) depends upon precise measurements of a length, a fre=~
quency, and a voltage. The holes, which provide the electron
beam with access to the cavity, cause field distortion. The cor-
rection for this distortion is obtained empirically,

The experimental results obtained with this apparatus
are stated, The failure tosecure a significant determination of
(e/mo) is considered, The feasibility of a precise determination
of (e/mo) by the described method with certain important design

changes is asserted,
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I. INTRODUCTORY DISCUSSION OF THE EXPERIMENT
1.0 Background of the Experiment

The most probable ‘values of the fundamental atomic con-
étants hold considerable interest for both the experimental and
theoretical physicist. The interdependence of these constants
implies that values obtained by utilizing all of the experimental
evidence will have lower probable errors than values obtained
from one or two bparticular experiments, The best method of ob~
taining these most probable values is by a least squares édjust-
ment on an overdetermined set of equations containing the constants
as variables and the unrelated individual experiments as input
data. L2

The improvement in our knowledge of the atomic constants
is graphically illustrated by quoting the least-squares~adjusted

value of the specific charge of the electron (e/mo) obtained by

Drs, Jesse W. M. DuMond and E. Richard Cohen in 19481
(e/m_) = (1,75936 + 0.00018) x 10" emu/gr.
and in 19532
(e/m_) = (1.75888 + 0,00005) x 10" emu/gr.

In addition to the reduction in the probable errors in this and other
constants, the elimination of several pronounced inconsistencies
was effected in this period., There remain, however, inconsisten-
cies in the input data which are somewhat larger than would be
expected from the quoted probable errors.

The input data in the least squares adjustment consist
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of independent precision measurements of a relatively small num-
ber of atomic constvants. Measurements of other constants have
insufﬁcief;t accuracy to poésess appreciable weight in the calcu-
lations., A more extensive body of input data with confidence
limits less than 100 parts per million is highly desirable. Dun-
nington performed the best direct measurement of the specific

charge of unbound electrons in 1937 and obtained>
(e/m_) = (17597 + 0.0004) x 10" emu/gz.

Since the error in this experiment is 230 ppm (parts per million),
it is clear that a precise direct measurement of (e/mo) would con-
tribute to our knowledge of the fundamental atomic constants,

The probable effect of a precise determination of (e/rno)
will be better understood if we consider the best indirect mea-
surement of this constant. By definition the Bohr Magneton, }"o’

and the proton gyromagnetic ratio, ‘Up, are respectively
1 —
Mo = g(e/mo) h
1 T
—D’P = z(}lp/ h

where h is Planck's constant divided by 2w, and My is the mag-

netic moment of the proton. Eliminating h we have

te/mp) = T (Mo ps)e (1

An experiment on the Zeeman splitting in the ground state of hy-
drogen by Koenig, Prodell, and Kusch yields a highly accurate

value of the magnetic moment of a bound electron in terms of the
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proton magnetic moment in ,0114
(Mg! Jo) = 658.2288 + 0.0006,

A more recent measurement by Beringer and Heald reinforces
this value® (M /p ) = 658.2277 £ 0002, The magnetic moment of
a bound electron differs from one Bohr Magneton by two small

relativistic terms; Calculations of Karplus and Kroll produce6
(M /p) = 1+ (a/2m)=2.973 (a/m® ... = 1.0011453
Combining this result with (Hs/"lp) above we obtain
(Po/ py) = 657.4757 + 0. 0006

The proton gyromagnetic ratio in oil has been determined by

Thomas, Driscoll, and Hipple at the National Bureau of Standards7
¥, = (2.67523 + 0.00006) x 10% sec. ™! gauss™!
Substituting these results into equation (1) we have
(e/m ) = (1.75889 + 0.00004) x 10" emu/gr.

The error in this result is entirely due to the experiment of Thomas,
Driscoll, and Hipple,

The highly precise knowledge of (}‘lo//up) and the form of
equation (1) indicates a strong interdependence between the values
accepted for 7p and (e/mo). Thus a direct determination of (e/mo)
with a probable error of better than a few parts in a hundred thousand
wili reduce the errors of the proton gyromagnetic ratio as well as

the specific charge of the electron when used as an input datum in
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a least squares‘adjubstment.

The experiment desckribed in this paper was undertaken to
obtain an accurate value of (e/mo). While this goai was not achieved,
the author believes that the method can produce a useful result if
certain modifications in the instrumentation are effected. There-
fore, this paper will describe the apparatus, develop the theory of
the experiment, summarize and analyze the results, and finally
consider the alterations required for the method to furnish useful

data.

1,1 Introductory Description of Method

A direct velocity measurement of the specific charge of
the electron requires that electrons be accelerated through a known
‘ voltage, V, and that their velocity, v, be measured. (e/mo) is

obtained by application of the energy equation

i
(e/mo)V = cz [l-(v/c)z] ‘. }: vZ/Z 1+ %(v/c)z. oe (1)

where c, the velocity of light, is known to better than 10 ppm. If

(v/c) 0.1, (e/mo) is independent of ¢ experimentally within 1 ppm.
The device used to measure velocities in this experiment

is a radio frequency resonant cavity shaped as a right circular cyl~

inder. The electron trajectories are along the cavity axis, and

the cavity is operated so that the electrons experience a magnetic

field of constant magnitude normal to the cavity axis and rotating

about the axis at the cavity frequency., Assuming that the electron

vel_ocity along the cavity axis is constant, the force vector has a

magnitude eBv and rotates at the cavity frequency in a plane normal
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to _th;a- axis, The electrons will be deflected by the cavity fields
through an angle 9, which is the ratio of the change in transverse
velocity to the axial vglocity v. Under our assumptions the de-

fiection is
A
0= (e/mo) (B/'rrf) [l-(v/c)z] \sin(ﬂfd/v)‘ (2)

where d and f are the cavity length and frequency respectively.
The direction in which the electrons are deflected through an angle
0 depends upon their phase of entry into the cavity. Then a contin-
uous electron beam will be spread into a cone of half angle 0.

If the time of transit of the electron through the cavity is
an integral multiple of the cavity period, there is no deflection
since the effect of the rotating force vector cancels over each com-
plete cycle. Then v = (fd/k), where k is an integer, and the corres-
ponding accelerating voltage, Vk, is called a ''resonant' voltage,
In this experiment the length and frequency of the cavity are main-
tained constant, while the accelerating voltage is varied over a
small range of values about the ''resonant'" voltage, and Vi is ob-
tained by interpolation from the resulting electron deflections. If
two such '""resonant' voltages, Vk and Vn’ corresponding to veloci-
ties (fd/k) and (fd/n), are substituted in equation (1), the specific

charge of the electron is given by

2
(d) -2 -2 3 2 -2, =2, =2
This equation was derived for an idealized field configura-

tion and electron interaction, but the main characteristics are

unchanged when the appropriate corrections are made., An accurate
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detei’mination qf V(e/‘mo) requires a precision measurement of three
~experimental quantities: a iength, a frequency, and a voltage.
Standards for these quantities are readily available, and compari=-
sons are easily performed so that the limitation of accuracy from
this source is no more than 10 ppm due to uncertainties in the
voltage standard,

Certain difficulties characteristically appear in a direct
velocity measurement of (e/mo). First the energy actually deliv=
ered to the électrons at the cathode is uncertain due to contact
potentials, thermal electron potentials, surface work functions,
and space charge effect’s. This is avoided in this experiment since
the voltage appears in equation (3) in the form (Vk-Vn). Then if
the conditions surrounding the cathode remain constant independent
of the accelerating potential, the uncertainties are canceled. Sec-
ond the field configuration used to determine the electron velocities
is difficult to ascertain precisely, This problem will be discussed
in Chapter 3, Third the resolution in the deflection determination
of velocities is low and this will be considered below.

In this experiment the frequency is fixed by the radius of
the cavity at f = 2, 62 109'(sec. )-1. Two sets of "resonant'' voltages
were obtained withd = 1,20" and d = 1,63", Withd = 1,20" the
""resonant' voltages were 2043, 1143, and 729 volts corresponding
to k = 3, 4, and 5 respectively, With d = 1. 63" the ""resonant"
voltages were 2130, 1357, and 940 volts corresponding to k = 4, 5,
and 6 respectively. Since the voltage differences between ''reso-
nant'' voltages is on the order of 1000 volts, these vOltéges must be

determined to 0,01 volts to obtain an accuracy of 10 ppm.
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When the accelerating voltage is near a '"resonant'' voltage
V = Vk + AV; v»== (fd/k)+av; Av/v = %AVIVk
Substitution into _equation (2) yields after a first order expansion
0 = 3(e/m) (BK/H) V/Vy

The value of the magnetic field intensity is limited to about 5 gauss

by the R, F. power supply. Then for a typical '"resonant' voltage

(de/dvV) = 6 10_5. B = 5 gauss; k = 4; V = 1143 volts.

-

Then an angular deflecinn of about 10-6 radians must be resolved
in order to obtain an accuracy of about 20 ppm. To obtain such
resolution the electron beam must be collimated to as small a di~
ameter as possible, and the distance traveled by the electron beam
must be as large as possible. The electron beam travels about
eight feet before falling upon the electron detector. The cavity
is situated near the midpoint of the path, 50 inches from the detec-
tor. Then a deflection somewhat less than 10"4 cm, at the detector
must be resolved, This is possible only when the stability of all
factors is optimum. The diameter of the electron beam is , 008
inches at the detector since it is collimated by a , 002" pinhole at
the electron source and a .004 inches pinhole just beyond the cavity.
Since the electrons travel eight feet the magnetic shielding
must be excellent, The radius of curvature of a 2000 volt electron
in the earth's magnetic field is about 10 feet so that the electrons
will not pass through the instrument without good shielding, All

unstable magnetic fields must be eliminated entirely for beam
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stabilitjr. It is}al‘so' necessary for beam stability to operate the
. eléctron beam at the lowest intensity compatible with detector
sensitivity in order to minimize the formation of positive ions
from residual gas and to reduce the charging of surfaces,

An important correction will be mentioned here. The
electron beam has access to the resonant cavity through two ac-
curately centered holes in the flat end surfaces of the cavity,
The cavity fields penetrate these holes so that the effective length
of the cévity is increased by a few per cent and the deflection
sensitivity is appreciably decreased. This correction will be
discussed in the next séction and in Chapter 2 after the theory

of the cavity fields is amplified.

1.2 Introductory Description of Apparatus

The apparatus will be described in detail in a later chap-
ter. A brief discussion of the relationship between the various
parts will be presented here with emphasis on those pointé neces=~
sary to clarify the theory of the method.

The electron beam traverses about eight feet from the
electron gun to the curre‘nt. collector through a region evacuated
by a silicone oil diffusion pump. The electron beam is magneti-
cally and electrically shielded. Approximately midway between
the gun and the collector lies a right circular cylindrical resonant
cavity with its axis aligned with the trajectory of the electrons.
The electron beam has access to the cavity through two circular
holes . 090 inches in diameter centered in the flat end surfaces

of the cavity about its axis, Two probes to the cylindrical sur-
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face[of the cavity supply the R.F. power to excite the cavity fields.
The electron gun, electron collector, and resonant cavity are sup-
ported by the aluminum vacuum envelope.

Thé electron beam leaves the electron gun fully acceler-
ated through a circular pinhole ,002 inches in diameter. The
accelerating voltage of the beam may be varied between 700 and
2200 volts, while fhe cathode conditions remain unchanged. No
focusing fields are applied to the electron beam after it leaves the
electroﬁ gun., The beam is collimated geometrically by the elec~
tron gun pinhole and a circular pinhole ,004 inches in diameter
just beyond the cavity., Then the electron beam has a diameter of
about . 008 inches when it falls upon the electron collector,

The electron beam is collected in a Faraday cup after pass=~
ing through a circular pinhole , 008 inches in diameter, The cur-
rent collected is amplified and recorded on a 50 cm. scale by a
galvanometer. The current collected through the .,008 inches
pinhole is used as a measure of the deflection of the electron beam.
For simplicity let us suppose that the electron beam has a uniform
density with exactly the radius of the collector pinhole. Then the
current received is a maximum when the electron beam is cen-
tered on the pinhole. If the center of the electron beam is dis-

placed a distance D from the center of the pinhole, the current

DY 4R %-D?

2 -1
L2145 08 (p) - By ()
TR

collected is

where R is the radius of the pinhole, and Io the current when D = 0,
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The corre sponding rate of change of current is

21

dl _ o _

5 =~ —3 V4R"-D (2)
mR

Thus the éurrent received is a maximﬁm when the beam is cen-
tered and as the beam is deflected the current falls off at a rate
that is approximately constant when D is small,

In the last section it was seen that the beam when not at a
resonant voltage was deflected through an angle ¢ by the cavity.,
The diréction of the deflection rotates with the cavity fields., If
the distance from the cavity to the collector is 1L, the beam is
instantaneously deflected by a distance D = ¢L., The beam then
rotates about the center of the pinhole at the cavity frequency
when the beam is properly centered. The intersectional area of
the pinhole and beam area remain constant however during this
rotation so that equations (1) and (2) apply with ¢L substituted for
D.

If the accelerating voltage of the electron beam is varied
in the vicinity of the resonant voltage, a current '"resonance"
peak will be measured as plotted against the voltage. The sides
of this peak are used to interpolate the ""resonant' voltage.

The remainder of the apparatus is external to the instru-
ment and consists of power supplies which furnish the RF, and
electron gun power, and measuring devices to determine the ac-
celerating voltage and cavity frequency continuously during de-

flection measurements.
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1.3 "Ivntroductory Déscription of Theory of the Experiment
The vector potential in cylindrical coordinates p, ¢, z for

a right circular cylindrical cavity excited in the ™™o mode 138
A, = (2Bc/w)Jj(wp/c)sin(¢+ 8)coswt+P); (wb/c)=3.8317

where W and b are the angular frequency and radius of the cavity,
B is the field intensity on the axis, and c is the velocity of light,
In this experiment two such modes, nearly orthogonal in space
and time, are excited, Dr. Ogier has shown that in this case the

9

vector potential for a perfect cavity may be represented by
Azz(Zc/w )Jl(wp/c) Blsin¢cos(wt)-B2c0s¢sin’(‘wt)} (1)

From this expression the fields near the cavity axis are

szBlcos(wt)-(wz/SCZ){131(XZ+3y2)coswt- nyBZsinwt} tean (2)
. 2 2 10 L 2y .

