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ADSTR&CT

A de=iflection method four measuring (qﬁmo) for {ree elotrons is
described, A beam of electroms is direeted along the axis of a
cylindrical cavity excited in the IM;,, mode, A null in the subsequent
doeflection of the beam occurs when tho transit time is nearly equael to
an integral number of cycles of the cavity oscillation, [he averags
velocity of the electron heam is celculated from knowledge of the
cevity dimensions and the raesonant freguenecy of the csvity, The vsalue
of (e/ho) is obtained by equating the emergy reguired to accelerate the
electrons and th2ir kinetic energy, Three quentities must be measursd,
8 distance, a frequency and a difference of potential, and two very
small corrections must be mads, Zrrors due to urmeasurable work function
potentials, stec,, are eliminated by taking two sets of deta with dif-
ferent transit simes and suvbtracting the two energy eguations, A probe
eble error of less then 1 part in 10,000 seems %o be achievable, Pre-

liminary apparatus gave & value

efn, = 1,759 = ,007 (10)7 emu per gram,
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I, IIPXOLUSLION

Trg ratio of eharge to mass for the 2lectron has lons besn rscoge
nized as an Inportant physical conmstant, Pwo genersl msthods have hean
developes for the mesasurzment of tkis gquantity, Gie perhaps <h: wors

fundamental, usilizes iree electrons which are dedlectauy in a caleulabls

spectroscuple

0

manney by sluchbromaguetic fislds, dIhe other utilize
phenomona of bound sleclronsg such ag the fineg structure end Loenwn effect
which can e ecaleuleted quantitutively in tz2rms of the value of qﬁﬁ R

.

Determinations of increasing precision have Tewn made during the

past B0 yesrs, Probable evrors for dellection methods heve been shated
to bte of the order of 1 part in 1000 , sltlough it is now Telleved that
n0 determinetions except those of Kivcimer(l) and punningson(2) schisved
such accurecy, Indsed Dunningbon 1s the only one to ¢laim a probable
aryror zpprecidely better Then 1 pard in 166w , his vaiue béing civen
ah 2 parts inm 10,800, Becauss his doternination requirea ths wse of

ralatively large estimated corrections, snothsr msthod capsble of

syual apparent precision or of course of e
miporbance, Ih 1s the purposs of this thesis
which seesms to ofler sracise of schioving this,

Berller aethods bede had varioss llmlvablons and ollliculbies,
waung theee wre the following:

;

involvad corracti uis Jor

of zizctron potential have

aark furckian, conbact potential, wrd dnitial elscbron valocibies

vhich were only sapproximately knmowr,

g

'

‘ Saome metheds have involved producticn of = uvniform and known

&

magnetie field over & larzs rzplen which ds gqulte diffieult fto achievs

with great accuracy,

o

Gy Slegbron Bombardseat of mslal suriuwces glves rlse Lo pecullur



ingnlsting layars vhich vhen charged influsnce the motion of eloctron

5 seems bou huve kesy » cowon scurce of errvor,

pomns nesrby,
The pressnt metihod has eliminate. all such difficultiss and inazed

it appears that theee are anly thyes wvery saell corrsciions roguiring

considerztion, w11 of these are either nezligitle or can be calculated

i -}

with sufficient precision to permit high accuracy,



I7 rHalxy

Basicallv, this method is einiler o that of Rirchner(3) or Ferry

snd Chaffes(4), The electron velocity and potential sre measurec and

then relatsd by the expnression

(2.1) 6V = mgo® -
' (1~ *F Jc=) P .

This method is & true deflection method, howover, since the velocity
is measured by observing a deflectian effect of an elsctromagnetic field,

une of the most sharply bounded eleccromagnetic fields is tuat
within a resonzat cavity, ot only s the wousdarsy reoglon very narrow,
vt the field coafiguratios wdtuln whe cavity 1s accuralely kno.u,
Comsider a oylindrical csvity of radius (a) and length (d) excited in
the Thiayg mode, In cylindrical coordinstes, the electric fiela is given
by the axpressions

= - %’?ﬂ [ Jq(kpP) cos ;’cf ]am ot El

(2.2)

b

-

gnd the magnetic induction Tys

(2.5) T - 230[05’3118;9) sin & + ﬁl J1 (kP) cos ﬁ{]oos ok

wfasre
J1(ka) = 0 and 0<z¢d ,

see Flpure 1, These velues arz indepsandent of g, In the zneishtorhood
- ! L5 - -~ . w e ‘T

of P =0, the ficlds are » = 0 and B = 3, cos wt J1 , the latter

belng o uniforn mzgnetic field dirscved along the ¥y aiis,

an electron with initial velocity w, directsd along the z axi

4]

will e acted upon by a force given in gemeral by
- — &
=5 A w p— e
( 2,' L) F = ;Mg = = __ v xR
c oo