By=stm(wt)-(w /8c™) Bz(3x +y )s1nwt-2xyB1coswt teee (3)

EZ= -w {Bl-ysinwﬁBZxcoswt} teees Bz=Ex=Ey:0 (4)

All neglected terms are of order (wp/c)3 or higher. The fields
are independent of z and extend from z = 0 to z = d, the entire
cavity length,

Dr. Dacey has obtained the equations of motion for an elec-

tron in these fields assuming that the trajectory of the electron is

so close to the cavity axis that all terms dependent on x and y are

B. 10

negligible and that Bl = B2 =
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With the initial conditions
zZ = V; i:;rzo; Z=0att=0

he obtained the solutions

;’;a(Zb\{/k)sin(kt/ 2) {(w/k)cos(wt)sin(kt/ 2) - sin(wt)cos(kt/ 2) } (5)
y==-(2bv/k)sin(kt/2) {(w/k)sin(w t)sin{kt/2)-cos(wt)cos(kt/ 2)} (6)
smv{ (@it b/0icostn } (7)

Ry
2
where b = l(e/mo)\ B {1-(v/c)2} and kz =w2 + bz. The time of

transit for the electron to traverse the cavity is obtained from

equation (7)

d T
f dz = d {édt = v {(w/k)Z’T +(b2/k3)sin(k’r)} (8)
(o] (o]

The transverse velocity of the electron is obtained directly from

equations (5) and (6) by substituting t = T,
1 1
{5{2+3}2} * = (2bwv/k?) |sin(k71/2)| {1+(b/w)2cos2(k‘r/2)}2 (9)

It follows immediately that the electron is undeflected when k=2nm,

Substituting into equation (8) we have
3
v, = (fd/n) {1 + (b/w)z}z (10)

(e/mo) is obtained by the substitution of this value of the velocity
into the energy relationship. This expression for (e/mo) differs
from that given in 1,2 by the correction factor {I-i-(b/w )2} 3. The

field intensity B is limited by the R.F. power supply so that
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b/w < 5 1073

« Then the change in the value of (e/mo) is less than
80 ppm.
The angle through which an electron is deflected by the

cavity is given by

1
{1+(b/w)PcosPkri2)}
14+(b/w )2 cos(kT)

i
o= [5;2+§:2] “/% =(2b/w) [sin(kT/ 2)] (11)
where kT = (k3d/w2v) - (b/k)2 sin(k3d/w2v) coo

Expanding we have within 40 ppm
3

7
0 = (2b/w) | sin {(wd/ZV) (1+b%/w ) } \ (12)

If this result is compared to equation 1.1 (2) it is seen that no start-
ling change has occurred. The sensitivity at resonance is when

(wd/2v) == nw
(d0/dV)=3(d0/dv)(v/ V) == (nmb/w V) _ (13)

The sensitivity obtained here is identical with that found in Section
l. 1. Investigation of equations (5) and (6) shows that the deflection
is essentially at right angles to the orientation of the magnetic
field when the electron entered the cavity, i.e. the x component of
velocity is nearly stationary near the ''resonant' velocity,

The geometrical trajectories of the electrons are obtained
by integrating equations (5) and (6) above. If the results are ex-~

panded in powers of (b/t.u)2 we have

x=x(z=0) = - (bv/kz) {kt-sin(kt)} S PN ‘ (14)

y-y(z=0) = (bv/kz) {l-cos(kt)} + oo (15)
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The heglected terms are less than 15 Angstrdms in all cases and
aré negligible for the accurécy required. It is seen that the elec~
trons follow a cycloidal path in this perfect cavity. ' Since the
collimating pinhole is located on the cavity axis at the exit from
~ the cavity it follows that x(z=d) 2'-I»y(z:d)'2 £ (.00 2”)2. If

x(z=d)=y(z=d)=0, when k7 =2nr
x(2=0) = (bw/k%)d ;  y(z=0) = 0 (16)

Then only those electrons which fall within a circle of radius .002
inches about a point (b w/kz)d from the cavity center in the direc-
tion which the magnetic field points when the electron enters the
cavity, If B=5 gauss then (bw/kz)d equals ,006" and ,008" when

d is 1.2 and 1.6 inches respectively. Then as the magnetic field
rotates the electrons are selected from a ring of about .012'" to

. 016" in diameter. This displacement has several important con~
sequences,

First if an electron enters the cavity with a '""resonant! ve=-
locity along the z axis the electron will be essentially undeflected
by the cavity. Since the electrons originate at a point source
those that leave the exit pinhole of the cavity have a transverse
velocity spread that accounts for the diameter of the selection
ring in the four foot distance between electron gun and cavity. Since
the distance between the cavity and the collector is also four feet,
the electron beam at the collector has the shape of a ring with the
diameter of the selected ring at the cavity entrance., Then the
current collected through the collector pinhole is less at ''resonance!"

with the R.F. on than it is with no cavity fields. It should be noted
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that no shift in the resonance velocity occurs but only a decrease
in fesélution, bécéuse the transverse velocity for a given electron
"is in the x component which is almost stationary near the '"reso-
nant' velocity,

The second irhportant effect of the electron displacement
is that the ""resonant' velocity is changed due to the electron inter-
action with the electric fields of the cavity. The electron enters
the cavity at a distance of .006'" to ,008!" from the axis where the
potential drop across the cavity is 36 to 60 volts which is not neg-
ligible., If the first order electric field terms are included in the
equations of motion for a perfect cavity, the velocities and dis=-
placements may be obtained in closed form. The expressions are
complicated, however, and do not give much insight into the inter-
action, For this reason the electric field interaction will be con-
sidered in Ché.pter 3, and the results only mentioned here. The
deflection sensitivity and the electron displacement are essentially

unchanged, but the resonance velocity is changed so that

v_=(fd/n) {1+(21/4)(b/w)Z } (17)

Comparison with equation (10) above shows that the electric field
interaction causes a shift of almost 200 ppm in (e/mo). The cone
~ tribution of the second order magnetic field terms is negligible,
however.

The expressions above derived from the fields of a perfect
cavity furnish the general behavior of an electron in this experi=
ment. ‘The corrections required for the end holes in thel cavity

will be discussed in detail in Chapter 3, A brief discussion of the
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effect of the end‘holeé is necessary for an understanding of the ex-
perimental procedure,

The fields of the cavity penetrate the end hoies instead of
starting at the walls of the cavity, If the origin is taken at the

center of the cavity the fields on the cavity axis have the form

Bx = Blf(z)cos(wt) H By = BZF(z)sm(wt)

where F(0)=1;, F(-00)=0, and F(z)=sF(-z). Dr, Ogier has shown

that the deflection due to the cavity is nearly
o :
0=2b(T)/w F(z)cos{wz/v)d{wz/v) (18)
-t 1 1

where b(T) = ( lel /m_) {l-(v/c)z}E(Blzcossz-l-BZzsinsz)E .
where T is the time when the electron is at z = O,

The form of b(T) shows that the beam is deflected by the cavity
into an elliptical cone instead of a circular cone if the fields are
not .circularly polarized. Of more importance is the fact that the
‘'resonant' velocity is not shifted if the two modes have uneéual
intensity, Within the order of (b/u))2 the condition of resonance is

that

F(z)cos({wz/v)d{wz/v) = 0 ' (19)
-~ 00

F(z) is independent of w and v, but contains d implicitly. The so-

lutions of this integral equation have the form

(w/v) {a+adw} =20 n1,2,3, ... (20)

The magnitude of Ad(v) results in a difference of v of less than two
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per cent, In addition Ad(v) is almost ‘independent of v so that over
the velocity range used in this experiment {Ad(v)/d} varies only a
few parts in ten thousand, ‘Ad(v) is independent of the magnetic
field intensities B, and B, from its definition, Actually the depen-~
“dence is slight and may be included if we write the '"resonant ve-~

locities in the form
v =(t/n) {araam } rawmm)?® o) (21)

for the circularly polarized case where b=( el B/mo).

Since Ad{v) is but slightly dependent on v, Ad(v) may be ob-
tained empirically, If two sets of resonances are obtained for two
different cavity 1eng1:hs'dl and dz, the various energy relationships
may be solved for Ad(v), and then resubstituting this value of Ad(v),
(e/mo) is obtained. The theory of this empirical determination of
Ad will be discussed in greater detail in Chapter 3 , but it should
be mentioned that this theory fails if any static electric fields are

present in the cavity.

1.4 Brief Summary of Results

The value of (e/m_ ) is obtained from the equation
-1, 2 2 3 2, 2, =2
(e/mo)zé(Vk-Vn) (Vk -V ){1 tz (vk v, Je T+ ...}
-1 -1 .
where vkafk {d+Ad(Vk)} ; vnzfn {d+Ad(vn)} ; k,n integers.
To obtain Ad(v) we must measure the ""resonant' voltages for two
separate cavity lengths dl and dZ‘ The experimental data in this

experiment may thus be summarized (neglecting the magnetic field

strength)
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4 Y 1954 inches 1. 6295 inches
£ 2.6200 107 sec.”? 2.6200 107 sec. "
V(n=3) - V(n=4) ~ 899,50 0.07 volts
V{n=4) - V(h=5) | 414,58 0,09 volts 772, 44 0. 09 volts
V(n=5) « V(n=6) 416.83 0,06 volts
V{n=3) . 2043.06 0,07 volts

V(n=6) . 940,48 0,03 volts

The unéertainty of d and f is in the last place, and these
errors mé.y be reduced if it is desirable. The ''resonant" voltage
is obtained by interpolation from the straight sides of the plot of
electron beam current collected against the accelerating voltage
applied to the beam. These plots, which are called current peaks,
will be discussed in a later chapter. The intersection of a single
well formed peak is certain to within a few hundredths of a volt.
The measured intersections vary by as much as several tenths of
a volt when good stability is attained. If the fluctuations are ran-
dom, probability theory may be applied, and the errors in ''reso-
nant' voltage quoted above are the standard errors under this
assumption,

The '"resonant! voitages are then known to within 0,1 volts,
but are ineffectual in determining (e/mo). This is illustrated if
we solve for Ad(v) for the six ''resonant' voltages, assuming that
the contact potentials in the electron gun are zero and that

(e/mo) = 1, 75888 107 emu/gr. Tabulating Ad(v)
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d 1. 195.4 inches ' d 1.6295 inches
n=3 0.0241 cm,
n=4 - 0,0205 cm, 0.0269 cm.
n=5 00,0162 cm. 0.0229 cm.
n=b | 0,0208 cm.

While the values of Ad(v) quoted above depend on many fac-
tors, it will be seen in Chapter 4 that a basic inconsistency prevents

an accurate determination of (e/mo).

1.5 History of the Experiment

At the end of World War II (e/mo) was known less accurately
than any other important fundamental constant. In 1947 Dr. W. R.
Smythe requested Dr. C. R. Wilts, then a graduate student at this
laboratory, to investigate a direct velocity measurement of (e/mo)
using microwave techniques. Concluding that the electron velocity
could be accurately measured by magnetic deflection in a resonant
cavity, Dr. Wilts successfully performed a preliminary measure-~
ment, 11

Under the supervision of Dr, Smythe three graduate students
at this laboratory have participated in this experiment: Dr, George
C. Dacey, Dr. Walter T. Ogier, and the author, In 1948 Dr, Dacey
produced the basic design of the apparatus which augmented the
design of Dr. Wilts with necessary refinements, Construction of
the apparatus was under way in 1949 when Dr. Ogier jéined the pro-

ject, and was essentially complete in 1950 when the author joined

the project, assuming responsibility for the voltage measurement



-20~
and collection and interpretation of data.

The difficulties of forming an electron beam suitable for a
pr’ecisién measurement had been ﬁnderestimated. Dr. Dacey left
the project in 1951 after demonstrating the possibility of a pre-
_cision measurement, but it was not until the fall of 1952 that a
suitable electron gun was developed. In 1953 Dr, Ogier left the
project after establishing that the resolution of the instrument was
sufficient for a significant measurement, but he has céntinued to
contribute valuable aid and advice since that time,

In the next year the author with the exiéensive help of Dr.
Smythe improved the stability of all elements until significant
measurements were possible, In addition an important asymmetry
in the resonant cavity was corrected. Finally in the latter part of
1954 sufficient precise data were collected to terminate the experi-

ment,
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II. DESCRIPTION OF THE APPARATUS
2.0 General Description of the Instrument

The mechanical structure has been discussed in detail by
Dr. G, C. Daceyloand Dr. W. T. Ogierg. A short discussion will
be given here as an aid in visualizing the instrument., The instru-
ment is schematically drawn in Fig. 1, and the numbers appearing
in parentheses in the text refer to the numbers in the drawing,

The aluminurﬁ vacuum header (1) is bolted to a brass plate
on a wooden support. To the vacuum header are bolted a massive
brass ring (2) and an auxiliary mounting ring (3). The brass ring
supports the resonant cavity (4) and contains radial passages for
R. F. power inputs (6) and cooling water (7) and longitudinal pas-
sages for vacuum pumping (5). This central section supports the
remainder of the instrument.

Two aluminum tubes (8), which are four feet long, four
inches in diameter, and flanged at both ends, are cantilevered
from the vacuum header and auxiliary rings. The electron gun (9)
and the collector end plate (10) are mounted at the end of these
tubes, The entire system is evacuated, and all seals are made
with "O'" rings.

The systemn is evacuated by an oil diffusion pump supported
directly below the vacuum header by a cold trapped column, The
electron gun is separately evacuated by a 100 liter/sec, oil dif-
fusion pump connected to the small vacuum header (11) by a cold
trapped column. A pulley and counterweight mounted on the wooden
frame compensates for the weight of the electron gun pumping sys-

tem.,



81 SOISAHd "4'N'O 1710

LNIWNNYLSNI FHL 40 ONIMVYHC OILVW3HOS 1 9ld

ho




23

' The electron gun may be aimed mechanically by the means
of three bolts, The collectof end plate may be moved by the use
of four bolts so that the current collector is aligned by the beam.
To shield the electron beam passing through the long tubes, nests
of three mu~metal and three copper shields are included in the
tube (12). Magnetic shielding in the central region is achieved by
small mu~metal cylinders at the ends of the cavity and larger mu-
metal shields mounted both exteriorly and interiorly.

On both sides of the cavity collimating holes are located;
the hole preceding the cavity (13) is 1/16'" and prevents the elec-
tron beam from falling directly upon any cavity surface, and the
pinhole following the cavity (14) is . 004" and provides the final

" collimation. Both holes are mounted so that they lie 6n the cavity
axis., Just beyond the ,004" pinhole an electrostatic deflector (15)

is mounted,

2.1 Construction of Resonant Cavity

The shape of the resonant cavity is a right circular cylin-
der, The two plane surfaces are formed by 1/2!" copper plates
which have been plated with about , 020" of chromium and then
ground optically flat, Soft copper tubing has been soldered on the
. reverse side of these plates in order that they may be water cooled,
The cylindrical surface is formed by one or two sintered molyb-
denum rings. The inner and outer cylindricai surfaces of these
rings have been accurately machined to 5.487'" and 6,500, The
flat surfaces of these rings have been ground flat and parallel.

The principal ring is 1.1954" long and is flat and parallel within
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. 0006_1”. The 1,ength of the cavity is increased by adding an auxiliary
ring that is . 4341" long and flat and parallel within ,00008'", Four
symmetrically spaced 5/8'" holes were drilled in the principal molyb-
denum ring to provide éccess for R, F. power,

The outer diameters of the molybdenum rings and end plates
and the inner diameter of the massive brass ring that supports them
has been machined to 6. 500" with precision. The play is certainly
less than . 001", This snug fit prevents an appreciable tilt of the
cavity aiis. Thé position of the large molybdenum ring is deter-
mined by the four input probes extending through the brass ring into
the four holes in the cavity wall, Pressure rings bearing on the
outer edge of the end plates hold the cavity together,

It is necessary that the contact between the molybdenum
rings and the endplates be excellent. It has been found that the Q
of the cavity is drastically affected by this contact. Tfle high experi-
- mental Q is taken as evidence that these contacts are good.

Copper tubes pass through the brass ring and are sealed to
the cooling coils on the end plates by Imperial ﬁ.ttings. Great care
is taken to insure that no strain is placed on the endplates. The
temperature of the cooling water is measured by a thermometer
after it leaves the cavity. The water pressure is constant on any
given day but varies over a period of time., A typical flow rate is
28 cc per second. The observed temperature rise of this water
due to R. F. power dissipation is 0.8°C corresponding to 95 watts,

Circular holes accurately centered in the endplate must be
present to allow the electron beam to pass along the éxis of the

cavity., As originally constructed these holes were believed to be
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. 125"‘ in dié,meter, normal to the chromium surface, and precisely
centered. A defect of these holes was that the edges were not pre-
cisely defined due to very fine cracks in the chromium extending
radially oufward. Chips of chromium with dimensions on the order
-of ,001" were missing where the radial lines intercepted the edge
of the holes, Another defect of these holes was that static electric
fields due to the contact potential between the chromium and the
copper existed in regions where the R. F. fields were not negligible.
Theoretiéal prediction of the combined interaction of these fields
upon electrons is difficult to calculate. Both of these defects could
be corrected by inserting chromium bushings with accurately known
dimensions and precise edges into these holes,

The bushings were constructed by plating chromium on iron
rods machined to a known dimension, While still centered by the
iron rod, the chromium was ground and polished to the desired size

. and shape. The rod was then cut off with a diamond saw, and the
iron was dissolved out with hydrochloric acid, This left a cylindri-
cal bushing of inner diameter .0899" and the correct outer diameter
to be press fitted into the cavity holes., The length of these bush~
ings was 3/8" and the outér surface of that part not presented to
the cavity was slightly tapered so that the bushings could be press
fitted more easily. The edges on these bushings are excellent,

It was discovered during the installation of these bushings
that the existing 1/8' holes were as much as , 005" off the center
of the end plates and deviated appreciably from the normal to the
chromium surfaces. It was essential to have these holes centered

and normal to the surface, The holes were reamed from the
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reverse side so that 6n1y a depth of 1/8" of the hole remained to be
ground, This hole was ground on a precision lathe and it is believed
to be centered to ,0001'" and accﬁrately normal to the face of the
end plate. .Unfortuna'tel.y, the grinding process caused the chromium
surface about the re-centered holes to rise slightly so that the sur-
face surrounding the holes is conical rather than flat extending a dis~
tance of somewhat more than 1/8". The height of the rise on the
end plates nearest to and farthest from the electron gun is ,0001"
and ,0005" respectively.

The chromium bushings were then press fitted into these
holes until flush with the edges of the holes. The small cracks sur-
rounding these bushings were packed with graphite so that the R, F.

current of the cavity would be readily conducted across the cracks,

2.2 The Cavity Power Supply and Frequency Measuring Equipment
The radio frequency power supply has been discussed in gr eat.
detail by Dr. W, T, Ogier. Readers are referred to his thesis for
a close description, The cavity power for each mode is furnished
by a Sperry Type XZF~8529 klystron, Both of these power klystrons
are kdriven by a Sperry Type ‘SRL-6 klystron through a power and phase
splitting system., This projecf is indebted to Sperry Gyroscope Co.,
Inc., for furnishing these klystrons, which are pre-production models
produced as part of a klystron development program,
The Sperry SRL=~6 klystron is operated with the case grounded,
the cathode at 1000 volts negative, the reflector about 200 volts nega~-
tive with respect to the cathode, and with a beam current of 175 ma.,

The reflector voltage which is the important determinant of the
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oscillation frequency may be varied dver a range of 15 volts, and
the corresponding frequency variation is greater thé.n the accept-
ance band qf the resonant cé.vity. The cavity of the klystron is of
the bellows type and has been tuned for maximum power delivered
to the resonant cavity. The noise band output of the klystron has
1oveen reduced to 20 kilocycles by immersing the klystron in a water -
cooled oil bath and by heating the filament with a storage battery,
After complete anrm-up the drift of the klystron is slight. The
output of the SRL~6 is transmitted by a 50 ohm coaxial line through
an attenuator pad to a type '"T' power and phase splitter which
feeds the divided power into the type 8529 klystrons,

These are double cavity, cascade type klystrons, cooled
both by water and air, and tunable by rotating paddles. The disk
cathodes are indirectly heated with a bombarding beam dissipating
about 100 watts, The cavity beam is about 200 ma at 2500 volts,

. The output of these klystrons is transmitted to the cavity input probes
through about one foot of reétangular waveguide and three feet of
flexible, 50 ohm impedance., high power coaxial line. The cavity
input probes pass through the upper holes in the molybdenum ring
and are magnetically coupled to the cavity by broad flat loops pro-
jected slightly into the cavity, In this way the cavity receives

about 50 watts of power in each mode,

In the holes in the molybdenum ring opposite the cavity
input loops are located two brass plugs which may be adjusted so
that the two modes operate at the same resonant frequency. In
theée plugs are very small loops that receive R, F. signals from

the cavity fields, These signals are presented to a microammeter



~28-

through crystal rectifiers. The meter readings are measures of
the field intensity in the resonant cavity, and they are used both to
tune the R, F. équipment ar;d to monitor the R. ¥, fields during
peak measurements. |

The frequency measuring equipment is thoroughly discussed
in the thesis of Dr. W, T. Ogier. The standard of comparison is
a standard one megacycle crystal accurate to 20 ppm. The 2610th
harmonic of this crystal is obtained by direct frequency multiplica~
tion in electronic amplifier stages. A small amount of R. F, power
is obtained from one power klystron from a slot in the rectangular
wave guide, and this signal is fed into a mixer with the 2610 mega~
cycle signal, The beat frequency is continuously monitored by a
Navy type RBH short wave receiver, manufacturedv by Scott Radio
Laboratories. This radio has a 5 kilocycle pass band, and the kly-
stron noise output is distinctly audible when all R. F, contacts are
‘good, The beat frequency may be read directly off the remarkably
accurate dial.

The 2610 megacycle signal has some 1 megacycle modulation
causing the beat frequency signal to have side bands at a one mega=-
cycle distance, An independeht frequency check has been made by
coupling an accurate coaxial type wave meter into the wave guide,
This wave meter has an accuracy + .5 megacycles. The cavity fre-

quency therefore is near 2620 megacycles.,

2.3 Electron Gun and its Power Supplies
The electron gun used in this experiment, Fig. 2, is sepa~

rately pumped and cold-trapped, and is, therefore, mounted on
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the va:cuurn header of-the 100 liter/sec. oil diffusion pump. The
vacuum header is sealed by an '""O'' ring to the flange at the end of
the 4 foot aluminum tube, and with three bolts the vacuum header
maj be tiltéd about this. "O" ring seal so that the electron gun may
‘be aimed mechanically. A Kovar-glass seal containing the wires
that present the potentials to the gun electrodes is soldered into
a brass plug that seals by an "O'" ring into the rear opening of the
vacuum header, ‘Thé tungsten electron gun filament is spot-welded
to the two stainiéss steel tubes, 1/4'" in diameter. These tubes
are supported from the brass plug by a fired talc insulator and by
the three wires from the glass seal that are spot~-welded to each
tube,

The gun electrodes are mounted in a cylindrical aluminum
holder which is bolted to the front opening of the vacuum header
in such a manner that the aluminum holder's axis may be aligned
- with the filament. All electrodes are mounted on precision ma-
chined cylindrical surfaces, The insulators are fired talc bush-
ings that are banded interiorly and exteriorly with aluminum and
then precision machined. The geometry insures that the electrodes
are normal to the gun axis and centered with a high degree of ac-
curacy. The aluminum holder is covered with a tight copper sheath
that seals off the pumping holes in the holder so that the gun is
separately pumped,

The electrode structure is quite simple yet it satisfies the
several .stringent requirements of the experiment. The electron

beam must leave the gun at its full accelerating voltage, and the
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fields at the filament must be independent of the total accelerating
voltage. The final anode containing the , 002" collimating. pinhole
is, therefore, grounded, and the entire accelerating voltage is
plaéed on fhé filament.‘ The potential of the grid directly in front
of the filament-and the first anode with respect to the filament is
maintained constant. The geometry is such that the field penetra-
tion of the variable accelerating voltage is negligible., The usual
potentials of the first anode and the grid with respect to the filament
are respéctively 300 volts positive and 1.5 volts negative. The
negative grid voltage reduces grid current and minimizes the var-
iation in emissivity of crystals in the tungsten filament. Since
neither electrode draws current, both are battery supplied.

The focusing effect of the accelerating fields is small so
that the beam is principally governed by the geometrical arrange-
ment. The ,020" pinhole in the molybdenum grid and the . 002"
pinhole in the final anode define the beam. Therefore, the solid
angle subtended by the beam as it passes through the , 002" colli~
mating pinhole is rather insensitive to voltage, The diameter of
the beam as it falls upon the phosphor screen at the center of the
apparatus varies from .8'" to . 5" as the accelerating voltage vare~
ies from 2100 volts to 900 volts, as compared to the diameter of
. 8" predicted by rectilinear optics, The accurate alignment of the
electrodes secures the beam direction as independent of voltage.

The filament is a directly heated thoriated tungsten wire
shaped 1ﬁ<e a hairpin, The wire has a , 013" diameter, but at the
bend it has been hammered to a width of . 022" and thén ground

flat. This flat surface is the emitting surface, and lies within a
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few mils of the grid when hot. The grid is made of molybdenum
and thé grid holder of stainless steel to withstand the temperature
rise. The filament must transmit several hundred microamperes
through the . 020" hole in the grid in order that the current detector

-12
am-

at the opposite end of the vacuum tube receive the 2.5 10
peres necessary for an accurate measurement, To accomplish

this the filament must dissipate about 20 watts at a current some~
what greater than 8 amperes. Thus the potential drop across the
filament is over 2 volts, However the effective surface contributing
to the beam is about , 020" in diameter with a potential drop of . 04
volts which is small compared to the spread in thermal energy.

The filament temperature is estimated to be 2000°K so that kT=, 17
volts, Even if only one velocity component contributes, the mean
energy spread is ,09 volts. The actual energy spread is probably
several tenths of a volt, This voltage spread does not introduce
systematic error, but it would improve resolution if it were smaller,
Unfortunately it has been found that the lifetime of an oxide coated
emitter in our oil pumped system is too short for its use to be prac=
ticable.

Any surface exposed to an electron beam in an oil pumped
system has an insulating layer deposited. The .002'" pinhole colli-
mates the beam, and an insulating layer is formed in the vicinity,
This layer at ﬁrst broadens the beam leaving the pinhole, then re-
duces in a marked manner the beam stability, and finally will prevent
the beam from passing through the pinhole, This effect is the prin=-

- cipal obstacle to the collection of accurate data. No method of

eliminating this difficulty has been discovered, and after too thick



“33.

a layér has developed this surface must be cleaned mechanically,
By improved evacuation and the systematic cleaning of surfaces to
minimize oil creepage the operating time before an unstable layer
collects has possibly been doubled, The grid collects a small cur=~
‘rent and formé a deposit over a long period of time, This deposit
must be cleaned periodically but involves no loss of time., The
. 004" pinhole beyond the cavity requires months for a deposit to
be formed. Only essential surfaces are exposed to the beam.

Formation of positive ions by the electron beam raises dif-
ficulties when the vacuum is poor., To prevent the accumulation
of these ions, all regions of the gun have accelerating fields to
sweep ions out, It has become standard procedure to drive out
occluded gases in the gun by running an AC discharge between the
electrodes and ground while pumping the system down,

Dry cells furnish the grid and first anode voltages by wires
passing through the Kovar glass seal. The voltage variation due
to ambient temperature changes is not significant, The total ac-
celerating voltage is applied to the center tap of a resistor across
the electron gun filament, This voltage is furnished by a regulated
power Supply, Fig. 3, which was designed by W, T, Ogier and
was described in his thesis, The output ripple is about 10 ppm at
all voltages. The voltage is adjusted by using two switches that
have 400 volt and 50 volt intervals respectively, and by using a
~ Helipot with a 100 volt range that may be adjusted to an accuracy
of better than .02 volts, The supply is not thermally regulated and
is subject to slow drifts, but error due to this cause may be avoided

by frequent measurements,
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The method by which this accelerating voltage is presented
to the filament requires that the filament current be maintained
constant, Beam stability requires that the filament current be
constant with greater severity, The large current drawn from a
storage battery produces too rapid a drift. The drift is reduced by
the three storage battery circuit in Fig, 4a. The resistance of the
rheostat, R, may be adjusted until the battery E, carries little
load, and the remaining two batteries supply essentially the entire

current, The output voltage, E, is
E=E, (I - r/r+R) +(r/r+RXE2+E3~IR)

The output drift is then improved by the factor r/R € , 008, In
practice it is observed that the output voltage decreases by 1%
while the current carrying batteries decrease by 50%o.

The remaining drift due to batteries, temperature effects
in resistors, and rheostat contacts was controlled by an electronic
regulating circuit, Fig. 4b. This circuit delivers 200 ma.in oppo-
sition to the filament current drawn from the battery supply. A
fraction of the current supplied to the electron gun filament is
passed through the filament of the diode, type 2AS-15, manufac-
tured by Sorenson and Co., Inc, The filament of this tube is a
straight thoriated tungsten wire lying along the axis of the plate,

a right circular cylinder operated at 60 wvolts positive to the fila-
- ment, The plate current then follows a temperature-limited
tungsten emission curve, and for this reason the sensitivity of the
diode is sufficient to regulate the electron gun filament current.

The input signal to the regulator is the potential drop across the
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630 K resistor due to the plate current of the 2 AS-15, This signal
is amplified in fwo stages and drives the grid of the 6AS7 which
furnishes the regulating current., The circuit elements are such that
regulation -occurs when the 6AS7 is delivering between 40 ma, and
200 ma, The stead\j battery drift \yill of course be followed by the
regulating current. To maintain regulation the rheostat Ro must
be adjusted so that the circuit regulates, This insures that the

filament current is maintained constant to the necessary precision,

2,4 Voltage Measurement

The experiment requires that the accelerating voltage of
the electron beam be measured with precision easily and quickly,
The voltage is applied across a precision, high impedance voltage
divider with a voltage division ratio of 1/1025, Since the acceler-
ating letage may vary from 700 to 2200 volts, the reduced voltage
lies between . 68 and 2, 1 volts, A known voltage is opposed to the
reduced voltage and the difference is measured by a precision low
resistance potentiometer,

The accuracy attained by this measurement is limited by
the uncertainty in the voltages of the standard cells which are used
as comparisons., These ére three Saturated Weston standard
cells, which are maintained in a box thermally regulated within
.002°C so that the standard cell voltage is constant, Two of these
cells have a known history and are quite stable, while the remaining
cell has an unknown history and undergoes appreciable drifts, The
voltage of these three cells is determined by comparison with a

bank of six saturated Weston éells that have been calibrated at the

U. S. Bureau of Standards. The voltage of this bank of cells is
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known to 10 pprh.

- The bucking voltage, i. e, the voltage used in opposition to the
reduced voltage, is obtained by dividing the output of a storage cell
across two stable resistors. This bucking voltage is determined
by cémparing it with a standard cell, Occasionally, when the stor-
age cell is being charged, a standard cell is used as the bucking
voltage, This is avoided when possible since the storage cell can-
not be hurt by a failure of the high voltage.

An 0, Wolff Potentiometer (Serial No. 7521) and Auxiliary
Box (Serial No. 7532) were used to measure voltage differences.
This instrument has four ranges with maximum readings of 1.1,
.11, 011, and .0011 volts respectively, The potentiometer is oper-
ated on its upper range since the measured voltages extend from
-0,4to 1,1 volts, A current of 0,1 amperes 10 volts drawn from
storage cells supplies the working voltage of the potentiometer, A
L.eeds and Northrup Type E galvanometer with a sensitivity of
. 0004 ,.Aa/mm is used in conjunction with the potentiometer, The
potentiometer may be read to 10 Mv when measuring the reduced
voltage and to 1 (v when co.mparing standard cells,

The potentiometer haé been calibrated at the U. S, Bureau
of Standards. The calibration on the upper scale is good to 100
ppm or 10 K Vs whichevgr is greater, The accuracy that could be
assigned to the potentiometer readings was, therefore, investigated
rather carefully., Suppose that the reduced voltage to be measured
is 2._ 1 volts, This may be opposed by one or two standard cells,

leaving a voltage difference to be measured of about 1,1 and 0.1



-39.

volts fespectively. The guaranteed accuracy of the potentiometer
calibration in the two cases is 110 MV and 10 Mv. Since the stand-
ard cell voltage is known, the larger reading may be calibrated to
within 20 Mv. This calibration seemed to be reliable, and checks
were made with reasonable frequency, For this reason the full
scale reading of the potentiometer was assigned an accuracy of
40 Pve

A switching circuit was provided so that all standard cells
could be intercompared, and so that various bucking voltages could
be opposed to the reduced voltage. Since all leads, terminals, and
switches are copper, spurious thermal E.M.F,'s are believed
completely negligible compared to desired accuracy of 10 M v. No
measurable voltages have been observed to arise in the switch con=
tacts, The leakage resistance between any two elements in the
circuit is greater than 109 ohms so that no leakage error is intro-
duced.,

The voltage divider used in this experiment was constructed
by Mr, J, N, Harris for use in a precision measurement of (h/e)
at this laboratorylz, and was kindly loaned to this project by Dr,
'J. W. DuMond. The theofy, construction, and operation of this
remarkable instrument has been fully discussed by Mr, Harrisl3.
A short discourse on the instrument and its use will be included
here. Suppose that the '"low' end of the divider consists of a re-
sistor r, and that the '"high' end of the divider consists of N resis-

tors of mean resistance R and proportional deviation m,:

R, = R(L + m,) i=1,2, oo N
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Let RS’ and Rp be the resistance of the '"high' end taken in series
and in parallel. If |m.| < 10-3, then within 1 ppm
R /R_=N°<{ 1+ 1/N§:N: m, >
s P i=1 *

The voltage dividing ratio is
N
R_+r/r=NR /rdl+1/ND_ mZ2b4i
B P iml 1

An absolute calibration of a resistor or a comparison between two_
unlike resistors is difficult to perform with precision, However, a
comparison of nearly equal resistors by the bridge interchange
method will yield great accuracy with comparative ease, Therefore,
r is constructed approximately equal to Rp(Rp:u R/N). Then

Rp/r = (1 + €) by measurement, and the voltage dividing ratio is
2
R +r/r=N"(1+€)+]1

The ratio is determined by N so that a convenient value of R 'may
be chosen. In the division of a large voltage R should be as large
as leakage conditions permit so that the dissipated power is small,

The voltage diyider contains one hundred 10,000 ohm resis-
tors which have a maximum deviation from the mean of 0. 50 ohms
and a root mean square deviation of , 16 ohms. These resistors are
mounted in a large lucite box filled with high resistance oil. The
oil is circulated by a motor-driven impeller, and a calrod heater
maintains the oil at 33°C, There is space in the box to mount a
dozen other resistors which form the "low" side of the divider,

In this experiment 32 groups of three 10, 000 ohm resistors

were used as the "high'' end of the divider so that R == 30, 000 ohms,
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N = 32, 352960, 000 ohms, and sz 937.5 ohms, r wés constructed
to be 93_7. 5 ohms from five 80 ohm resistors, three 133-1/3 ohm re-
_ sistors, and two 100 ohm resistors taken in parallel to 15, 000 ohms
made up from three 10,000 ohm resistors. Then our voltage divie

sion ratio was
Rs+r/r =1024(1+€)+1=1025+ 1024 ¢

Using the Bridge Interchange Method € was found to be

-1.5 1072

and 0.7 10~° before and after all voltage measurements,
Then the appropriate value for the voltage division during the experi-
ment is 1024, 99,

The power dissipated in the divider was always less than
five watts, and it was found that no correction was necessary. No
correction was necessary for leakage.

Mr. J. N. Harris built the thermally regulated box contain-
ing the standard cells and the equipment used in the resistance com-

parisons as well as the voltage divider, His excellent construction

greatly facilitated this voltage measurement,

2.5 Electron Beam Detection Apparatus and Collimation

The electron beam detection apparatus is mounted on a
moveable aluminum ehdplate. The beam is collected in a copper
Faraday cup mounted to the endplate by a lucite rod, The electron
secondary current is reduced to a negligible amount by gold-plating
the Faraday cup, suitably shaping its interior, and by operating it
45 volts positive to ground. Before entering the cup the electron
beam is collimated by a pinhole that was drilled in . 005" copper
sheet with a ., 008" pivot drill, This pinhole may be swung away to

uncover the Faraday cup to the entire electron beam by rotating a
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brass rod which passes through the endplate with an '""O'" ring seal,
The pinhole and vicinity may be observed from outside the vacuum
by means of a glass window and a mirror, If phosphor is placed
abéut the pinhole the beam may be observed visually,

The beam current collected by the Faraday cup is presented
to an electrometer circuit through a Kovar~glass seal waxed into the
endplate. The detecting electrometer tube of this circuit, a sub-
miniature CK 571-AX pentode, and its 10,000 megohm resistor
are a—lso mounted in the vacuum on wires from the glass seal, thus
securing excellent shielding and leakage conditions. A copper box
containing a hole to admit the beam surrounds the electrical ele-
ments.,

The remainder of the electrometer circuit is mounted on
the exterior of the endplate and is connected to the Kovar-glass seal
by a short shielded cable. The electrometer circuit, Fig. 5, is
discussed by Dr, W, T, Ogier in his thesisg. Two sub~miniature
electrometer pentodes (CK 571-AX) are balanced against one another,
and a filament rheostat compensates for filament drift, The input
signal is the voltage developed across the 10, 000 megohm grid re-
sistor. The output signal is the unbalanced tube output, which is
presented directly to a galvanometer through an Ayrton shunt., A
Leeds and Northrup Type P mirror galvanometer with a sensitivity
of ,004 M a/mm is used, and the mirror spot is read on a 500 mm
scale at a distance of 3 meters from the galvanometer. The elec-
trometer is capable of registering a change of 5 10-13(.)mperes in beam

current,
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’A large plywood box covered with , 005" copper foil sur-
_ rounds the entire end of the vacuum envelope. This box, which is
mounted on the wooden frame, insures adequate shielding for the
electi‘ometei‘ which can be very sensitive to small fields,

The electron beam is collimated geometrically by the ,002"
pinhole in the electron gun and the ,004" pinhole just beyond the
resonant cavity., A geometric analysis established the diameter
of the umbra at the collector pinhole as , 006" and the diameter of
the penumﬁra as ,010", Optimum resolution is achieved for this
distribution with the collector pinhole diameter lying between these
values. Investigation shows that the electron beam actually has
this general shape and dimensions, although the flat umbra is re=
placed by a gradually approached maximum at the center and the
trailing edge of the penumbra is broadened to a somewhat greater
diameter. Experimentally the diameter of the collector pinhole
was chosen as , 008", which agrees with theoretical expectations,

Optical alignment fails because of large diffraction patterns,
Therefore, the mechanical construction must insure that the ., 004"
pinhole is centered with the cavity, This pinhole is mounted cen-
trally in the turning tube of the cavity endplate which should be cen-
tered with the cavity axis, This has been checked and found to be
centered, better than . 002", During all measured peaks the electron
gun exit pinhole has been within ,030" of the center of the aluminum
tube, The tilt of the resonant cavity with respect to the brass ring
is less than one part in 1000, The angle between the electron beam
and the cavity axis cannot be greater than 5 minutes, and it is

probably much less,



L

.' Electric shielding is excellent, The charging of surfaces in
the long drift spaces in the alﬁminum tubes is negligible, It has
been found that electrostatic deflectors near high current beams
rapidly charge up. For this reason the only electrostatic deflec=
tor is located beyond the cavity where the beam current is less than

10-10

amperes, and the maximum voltage applied to these plates is
1.5 volts, All additional alignment is accomplished mechanically.
The radius of curvature of a 2000 volt electron in the earth's
magnetic field is about 35 centimeters., Leakage magnetic fields
amounting to perhaps 1 gauss in intensity are caused by other in-
struments at this laboratory, Since it is desired to pass the elec-
tron beam about eight feet in an essentially geometric path, the
magnetic shielding is extremely critical, The shielding described
in 3.1 seems adequate for these requirements, When the magnetic
field surrounding the instrument changes by an amount greater than
the earth's field, the displacement of the electron beam at the col-
lector pinhole is less than .020'", During peak measurements
magnetic field changes are at most a few per cent of a gauss, and

usually much less.

Figure 6 is included to demonstrate the relationship of the

electric circuits in the apparatus,
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III, THEORY OF THE EXPERIMENT
3.0 Radio Frequency Fields in Cavity without End Holes
The vector potential in cylindrical coordinates p, ¢, z for a
cavity bounded by the surfaces p =b, Z =+ 3d and operated in the

two orthogonal degenerate TMl 10 modes was obtained in Chapter 1, 3.
A=k(2c/w )Jl(wp/c) {Blsin¢cosmt-Bzcosq)sinwt} (1)

where Jl_ (wb/c) =0, (Wb/c) =3.8317, W= 2xf,

The diameter of the cavity used in this experiment is 5, 487
inches so that f = 2, 62 109 (sec. )_1. The cavity length is either
d = 1,1954 inches or d = 1,6295 inches, Of all possible modes the

TE,,, and TE,,, modes with frequencies 2,08 10? sec. ™! and

9

2,88 107 sec, -1 respectively are nearest in frequency to the TM

110
mode, Only the TMllo mode will be excited when the cavity is
driven at the correct frequency.

The flat ends of the cavity are chromium while the cylin-
drical surfaces are molybdenum, If His My and M are the per-
meabilities of chromium, molybdenum, and the interior of the cavity
respectively, and if 81 and 52 are the skin depths of chromium

and molybdenum respectively, the cavity Q is 14

Q=(ubd)(p, 8;b+H, §,a)7! (2)

This expression neglects the resistive loss between the cylindrical
and flat surfaces which may be appreciable. The theoretical Q is

about 8000, The average power loss is in MKS units,

F = @b)% {7 (wb/o)} % a(B,%4+B,%) (2ps0)"? (3)
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If B, and B, are meaéured in gauss, d in centimeters, and P in watts,
equation (3) becomes
T = 3200 (d/Q)(B,%B,%) (4)

If Q ~~5000, d~~3 cm., and B, =B, = 5 gauss, P ~ 100 watts, The
power that may be delivered to the cavity is the principal limit on
thé magnetic field strength, It will be shown that 5 gauss is not far
from the optimum value for resolving the ""resonant'' voltage.

The magnetic and electric fields are obtained from the vec-
tor potential, Expanding these fields about the cavity axis and ne=
glecting terms of third and higher degree in x and y, we obtain in

gaussian units

B =B {1 - (w2/8c2)(x2+3y2)}coswt + (W?/4c®)B xysinwt  (5)
ByaB2 {1 - (w2/8c2)(3x2+y2‘)} sinwt + (m2/4c2)B |¥ycoswt (6)

Ezz(a)/c)(B 1 Ysinwt+B,xcoswt) (7)

These fields, which are derived for a geometrically perfect .ca,vity,
are modified if the cavity walls are deformed. The effect of the
holes in the flat endplates will be considered in the next section,
The effect of slight bulges in the cylindrical surface is computed
in Appendix I. If bulges centered about the points (x=b, y=z=0) and
(x=0, y=b, z=0) on the cavity walls reduce the cavity volume by
amounts gvl and sz respectively, the fields near the axis are

2
- wz(x2+3y2) wngZ w BZ},{Y
B,=By1- 7 - Y
8c bdc
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‘ 2
’ 2ia 2, 2 2 w B,xy
BX=B2 {1- W (3}; ty) w 8‘2’2 y}coswt + —-————-Z-z—sinwt (9)
8c bdc _ 4c
Ezz(sz/c) {x+( 8v1/~rrbd)} coswt+(wBI/c) {y+( 8v2/1rbd)} sinwt (10)

This approximation indicates the effect of the orifices in the cavity
walls which furnish and detect R. ¥, power, The volume change
due to these orifices is less than 0, 14%0 of the cavity volume,
3.1 Radio Frequency Fields in Cavity with Circular End Holes
Two circular holes of radius a are centered in the plane end

surfaces of the cavity, The cavity walls then correspond to the
cylindrical surfaces p=a, |z]» 3d; p =b, -3d €z <2d; and the
plane surfaces z = + 2d, ag pg<b. The cavity fields for a single
TM1 10 mode may be written in expanded form in terms of two scalar
functions, Wl and WZ'

A = {VXEW +kXTW,) } cosut

B= -{VX(5w2 c:2W2+5 X VWl) } coswt

where

2 =2 2 =2
W1 = nz-l Cnexp( /kn a “«W% z)Jl(knp/a) cos ¢
_ -00 < zg€~3d

2 - 2 -2 )
W2 = Z Dnexp( )lln -a Zuw c z)Jl(lnp-/a) sin ¢

/

. 2, =2 2 w2
W1 = 2 anmh( ’\/;n b "~ c z)Jl(knp/b)cos ¢

H
[ V] [ad
o
N
[
IN
-

2, w2 2 =2 .
-WZ = 2 Mncosh( )lln b T=Wc Z)Jl(lnp/b) sin ¢

where k_and 1_ are defined by J}{k_) =0; J,(1 ) = 0, These fields
n n 1V'n 1V'n
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satisfy both Maxwell's equations and the boundary conditions on the
cylindrical surfaces, Cn’ Dn’ Mn’ and Nn are coefficients which
would be determined by satiéfying the boundary conditions in the
plane z = ~3d. The evaluation of these constants is not feasible
because of the extreme difficulty of solving the infinite set of equa-
tibns. The general form of the solutions may be deduced, however,

By allowing p = 0 it may be shown that all field components
vanish on the cavity axis except Bx and Ey‘ The expansions contain-
ing undetermined coefficients do not yield significant information,

and it is sufficient to represent the axial fields by

Bx(p = 0) E BF(Z)

Ey(p z 0) = ~(WB/c)G(z)

where F(z) = F(-2) and G{z) = -G{~-2). The circular entrance holes
do not affect the simple ¢-dependence of the TMllO mode. Applica~-
tion of Maxwell's Equations with this_ in mind secures the fields

near the cavity axis in terms of F(z) and G(z):

szBF(z) coswt | EX =0

Byz() ' Ey:-(wB/C)G(z) sinwt (1)

Bzan {F'(z)+(w/c)ZG(z)} coswt Ezz(wB/c)y{F(z) -G‘(z)} sinwt

where quadratic and higher order terms in {(wx/c) and (wy/c) are
neglected,

Approximations for F(z) and G(z) must be known in order to
obtain numerical results. A difficult calculation by Dr. W. R.

. . 5 :
Smythe has yielded an excellent approximation for F(z)l . This



-5l
approximation is the static magnetic solution for a uniform magnetic
field pa.‘rallel to the plane face of a nonpermeable substance contain-

ing a circular hole of radius a, Dr., Smythe has shown that the

function F(z) obtained in his paper may be put in the form

F(z)=0.8285exp {1. 8412u(z)} -0, 234exp {5. 1u(2)}

—o0ug0.1  (2)
4+0. 340u(z)exp{6. Zu(z}} -0.0036exp {17. 6u(z»
F(z)=1-0.046exp {-. 75u(z)} +0. 014exp{—u(z)}
-0. 3'344exp{-2u(z)}-o. 341exp { -4u(2)} 0.1€ug(5) (3)

+0, 4832exp { -6u(2)} -0. 1878exp{-8u(z)}

where u(z) = (z + %d)a._l. Since F(z) is a symmetric function we
have an approximation that is valid over the range -0 < z < (00,
An accurate expression for G(z) is not known by the author,
but a rough approximation may be obtained. Clearly G(-D0) =0,
and, since G(z) is an odd function of z, G(0) = 0, Dr, Smythe's
solution demonstrates the localization of the perturbation fields

about the entrance hole so that near the center of the cavity
-1 -
-c (SBX/ ot) = (BEZ/By)

as in the unperturbed mode, Comparison with the expression for
Ez in equation {1) above shows that G'(z) ~» 0 as z —» 0,

The most reasonable simple representation of G(z) is

G(z) = aF'(z) (4)

F'(z) vanishes in regions remote from the entrance hole both inside
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and outside the cavity and is an odd function of z. It attains its
greatest magnitu(.ie.near the plane of the flat cavity walls, which
" is reasonable because the transverse electric field arises from
the capacitive transmission of the cavity wall current across the
entrance hole, At worst no more plausible justification can be
given for a more complicated assumption,

To evaluate the constant o the magnetic field solution of
Dr., Smythe's will be considered, Since this is a static solution
the curl of the magnetic field vanishes, and the corresponding

electric field is obtained by integrating the equation
V XE = -c"'(8B/8Y) .

This obtains the result
z

E =0; Ey(p=0, z) = (1/c) (an/at) dz (5)

- 00 p=0
The expression for EY is obviously erroneous in the interior of the
cavity, but it is probably satisfactory at the cavity wall, z = -4d.

From equations (1) and (5) d
v 7
G(-3d) = F(z) dz (6)

- 0o
Combining (4) and (6)

-3
-1
a ={F‘(—%d)} / F(z)dz=0. 6493.2 (7)
- Q0 :

Combining these results with equation (1) we obtain an approximate

representation of the cavity fields,
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'Bx = BF(z) coswt
B =0

y
Bz = Bx {l + 0. 649((0*8,/(:)2} F'{z) coswt

. (8)

E =0

x
E, = -0. 649(wa’B/c)F'(z) sinwt
E_= (wB/c)y {F(z) - 0, 649a2F”(z)} sinwt

A very important property of the cavity fields is their locali=
zation about the eni:rance holes, For all cavity lengths d used in
this experiment F(0) = 1, i, e, the fields of the two circular entrance
holes do not interfere., Investigation of equations (2) and (3) shows
that F(z) depends only upon the distance from the entrance hole,

i.e. z enters the expression only in the form (z + d). Then if
Fl(z) and Fz(z) are the axial magnetic field distributions for two

cavities with lengths d1 and d, where d2 P4 dlz

Fl(w-%dl) = FZ(W-%dZ) “00< wg %dl

(9)
Fo(z) = 1 -%(dz-dl)g z €0

The same holds accurately for G{z) with no approximation so that

13y = _1 - 1
G, (w-3d)) = G,(w=3d,) 00 < w < 3d

(10)

G,(z) = 0 -%(dz-dl)gzgo
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3,2 First Order Solutions of Equations of Motion

The equations of motibn of an electron in an electromag-
netic field in gaussian units are

5= (my) = ~eE - (e/c)yXB | (1)

where e is the magnitude of the electronic charge, The procedure
of solution of these equations will be by direct integration under
simplifying assumptions, followed by iteration to obtain more ac~
curate solutions,

The fields for a single mode in the resonant cavity were
derived in the last section, Extending these results to include two
modes, and neglecting quadratic and higher order terms in (wx/c)

and {(wy/c), the fields are

BX = BlF(z) coswt (2)

By = B,F(z) sinwt | (3)

Bz ={F'(z) + (w/c)zG(z)} {lecoswt+B2ysinwt} (4)

E_= -(sz/c)G(z)coswt (5)

E = -(wB./c)G(z)sinwt , (6)
y 1 .

EZ = (W/c) {F(Z)-Gi(z)} ‘{Blysinwt+BZxcoswt} (7)

For the first order solution it will be assumed that the electrons
remain so near the cavity axis that all terms depending on x and

y may be neglected. In addition the z-component of velocity, v, =V,

. 1
=2
and the relativistic electron mass, m=m {1-(v/c)z} ,» will be

assumed constant. Then

z =z v (t-T)
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and dir'c_act integration.of the transverse equations of motion obtains
the cihang,e in the transverse vkelocity due to the cavity fields, F(z)
and G(z) are negligible when  |z}2d, and the lower lifnit of the in-
tegraﬁon may be taken as {(-d), The dependence upon the phase of

entry into the cavity is clarified if a rotating set of coordinates £,

M, are defined:

é(z):v f{F(z)cos(wz/v)-(w/v)G(z)sin(mz/v)}d(wz/v) (8)
td )
Z .

n(z)=v f{F(z)sin(wz/vH(w/v)G(z)cos(wz/v)} d{w z/v) (9)
=d '

Then the transverse velocities by direct integration are

vx(z)—vx(«-d).-'.-(bz/m) {ﬁ(z)cosz + é(z) sian} (10)

vy(z)-vy(-d)=(b1/w ){‘ﬁ(z)sian-é(z) cosz} (11)

where bl, > = (e/mc)esuBl, 5 = (eBl, Z/m)emu' The net change in

the transverse velocities due to the cavity is obtained by setting z d
in equations (10) and (11), Since F(z) and G(z) are even and odd

functions in z respectively,

o
é(d) % 2v f{F(z)cos(wz/v)-(w/v)G(z)sin(wz/v)} d(wz/v) (12)
-d

A(d) = o, (13)

Then the change in transverse velocity is
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v (@)-v_(~d) = (b,/w) £(d) sinwT (14)

v (@)-v (-d) = -(b /) £(d) coswT (15)

From (14) and (15) the angular deflection of the electron is

1
0 ={(by /) 2coswTH(b,/w)2sin®wT ) |ia)/v] (16)

This equation applies to a single electron which is at the center of
the cavity when t = T, The electron beam contains electrons cor~
responding to all values of T, so that the beam is spread into a cone
of elliptical cross section, The size but not the shape of this el-
lipse changes as the electron velocity varies, It will be shown in
Section 3.4 that the current collected from a beam spread in this
manner, when plotted against the accelerating voltage, forms a reso=-
nant peak with straight sides. The intersection of these sides occurs
at the voltage where 0 = 0. Then the '"resonant! velocity is obtained

by solving the following equation:
0
é(d):f{F(z)cos(wz/v)-(w/V)G(z)sin (Loz/v)}d(mz/v):[) (17)
d :

In Appendix II an analysis of this equation and equations 3.1 {9) and

(10) demonstrates that the solution has the form
(w/v){d + ad(w} = 2an (18)

The ''resonant'' velocities, v, s may be obtained, and thereby (e/mo),
if Ad(v) is precisely known. Measurements performed for two dif-

ferent cavity lengths will determine Ad(v) with sufficient precision,
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if the functional form of Ad(v) is known or if the variation of Ad(v)
with v is slight, Lack of exact knowledge of G(z) precludes learn-
ing the.exa.ct form of Ad(v). The expected variation of Ad(v) may
be estiﬁated by substituting the approximation for G(z) of equations
3.1 (4) and (7) into equation 3.2 (17):

O

é(d):Zv f{F(z)cos(wz/v)-O. 649(wa2/v)F'(z)sin(b)z/v)}d(wz/v)::O
o
z=2v fl+0. 649(6Ja/v)2} fF(z)cos(h)z/v)d(wz/v) =0 (19)
-d o

=-(2.v2/6.)) {1+0. 649(wa/v)2}fF‘(z)sin((dz/v)d(h)z/v) =0
-d

If F'(z) is symmetrical about the point z=-3(d+Ad) and vanishes at
z = -d and z = 0, it may be seen from the last form of equation (19)

that the solution of £(d) = 0 will be
(w/2v)(d+Ad) = nw

“Then the increment Ad is independent of voltage when the a);ial mage
netic field derivative is symmetrical about some point, The mag-
netic field solution of Dr. Smythe differs but slightly from this con-
dition, and by substituting his expression for F(z), equations 3, 1(2)

and (3), into equation (19) the following values of d(v) are obtained:

(v/c) Fad(v) \4
0.05373 0.01871 cm. 739 volts 2a=0,0899 inches
0.06084 0.01892 cm. 948 volts =2, 6200 107 (sec.)” !
0.06717 0.01901 ecm. 1157 volts
0.07301 0.01904 cm, 1367 volts
0.08251 0.01902 cm. 1748 volts
0.08956 0.01897 cm. 2062 volts

0.09126 0.01896 cm. 2141 volts
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In this/experiment the.accelerating voltage ranged between 730
volts and 2130 volts. The variation in {Ad(v)/d} in the above
table over this voltage range is 200 ppm. The table was derived
for good and rough approximations of F(z) and G(z) respectively,
It would appear reasonable to suppose that a more exact value of
{Ad(v)/d} would also vary by only a few parts in ten thousand

over this voltage range,
Under the same assumptions for the cavity fields the de-

flection sensitivity is

1
(d0/dV) = 1.2 {(bl/w)zcosszHbZ/uo)zsinZwT} *(aw/ V) (20)

Although the leading coefficient in equation (20) is slightly depen-
dent on n, the expression is correct to within 8%o for all peaks,
The slopes of the sides of the current peak are proportional to the
time average of (d0/dV) over all T. The term (dZO/dVZ) is so
small that the difference in slopes of the upper and lower sides
of a current peak is less than 1%, This does not shift the inter~-
section of the sides although the peak is slightly "'skewed',
Another effect that alters the shape of the current peak
but does not displace the intersection of the sides is due to the
displacement of the electrons while traversing the cavity, This

displacement is obtained by direct integration of equations (10)

and (11):

x(z) -x(-d)=(z+d)v,_(-d)/v+(b,/w) {n(z)cos WT+£(z)sinwT} (21)

y(z?-—y(-d)::( z+d)vy( -d)/v+{b 1 /W) {n(z) sinwT -£(z) cosz} (22)
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where .
z

?f:,(z)-:(z/v)é(z)- / z {F(z)co‘s(wz/v)—(w/v)G(z)sin(guz/v)}d(wz/ v) (23)
-a

z
n(z):(z/v)ﬁ(z)-fz{F(z)sin(wz/vH(w/v)G(z)cos(wz/v)} d{wz/v) (24)
-d

Substituting our approximations for ¥(z) and G(z) we find that near

a resonance
£(a) = 0; n{d) = 1.2d (25)

The electron beam is collimated by circular pinhole, ,004 inches
in diameter, foilowing the cavity, Then for any value of T a circle
of ,004 inches diameter is selected from the beam entering the
cavity. It is sufficient for our purposes to consider the central
electron of this circle as typical, The electrons that leave the
cavity at x(d) = y(d) = 0 are selected from an ellipse with axes

' Z(bl/b.))n(d) and Z(bZ/w )Jn{d). The electron gun may be considered
a point source so that spacial distribution at the entrance of the
cavity may be attributed to geometric spread in velocities at the
gun. In the simple case wheﬁ the electron source lies on the cav~

ity axis
v (-d) = (v/L)x(-d); vyl-d) = (v /L)y(-d) (26)

where L=50 inches and is the distance between the electron source
and the cavity,

The electrons at resonance are undeflected so that they
leave the collimating pinhole with their entering velocities and

form a cone of elliptic cross section., Since the distance between
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the cawlrity and collector is approximately equal to the distance be=
~ tween gun and cavity, the beam at the collector will form an ellipse
with ax.es Z(bllw)q(d) and 2(b2/m mld). Then the current collected
at resonance will be less than that received with the R. F. off,
An analysis of equations (14), (15), (21), (22), and (25)

shows that angular spread near resonance is

L .
0 ={v @)+ v (@)} v

1
. N ] N
) {gz(d)/vz * “z(d)/Lz} : {(bl/w)zr(blz-bzz)w Zsinz(wT')}z (27)

where the origin of T' is unimportant since the electrons in the
beam correspond to all values of T', n(d) is constant over the
voltage change of the current peak, while é,(d) varies in a linear
manner with voltage. It is clear then that the peak shape will be
changed but that the intersection of the sides will correspond to
é(d) = 0, A more detailed calculation, where the electron source
and exit pinhole are permitted to be off axis, reaches the same

conclusions,

3.3 Discussion of More Exaét Solutions for Electron Trajectories
In the preceding section the electron trajectories were ob-
tained on the basis of a first order theory, The anticipated accu-~
racy of this experiment would require a more precise knowledge
of the trajectories, This may be accomplished by a single itera-
tion, sdbstituting the first order solutions of velocity and displace-
ment into the equations of motion and obtaining more exact ex-

pressions,
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| .The experimeﬁtal results do not justify such precision,

and the iteration process involves very complicated expressions
which obscure, rather than illuminate, the physical behavior of
the e.lectrOn.s. For this reason the iteration procedure will only
be sketched and the order of magnitude of the results mentioned,

The measured quantity is the electron beam current as a
function of voltage, and this depends upon the angular deflection
of the beam from the center of the pinhole, This angular deflec~
tion is .

0= {902 +(av /v)%+ (Avy/v)z}% (1)
where Avx and Av_y are the changes in transverse veloéity due to
the cavity fields, and 00 is an essentially constant term arising
from the spread in transverse velocities of the beam entering

the cavity, The change in transverse momenta are

d
A{lmv )= -e J‘{E ~(v_/c)B_+(v. /c)B }(v ) iz | (2)
X X A vy Yy pA Z,
-d
d
A(mvy)= -e j{Eyﬂvz/c)Bx-(VX/c)Bz} (VZ)-le (3)
-d

where all terms in the integrands are expressed as functions of
the electron's position, z. The first order solutions for x, vy, Voo
and vy are substituted into their proper places in the integrand,
In the substitution for t it is no longer sufficient to treat v, as
constant, and its variation due to electric fields and kinetic reac-

tion terms must be included:
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-YZ=V 1 -X‘(z)}

v(t-T) = z + X(z)

"X{z) is determined by the substitution of the first order solutions

into the equations

Almv ) = -e f{EZ+(vx/c)By-(vy/c)BX}lv- Lz (4)
-d
z
Am(z) z-(e/cz) f{Ede+Eydy+Ezdz} (5)
-d

Evaluation of equation (5) shows that m(d) is negligible so that
A(mvx) = mAv_ and A(mvy) = mAvY in equations (2) and (3). Sub=-
stitution of these results into equation (1) yields an accurate value
of the angular deflection, 0.

This expression for 8 shows that for a perfectly aligned
beam the intersection of the straight sides of the peak will differ
from first order theory by several parts in ten thousand and that
this shift is proportional to (bl/w)zz (bz/u))z. The resonant voltage

has the form
' 2
v = (£/n)1d + Ad(v) + aofc)(b/w) } (6)

where Ad(v) is independent of the magnetic field strength, The
effect of any possible misalignment is to produce a term in equa~
tion (1) with the same form as 00 so that no change in '"resonant"
velocity results,

The magnitudes of some of these quantities is of interest,
The iluadratic terms in x and y in the cavity fields cause variations

of about 10 ppm, and the higher order terms are much smaller,
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The linear terms are more important, The variation in v, amounts
to abouf one part in a thousand, since the electron loses as much
‘as several volts to the z component of the electric field at one point
in its traversal of the cavity. Nevertheless, the net energy change
of the electron in crossing the cavity is negligible when near reso-
nance, This is due to the fact that the electron is decelerated in
the first and last quarter cycles that it remains in the cavity and
is alternately accelerated and decelerated in the intervening half
cycles, While the transverse electric fields may amount to 50
volts/cm., they are localized near the entrance holes, The energy
change due to these fields at no point amounts to more than 0,1
volts, and this change is canceled over a complete traversal,

It should be noted that the '"resonance' criterion has been
applied to the z component of velocity. If the electron source de~
viates from the cavity axis by an angle, ¢, the total velocity, Vi
corresponding to the measured voltage is related to the axial veloc-

ity, st by
(Vt/Vz) = cos¢

and the fractional error introduced to (e/mo) is (1~cosz¢). Care

in the geometry of the instrument reduces this to 6 ppm or less,.

3.4 Collection of Current

The electron beam is received in a Faraday cup after pass=-
.ing through a circular pinhole with a , 008 inch diameter, The cur-~
rent received is a function of the distance between the centers of

the pinhole and the beam, and attains a maximum when the centers

coincide, The geometrical collimation of the beam produces a
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density’ distribution with an umbra and penumbra, such that 55%0
to 70%o of the total electron current is collected when the beam is
centered,

Uhdef normal operating conditions the beam is circularly
symmetric, and the collected current depends only upon the mag-
nitude of the beam displacement, The received current has been
determined empirically as a function of mechanical displacement,
and the result is plotted in Fig, 7, The most important charac~
teristic of.this curve is that it is linear over a considerable range
of displacement,

The electrons leaving the exit pinhole of the cavity at one
instant will have an angular deflection 0 = 8(wT) depending periodic~
ally upon T, a time specifying the phase of the electrons' entry
- into the cavity., The displacement at the collector of this circular

beam is
D(wT) = LO(wT) (1)

where L is the distance be_tween cavity and collector.

The instantaneous current received is independent of the
displacement and depends upon its magnitude in the manner shown
in Fig, 7. The intersection of the linear sides of this curve deter~
‘mines the '"'resonant' voltage so that only the linear section will be

considered, The instantaneous current is
I(wT) = A-BD(wT) (2)

where A and B are constants,
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i The electrome;cer is too slow to follow the fluctuations of
(wT) which possess the cavity frequency of 2620 megacycles. The

measured current is the time average of the instantaneous cur-

rent, and is

2T 2
T= (1/21r)fI(wT)d(u)T):(1IZn)f{A-B(o)T)}d(uJT)aA—BD(wT) (3)
o o

when all values of D(WT) lie on the linear section of the curve.
Then the measured current varies linearly with —DT(:)_T'—)_; and the
intersection of the straight sides may be obtained by analyzing
(OGN

In the ideal case when the alignment is perfect and the cav-
ity modes are equal, the beam rotates about the center of the pin-
hole at a constant radius D so that the curve of Fig, 7 is followed
exactly, Either misalignment or inequality of the modes shorténs
the linear section of the current peak, since equation {(3) is valid
only when all values of D(WT) are on the linear section,

Suppose that the deflection is given by 3.2 (27):

2 2.2 213 - .
o={g2(d)v 2t e l{bl"‘-(blz—bzz)smzwr}

[T

Then

5 = {E2@v 2 +2 2L 2} @2 emE (f1-(5,/0%)

. Near resonance n{d) is constant and {«‘:;(d)/v} is linear in V, Then
the current peak is symmetric in V., The dependence upon V is the
same as when bl = bZ’ but the length of the sides is shortened, and
the top of the peak is depressed. In a rather similar manner mis-

alignment will not change the intersection of the sides but will affect
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the resolution of the peak,

The R. F. tuning and the alignment are carefully adjusted
so that the variation in D(w’f) is small and the linear section of the
curve is efficiently utilized. By measuring the maximum current
the beam may be centered on the pinhole with sufficient accuracy

to obviate this source of difficulty.



68

IV, EXPERIMENTAL RESULTS AND THEIR INTERPRETATION

4,0 Procedure in Obtaining Data

For a year prior to the fall of 1954 Dr., Smythe and the author
endeavored to increase the stability of various units to a point where
decisive data could be collected, The elimination of one instability
in severél cases unmasked further problems, In the summer of 1954
it was discovered that the entrance holes in the flat end surfaces of
the cavity were unaccountably not centered, With the correction of
this condition the only remaining source of important instability was
the charging of surfaces in the electron gun, and measurements
were feasible if these surfaces were cleaned after every twenty
hours of operating time.

Sufficient data were collected in the last quarter of 1954 to
demonstrate the characteristics and limitations of the instrument,
These data consisted of a series of determinations of the "resonant"
voltages corresponding to a given length and frequency of the cavity,
At least two measurements of each '"resonant'" voltage should be
made in a day's operation in order that it be certain that the condi-
tions in the electron gun remain unchanged,

The procedure in obtaining a series of current peaks will be
summarized, The various filament anci voltage supplies are brought
into operating condition and allowed to stabilize, This usually re-
quires at least an hour. The vacuum pressure is meaéured with

6

an ion gauge, and the pressure is usually under 8 x 107~ mm. of
mercury.,

With all units stable the electron beam is centered on the
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collecfor pinhole by mechanical positioning of the collector, or by
a'small electrostatic deflection of the beam beyond the cavity, The
current is maximized, thereby centering the collector and bringing
the elect'ron.beam accelerating voltage close to resonance. The ac-
celerating voltage may be set to every 0,1 volts by means of a Heli-
pot, and each setting is reproducible to within 0, 02 volts,

At the initial Helipot setting the accelerating voltage is mea«
sured by the standard megohm and potentiometer., The current
passing tHrough the collector pinhole is amplified and projected upon
a 50 cm. galvanometer scale, This current reading and the corres=~
ponding Helipot setting are recorded. The R, F. pickup from the
probes set in the cavity walls is also recorded, The accelerating
voltage is changed to another value, and the Helipot setting, the re=
ceived beam current, and the R, F. pickup reading are recorded.
This procedure is repeated until the current peak is completed, The
Helipot is then returned to its initial setting, any positional drift of
the beam is investigated, and the accelerating voltage at this Helipot
setting is again measured, The cavity frequency is measured both
before and after every peak, It is sufficient reason to obviate a cur=-
rent peak if excessive variations occur in the R. F, frequency, the
R. F. field intensity, the accelerating voltage supply, the intensity
of the electron beam, or the position of the electron beam, This
procedure is repeated until an adequate current peak at this ''reso-
nant'' voltage is obtained.

It is desirable to obtain as many points as possible on the
linear section of the current peak. However, if more points were

obtained, the longer time required to complete the peak would
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enhanc‘e the possibility of a variation iﬁ some critical element, Each
 peak would be more reliable, but fewer peaks would be collected,
For this reason three or four points are collected on _each linear sec~
tion of the peak.,

A current peak is obtained at each '""resonant' voltage until a
full set is collected. With the cavity length 1, 1954 inches the ''reso-
nant! voltages were measured in the order 729, 1143, 2043, 729,
1143, 2043 volts, With the cavity length 1. 6295 inches the order of
measurement was 2129, 1357, 940, 2129, 1357, 940 volts,

These current peaks are plotted, and the intersection of the
straight sides obtained. This intersection is obtained in terms of
the Helipot setting, Knowledge of the voltage at the initial Helipot
setting plus the reliable Helipot calibration yields the '"resonant
voltage at the intersection,

Additional data ére collected for each current peak: the am-
bient temperature, the resonant cavity temperature, the vacuum
pressure, and the current zero on the galvanometer scale, Of these
quantities only the cavity temperature affects the value of the '‘reso~
nant'’ voltage. It is convenient in the analysis of data to correct the
"resonant' voltage for the temperatﬁre variation, This correction

- has been obtained empirically for a cavity length of 1, 6295 inches:
-5
(AV/V)=3x10 "~ AT (1)

where AT is in °C. This correction is due to the expansion of the
molybdenum ring and to the bowing of the end surfaces, Taking the

thermal coefficient of expansion of molybdenum as 5 x 10"’6, the cor-
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rection for the cavity of length 1,1954 inches is:
-5
(AV/V)=3,8x 10 ~ AT (2)

It is also convenient to correct the '"resonant' voltage to the
standard frequency, f = 2. 62000 107 sec. "!. This correction is ob=

tained from
(AV/]V) = 2(Af/f) (3)

Another factor affecting our resonances must be noted, In
this laboratory there is a large magnet used with cloud chambers to
investigate cosmic rays, When this magnet is in operation, it pro=-
duces a stray field in the neighborhood of the instrument. This field
may be as large as a gauss, Our shielding does not completely com-~
pensate for this fields The status of this magnet during each current

‘peak is noted,

4,1 Characteristics of Current Peaks

The current peaks exhibit two straight sides when plotted
against voltage., The extension of these straight sides produces an
intersection that determines.a "resonant' voltage, The width of
these peaks with the current at one half its maximum value depends
upon the cavity field strength, Typical values of these widths are
tabulated below opposite the corresponding ''resonant' voltage.

""Resonant' Voltage Width at Half

Maximum

2043 volts 13,0 volts

d = 1.1954 inches 1143 volts 5.5 volts
729 volts 3.5 volts

2129 volts 11,0 volts

d = 1,6295 inches 1357 volts 6.0 volts

940 volts 3. 3 volts
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"A clearer conception of these current peaks may be obtained
by studying Fig. 8, where three peaks for a cavity length of 1,6295
inches are plotted. These peaks are typical and were obtained on
December 13, 1954, They may be compared directly since the volt-
age and current scales are identical for all peaks, The fact that the
middle peak has a larger beam current is not significant; this de«~
pends upon the focusing action of the electron gun, Often the gun
is operated so that the current received increases with increasing
voltage.

The resolution of these peaks is very good., Dr, Smythe
and the author have independently determined seven '"resonant' volt-
ages from peaks taken on a typical day, and the results agreed
within 0.01 volts on all but one peak, where the difference was
0.02 volts. While such agreement may be fortuitous, well formed
peaks may be resolved to an estimated 0,03 volts and be assigned
rigid confidence limits of +0.10 volts, Less certainty can be at-
tached to peaks which are affected by drifts or fluctuations of the
electron beam or cavity fields, but these peaks are useful as checks
to the more accurate ones, It is of interest to calculate the standard
deviation between two current peaks that are obtained consecutively
for the same ''resonant' voltage.

"Resonant' Voltage Deviation of Consecutive

Peaks
12129 volts 0.09 volts
d =1,6295 in, - 1357 volts | 0.07 volts
940 volts 0.04 volts
2043 volis 0.11 volts
d =1,1954 in, 1143 volts 0.11 volts

729 volts 0,13 volts
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Increaéed stability of the electron beam accounts for the smaller
~ deviations for the longer cavity, In most cases one of the two con-
secutive measurements had appreciable drift or instability present,
In view of thése facts it is felt that a standard error of less than a
tenth of a volt may be assigned to the determination of a '"resonant"
voltage from a current peak,

Theory predicts that these current peaks be essentially sym-
metric in voltage, The agreement of the experimental peaks with
this prediction is only fair, The form of the current peaks corres=
ponding to the 2043 and 2129 volt resonances agree well with theo=
retical predictions, However, current peaks for lower ''resonant"
voltages exhibit an asymmetry that becomes more marked as the
""resonant' voltage decreases, This asymmetry is characterized
by a shorter linear section and a decreased voltage sensitivity on
the upper side of the peak, This effect is seen clearly in Fig, 9,
which shows three current peaks obtained for a cavity length of 1, 1954
inches on October 28, 1954, The voltage scale as measured from the
"resonant'" voltage is the same for the three peaks, The current
zero is different for each peak, and the current scale has been nore
malized for convenience,

An asymmetric voltage spread of several volts in the elec~
tron beam would produce current peaks with this shape, This pos-
sibility has been investigated with a crossed~field velocity analyzer
built by Dr, W, T. Ogier. It was found that the width of the voltage
spread was less than 0,3 volts, which was the limit of the analyzer,

Then the origin of these asymmetric current peaks must be in the

resonant cavity.
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I 'i‘he probable cause of the peak asymmetry is positive charg-
ing of the cavity near the entrance holes, The resulting defocusing
fields would produce current peaks of this shape if sufficient charge
accumulated, Other ¢ffects which would be produced by charging

will appear and be discussed in later sections,

4,2 Determination of ""Resonant' Voltages

In nineteen days spread through the last quarter of 1954 one
hundred ten determinations of "resonant' voltage were obtained,
The voltage obtained from each current peak was corrected to a
cavity frequency of 2, 62000 109 sec. -1 and a cavity temperature
of 22,0°C. by means of equations 4,0(1), (2), and (3). If two or
more peaks were obtained consecutively at one '"resonant'' voltage,
a weighted mean was taken, In such cases the final current peak
usually carried greater weight, since it was obtained under more
stable operating conditions,

The determinations of the '""resonant'" voltages are taBulated
in Table 1. The temporal order of the determinations in a day is
obtained by reading from left to right, except on November 23,
1954, when reading must be from right to left, The presence or
absence of an asterisk (*) by a determination indicates that the magw
net used in cosmic ray investigations was operating or not, The
magnet was in operation during all measurements performed with
the longer cavity,

Some of the values listed may be in error due to difficulties
in resolving the current peaks, but most are the correct '"resonant"

voltage determined by the intersection of the current peaks within
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- Table 1, "Resonant' Voltage Determinations

d=1.1954 in.  f=2.62000 107sec.™! Cavity Temp.=22.0°C,
‘Date n=5 n=4 n=3 n=5 n=4 n=3
9/20/54  729.59 1144,02 2043.52 730,11 1144, 19
9/29/54 730,54 1144,18 2044,09 730,48 1144,16 2043,98

| 730, 40

10/2/54  730.17 1144,51 2044,00 729.78  1144,27 2043.53
10/12/54 729.26 1144,10 2043.86 729.86  1143,77% 2043, 12%
10/13/54 729.56 1144.14 2043,05% 728,94% 1143,79% 2043,05%
10/19/54 729,29 1144,08 2043,72 729,66 1144,12 2043.73
10/20/54 729.59 1144,02 2043,93 729.43  1144,25 2043.84
10/27/54 728.57% 1143,25% 2042,70% 729,23% 1143,29% 2042, 83%
10/28/54 731.81% 1143, 84% 2043, 42% 728,78% 1143, 85% 2043,29%
11/2/54  731.31% 1143.91% 2043,02% 728,84% 1144, 14% 2042, 63%
11/8/54  731.91% 1143,79% 2043.32% 728,66% 1143,55% 2042, 99%

728, 45%
11/23/54 729.22% 1143,88% 2043, 13% 728.91% 1143,05% 2043, 26%

d=1,6295 in,  £=2,62000 10”7 sec.”! Cavity Temp. =22.0°C.
Date n=4 n=5 n=6 n=4 n=5 n=6
'12/8/54 2130,33% 1357,38% 940, 55% 2129, 65% 1357, 34% 940, 74%
12/10/54 2129.97% 1357,27% 940,54% 2129, 42% 1357, 49% 940, 42%
12/13/54 2129.57* 1357, 41% 940, 41% 2129, 57% 1357, 40% 940, 40%
12/14/54 2129.90% 1357,39% 940,39% 2129, 62% 1357, 45% 940, 43%
12/15/54 2129.89% 1357,30% 940, 55% 2129, 64% 1357, 57% 940, 46%
12/24/54 2129.76% 1357,28% 940, 74% 2130, 20% 1357, 34% 940, 47%
12/31/54 1357, 89*
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0.1 volts, Then the fluctuations in the listed values represent real
shifts in the ''resonant'’ voltage., If these fluctuations are random
about the true "resonant" voltage, the mean values obtained will
enable us té calculate (e/mo). It will be seen that this assumption
is not valid, and an explanation for the phenomena will be offered,
The variation in values obtained for the longer cavity is
small, and their character appears random. The data may be anal~
yvzed in two ways. Each determination may be considered a datum,
and each .“resonant“ voltage obtained as the mean of twelve deter=~
minations, Then:
- V(n=4)=2129, 79+0, 08 volts

V(n=4)=V(n=5)=772, 40+0, 09 volts
V(n=5)=1357, 3940, 03 volts -

V(n=5)~V(n=6)=416, 90+0, 05 volts
V(n=6)= 940, 49+0, 04 volts -
where the quoted error is the standard error of the mean, assum-=
ing random fluctuations,

Another method of analysis is to consider the voltage dif-
ferences between consecutive '"resonant' voltage determinations

as data. This method has greater theoretical justification, but

the results are essentially the same as above,

V(n=4)-V(n=5) = 772, 4410, 09 volts

V(n=5)-V(n=6) = 416, 83+0, 06 volts
These vé,lues may be taken as the peak differences in the longer
_cavity.

The data obtained for the shorter cavity are complicated by
iarger variations that in some cases are certainly not random.,

The first peaks measured on October 28, November 2, and November
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2, and November 8 are clearly not random fluctuations, These peaks
will be neglected in the statistical analysis and discussed later, Those
peaks obtained with the magnet in operation must be differentiated
. from the femainder. The individual ""resonant' voltages are certainly
affected by the magnet, although it is not certain that the voltage dif=
ferénces are,

The system of statistical analysis does not affect the mean
values obtained, The results obtained for '"resonant” voltages when

the magnet is in operation are:

V(n=3)=22043, 06i0. 07 volts

V(n=3)~V(n=4)=899, 38+0, 11 volts
V(n=4)=1143, 68+0.09 volts -

V(n=4)-V(n=s5)=414, 84+0, 14 volts
V(n=5)= 728,84+0, 10 volts -
The '"resonant' voltages when the magnet is not in operation

are:

V(n=3)=2043, 8240, 06 volts

V(n=3)=V(n=4)=899, 65+0, 07 volts
V(nz4)s1144, ].7i0. 04 volts -

V(n=4)~V(n=5)=414, 34+0, 13 volts
V(n=5)= 729, 84i0. 12 volts -

4,3 Interpretation of Results
The feasibility of obtaining a value of (e/mo) from this data
will be considered., The impossibility of a meaningful calculation

is best seen in the following manner. From the energy equation

(e/m )V, =3t/ (a+ad)°R | (1)

where Rn is the relativistic correction

an1+(3/2)(eVn/moc2-)+ 1/4 (eVn/ mocz)2 ceo (2)
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we obté_in, when Ad is independent of velocity:

2
V, =V l1-{k/1)"(R,/R,)
k™Y1 2 1/ 7k (3)
voU ¢ {1/k)"(R, /R.)
1 'm k1 1-(1/m)2(Rm/R1)

If Rk’ Rl’ and Rm are evaluated from the measured ""resonant" voltw
ages, it may be shown that the right-hand side of equation (3) is es=
sentially indepehdent of contact potentials in the electron gun and
insensitive to the value of (e/mo). From the data of the last section,

the rightehand side of equation (3) is

V3-»V4 V4~\V5
= 2, 1688 when d=1, 1954'"; = 1,8476 when d=l, 6295"
VY5 V5=V,
The left side of equation (3) is
V_,’-!-V4 V4-V5
T * 2. 1680 when d=l1,1954"; — = 1,8527 when d=l, 6295"
4" "5 57 V6

The differences between the right and left-hand sides of equation (3)
are =0,04% o for the short cavity and + 0,28%0 for the long cavity,
Equation (3) was derived on the assumption that the effective length
of the cavity was independent of voltage,

It follows that the effective length of the long cavity varies
over the three resonances by an amount corresponding to several
volts, Neglecting other factors, this variation in itself woula pre-
vent an accurate determination of (e/mo). The fact that the differ~
ences between the two sides of equation (3) are opposite in sign for
the short and long cavities indicates a basic incompatibility between
the two sets of data. Detailed analysis verifies this,

| Investigation has demonstrated that the origin of these ine

consistencies must lie in the resonant cavity, The hypothesis that
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the cavity walls become positively charged fits all the facts. No
- other hypothesis either explains all the facts, or, indeed, appears
as likely, |

| It is known as a fact that oil films from the pump oil form
on all surfaces in the system. Continuous cold trapping does not
prevent this from occurring, When the cavity was dismantled to
insert the molybdenum spacer ring, these films were observed
visually, The surfaces were cleaned before the insertion of the
ring. The potential reached by an oil film on a conducting surface
is the product of the thickness of the film times the field intensity
in the film. This field is either determined by the breakdown po«
tential of the film, or by the rates of charging and leaking., The
latter is more likely in this experiment. Even very thin films, ine
visible to the eye, may attain appreciable potentials,

Only one mechanism of charging of the cavity surfaces _ap-
pears likely, The geometry of the cavity prevents the electron
beam from impinging on any cavity surface, and gas ions formed
are too massive to be affected by the R, F, fields. Since the ''reso-
nant'' voltages are independent of the vacuum pressure, little charge=
ing can occur from ionized or scattered particles, The region sur-
rounding the exit pinhole of the cavity is the origin of soft X«rays
due to the electron beam falling on this surface, These soft X~rays
fall upon the plane surface surrounding the entrance hole in the
opposite cavity wall and upon the interior of the near circular en-
trance hole, These X~rays can "knock out'!' many electrons from
both the chromium and the oil film, leaving a positive charge on

this film,
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('I_‘he charge accumulated in this manner and the rate of
A charging, will depend upon the beam intensity and the beam volt=
age. The exact effect of a positively charged surface upon the
measﬁred “résonance” will depend upon the configuration of the
fields, However, the electrons are accelerated in the cavity so
that a lesser acceleratihg voltage in the electron gun may be ap=
plied to attain ''resonance'., The measured "resonant' voltage
will be decreased as the positive charging increases,

If the oil film is not too dense, if the beam intensities used
are approximately the same, and if the charge is first brought to
equilibrium by use of a high voltage beam, the fluctuations should
not be large. This is the case with the measurements performed
with the longer cavity, The charge acquired by the two thousand
volt beam is not dissipated immediately, and the subsequent
lower voltage resonances are depressed., All of the twelve dew=
terminations of the 1357 volt resonance obtained subsequent to a
2130 volt resonance, have a mean of 1357, 39 + 0,03 volts, All
twelve determinations of this resonance with no prior higher volt-
age measurements have a mean of 1357,89 + 0,02, The closest
values in the different sets are 0, 27 volts apart,. This effect also
accounts for the direction of the difference noted in equation (3).

This effect is also apparent in the shorter cavity, Consider
the 730 volt resonances from October 27 to November 23, All de~
terminations taken after a higher voltage resonance are near 729
volts,. while those taken before the application of a highef voltage
beam are above 731 volts, The first determination of October 27

appears to be an exception, but the beam had previously been raised
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to 2000 volts to check on current intensities, It is believed that
this effect became so prominent because of increased thickness of
the oil film, and that it was not apparent on October 19 and October
20, because the electron beam was in operation for an hour longer
than usual before the first measurement was made,

Charging of the cavity also explains the variation of the
""resonant" volté.ge with stray magnetic field, With the different
trajectories of the electrons the X-rays will originate in a different
area so that the measured voltage will be different,

The increased fluctuations of the values obtained with the
magnet in operation is also considered due to the thicker oil film,
since these measurements were principally taken subsequent to
those made with the magnet off, At any rate the values obtained
with the magnet in operation on October 12 and October 13 agree
with one another very well,

No co.rrection can be applied to the data to obtain (e/'mo),
and no simple change in the design of the equipment can adequately

prevent the charging of these oil films,

4,4 Conclusions

' The data obtained in this experiment were not adequate to
obtain a significant value of (e/mo). The inadequacy of the data
was primarily due to: 1) the formation of oil films upon the cavity
‘walls; 2) the incidence of soft X~rays upon the cavity surfaces,
originating from about the exit pinhole; 3) insufficient magnetic
shielding,

Other important difficulties that hampered measurements

were: 1) the formation and charging of noneconducting deposits
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on the!electrode s of the electron gun; 2) deviation of the resonant
cavity from an ideal shape; 3) the high stability required of all ele~
ments,

| With one exception all of these obstacles could have been sur=-
mounted, The decisive handicap was the u/se of oil diffusion pumping
to secure a vacuum. It is significant that the preliminary experi-
ment, performed by Dr, Wilts11 in a small mercury pumped system,
did not encounter the described difficulties, The inability to prevent
the formation of oil films in an oil pumped system was not generally
known at the time this experiment was originated, The construction
of the main vacuum envelope from aluminum prohibits mercury
pumpinge

An accurate determination of the specifié charge of an un~
bound electron remains highly desirable. The method of measure~
ment used in this experiment possesses several important virtues:
1) the relative ease in accurate determinations of length, frequency,
and voltage; 2) the elimination of error arising from contact poten-
tials in the electron source; 3) the excellent resolution of the current
peaks; 4) the elimination of consistent error due to charged surfaces
other than in the resonant éavity, where the sensitivity is not large;
5) the rapidity in the collection of data, if oil films are not present,
The first two advantages listed above are proven, The last

three are believed to be correct in a mercury pumped system. The
resolution of the current peaks is very good under existing conditions,
and should be excellent for a peak symmetric in voltage and uninflu-
enced by charged surfaces, To fulfill the fourth advanfage the reso~
.nant cavity should be composed of a suitable material and mercury

pumped. The electron beam should be prevented from impinging
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upon any cavity surface, and a shield placed about the cavity exit
pinhole to prevent X~rays from striking the cavity walls, Under
these precautions the surface charging should be negligible. The
design of the electron gun used in this experiment is qﬁite satise
factory, If the electrode surfaces did not require periodic cleaning,
the data collectéd in three months could have been obtained in a
single month,

These advantages indicate that an experimenter, who profits
from the lessons in this paper, could use this method to perform a
significant measurement of (e/mo). In addition to the measures
taken to prevent charging in the cavity his design would have to in-
clude better magnetic shielding so that the effects of external mag-
netic fields would be eliminated, This shielding should be outside
the vacuum system to facilitate pumping. The cost of this shield~
ing would probably be the largest single expense of the experiment.

The electron gun, the current detection system, the mea=~
suring equipment, and the power supplies used in this experiment
are adequate for a significant measurement, Resolution of the cur~
rent peaks requires that the vacuum envelope must be approximately
as long as the one used in this experiment,

The beam collimation used in this experiment is nearly ideal,
A wider beam causes loss in resolution, while a narrower beam
with geometric trajectories is very difficult to obtain, No large
improvement could be obtained by a change of the cavity character~
istics, A longer cavity or a more intense magnetic field will not
achieve significant improvement of resolution, since the beam dis«~

placement will compete with beam deflection, The frequency of the
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cavity may be increased somewhat, but the radius of the cavity
must not be too small, or the effects of the probes in the cavity
walls will be too large at the cavity axis., One improvement suge
gested by this experiment would be to construct the plane surfaces
of the cavity from a single material, rather than to use plating,

It is believed that an experiment, that combines these
design improvements with an empirical determination of the end
hole correction, possibly for three cavity lengths, should be

capable of a determination of (e/mo) to nearly 10 ppm.
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APPENDIX 1,
R. F. Fields in Cavity with Deformed Cylindrical Wall
A resonant cavity bounded by the surfaces

T 36 pad
- p=h, > p=b-€, ~AdLPdLAD
' -1 oL -2

z = g Z = - d

2 Zz
is operated in the ™0 mode, When €= 0, the vector potential

of a single mode is

A= -B(ZC/ﬁo)Jl.(Bop) sin (¢+ ¢p) cos (wt)

where §_b = (bb/c) = 3.8317. Since Yy may take on any value, the
above expression represents two orthogonal, degenerate modes,
The degeﬁeracy disappears when € >0, and we may write the

vector potentials of the two orthogonal modes as

nuz

o0 : '
ﬁlzk(ZZﬁl){ClJl(ﬁlp)cos ¢ + COJO(Blp)+ Z Can([Slp)cos n¢}coswt
[o ]

,{*,z“li(Z/ﬁz) 2 Dan(ﬁZp) sin (nd) coswt.

These expressions satisfy ’che.boundary conditions on the surfaces
z =d/2, z = ~d/2., The vector potential must vanish on the remain=
ing surfaces, To obtain the boundary conditions in the proper form
for a perturbation calculation we define the vector potential in the

region 0 £ p £ b for all ¢, and the boundary conditions for the first

mode become:

0; T 2191 2 4

Az(pgb)g _
: (2/;31) . Cn[Jn(ﬁlb)-Jn(Blb-ﬁle)] cos{nd)coswt ~AdLdLAD
n= _
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Utiliziﬁg the orthogonality of the trigonometric terms we obtain

the equations

o = - 0, 8inZsAd
m(1+ §2)T (B,P)C, [J (B,b)-J (ﬁl (316)] {2A¢+(1 &) -—-——-} c,

(]
+ 2 c -89 [5,(8,0)-7, 6,08, ¢)] {Sm‘n‘s"l‘i’ Sin(anS’Aﬂ’}

a=0 nt+s

Application of standard perturbation techniques yields a solution

correct to order (€/b)

A =k(ZC /ﬁl)Z(C /C )J' (ﬁlp)cos(nq))cos(wt)

n=o
where
€ /C.) = (B,p)(B b) (€/Db) sin(n-1)A¢ . sin(n+1)A¢}
n’ 71 (1+ Sﬁ)“Jn(Bob) n-1 ntl

forn:O, Z, 3, 4, 5, coo

and By =B, { 1+(€/mb)(Ad+35in2Ad) .« }

The same techniques yield as the solution of the second

mode
f:z = E(ZDl/ﬁz) ngl (Dn/Dl)Jn(ﬁzp)Sin(n¢)cos(wt)
where
(B_b)J:(B_b) . .
Pum) + Clrip {2 siigtee |

fOrn:Z, 3, 4.', 5; " s
and ﬁz = BO {l + (E/Tl'b) (Aq)"%SiHZAq)) '.oo}
We are interested in the fields near the cavity axis, which

are derived from the leading terms in the above expansions., In



the expansion about the cavity axis all perturbation terms of quad-
ratic and higher order in x and y are omitted since they are negli-

gible. Then near the cavity axis the fields are
Al = lqcl {x+(2€/1r)sin(A¢) . ...} cos (wt)
B, = -Cli{(ﬁlzxy/ 4)+(B_ "€ y/2m)(sina¢-(1/3)sin3A¢) } coswt
. 2 . . 2,,.2, 2
—CIJ{I-ﬁO Ex(3S1nA¢+(l/3)sm3A¢)/2n-ﬁl (3x " +vy )/8...}cosmt
A, = 1§D1{Y ...} cos (wt)
. 2 . . 2,,.2, 2
B,=Diq1-B €x(s1nA¢-(l/3)sm3A¢)/Zw-ﬁz {3y " +x7)/8 ... pcoswt

+ DIL{BZZXV/AHBOZEy(sinA(be(1/3)sin3A¢)/211' .o .} coswt

In this experiment A¢ € 1/8, and we may allow sin(Ad)= Ad and
sin(3A¢)&3A¢, Moreover the change in the volume of the cavity

is 8v = Zb_dEAq;, and the cavity volume is wbzd. We may write
ﬁlzl’scl{xﬂa( Sv/ V) oo } coswt
Ela-cl{ i(B, P/ 414} [l-ﬁosz(lSv/v)-ﬁlz(3x2+y2)/8. . } }cos(mt)

A2=5D1ycos(wt)

Ezle{i{l—B22(3y2+xz)/8. . .] +i((322x-y/4) }cos(wt)

A, and B, are not appreciably affected by the deformation of the
cavity, Then only the mode, whose tangential magnetic field does
not vanish at the center of the deformation, is altered. .

The deformation treated here has no dependence upon z.,
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The cifcular holes in fhe cylindrical surface of the cavity used in
this experiment produce perturbation terms that are z dependent,

The discrepancy between the more accurate z dependent solutions

and the z independent _soiutions above is not significant for this

experiment,



APPENDIX II.

Form of First Order Resonance Condition

There exist two cavities with lengths, d1 and dz, which
have a resonance for the same velocity, v. The equations to be

solved are 3,2 (17):

f {Fl(z)cas(wz/v)-(w/v)el(z)sin(wz/v)} dwz/v) = 0 (1)
(o]

f {Fz(z)cos(wz/v)- (w/V)GZ(z)sin(wz/v)} d{wz/v) =0 (2)
-dz

under the conditions of 3,1 (9) and (10):

Fl(u"%dl)"‘F (u"'"dz) Gl(u"%dl):Gz(u"%dz) -%dlSuS%dl
F,(u-3d,)=G,(u-3d,) = 0 ug~3d; (3)
F,(u-3d,)=l ; G,(u-zd,) =0 upad,

Then if we substitute z = u-%dl, zzu-%gdz, in equations (1) and (2)

respectively, and if we define
t+3d, :
I= {Fl(u-%;dl)cos(wu/V)n(w/v)Gl(u-%dl) sin(wu/v)}d(wu/ v) (4)

d

|r- NI!—

J ja {Fz(u- )S1n(wu/v)+(w/v)G (u-—dl)cos(wu/v)}d(u)u/v) (5)

we obtam

Icos(wd, /2v)+Isin(wd,/2v) = 0 (6)

{I-sin(wdl/ZV)} cos(w dZ/ Zv)+{T+cos(wd1/ Zv)}sin(wdzl 2v)=0 (7
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Subtra’c_ting and adding sin(wdll Zv)cos(wdll 2v) to equation (6):
{I—sin(wdl/Zv}cos(wd1/2v)+'{J+cos(ud1/2v)} sin(wdll 2v) = 0 (8)

Both terms contained in brackets in equations (7) and (8) do not van«

ish, This may be verified by substitution of a simple trial value of

F(z) and G(z). Then from (7) and (8)

tan(wd1/2v) = tan(wd2/2v)af(w/v) (9
or

(wd,/2v) = nm+tan” (W /v) (10)

This may be written, remembering W 1is a constant in this experi-

ment,

(w/ V)& +ad(v) ) = 2n7 (11)
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