-

Tn raohenynlar coordinatss, the differsatial ecustions of motion arc

- 2 . . R | . ) - g a -
(2,5) y=0 %= % Bp cos 0t X =z 23 ooy wg



FIGURE 1
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slth 1nitlcl conditions st time ¢ whizn the s2lsctron suters ths field

] i o~

Ay =Ky =Yy =y = 29 = U 3% =V,
Seperstion of dependent verisbles and setiing - =2 = B give
ne 3 X
identicsl ecustions for x and 2z 3
s .
(2.6 T+ ¥ 0 ben ot 4 _&5 % cosut =0 ,
3

-

This souation is most reedily solved by meking the substitution

v o= gin 2t , Integration of the resulting zqustion aand substitution of

the given initial conditions give

(2,7) X = v, sin [ plsin ot - sin gtq)]
(2.8) 2 =v, cos [ Blsin ot - sin oty )]
Further integration of these equetions in terms of elementor

.

functions is impos:zible, Lowever, since [ is a very small nusber for
practicable values of the magnetic induction, = =nd 2z can be obtsained
with good precision by expmnsion of the trigonometric terms in porer

series, =ad integration of the first few terms, [his gives

Bv,

(2.9) X = = [(cos It = cos Aty ) + o(t=ty) sin at«]

((4.10) 2

]

v (t-tl)[Zl-ﬁz(l - 1 /ac0s 2mt1)]

B /2@[513 Wb cos 9t - 4 cos wh sin Wty + 3 sin % cos Jt%}

In a later discussiom it will be necesszry to cansider all terns in

23

these equetions, but for e prelininsry discussion of the theory it is
sufiicient to comsider (2,7) , (R,9) and the sooroximste equnliong
(2.11) z = Vol t=ty ) (1=p%)
Them the electron leeves the cevity, zp = d and 5 = 49 + v
2ere ¥ is the "transit time", Jhus from (2,11) =he transit tire is

n
given by

and goustions (2,7) end (2,9) can we revwivten im the Tolluwing forms



2,13) %, = 7. sin 28 sin(9v/2) cos 2(%y +v/,)
2 a i /=
(2,14) %p =2y o dsin(av/2) sin (b ivfg) = wv/p sin b,
‘ £ ¢ 2

It asn he szen from equstions (2,7) spd {2,8) that the elecironm
welocity rensins canstbent, bub the directicon varies with tine, nove
ever the snzle between the velocity vector =and the z =xis is always
wery snall, If the electron is permitived to trsvel through field free
space Tor a distance (L) , the toval dellsction et right angles to the
dirsction of motion is
XL/, + %g
2{31.{5;:11:1 .,J‘J/g[(cos Al +d/g) + '%;O/mL sin a(%, +J/z)]

~d/2L sin ,ycj},

(2,15) =1

]

it

Ferlecting for sirplicity the last two bterms e have ths approximate
aquation

(2,18) = = 2pL sin av/p cos a(t1+v/g)
ihe deflection x' depends on the ocusntity (B) which is a mevsurs of the
i1eld sersngth, sad in gddition on the time of emtry ty and the transit
Gime v, Ihe Important fact is that =' is zero for sll valuss of 4y sand
(8L) if and only if the transit tize is an integral nurber of periocds of
the cavity oséillation, thet is av = 2nn, For other values of the
transit time the electron is deflectsd by an zmount depending on the

sntbry tiwe, but lyving within the linits +23L sin 04/2 Considerineg
o k] o) - - [8&)

now sn slectron tezm instead of & single elsctron, it is apparent that
the besn will te spread out into a "fan", the angular spreed of which
#ill be 23 sin QV/Q radians, and only when ¥ = 2Znn will the spread
ba zero,

this provides a method for measuring the slectron welocity, for if
the elsctron velocity can be adjustad so that the sngular spread is

zero, then the initizl velocity accordiag to equaticn (2,12) is



(2,15) vy = &/v(1-g*) = da/2n;a(1-g¥)
where only the intersr ny 1s usnknewn, If now the elsctron velocity i1z
veried until ths anpuolsr sprosd agsin becomes zera, o similsar scustion
holds

(2.16) = dafingn(1-3%)
If the potential through which the electron nes fallen in the two cuses

is Vyend Vg respsctively, then one obteins from esuation (2,1) the

following equation for efng 3

1 1
' (T -2/5 (1 - v5/cR)"
(2.17)  efa_ = of =/ 2/
B O -
1[2 had \I}‘

“There vy end vy ere given wbove, If 'sr;,:,/c <€ 1, so thot theo rolavivistic

snergy equation mneed not be used, the esguetion for e/m. becames
o

P < <5
(2.18)  e/ng = “vd 1/mg = 1/m7 lz 5
8 ¥y = Vs (1-f=)~

Ggustion (2,10) for veloecity is not exset becsuse the electric
field is not zero ths marnetic field not uvniform i +the electron is

displaced from the z sxis, Consegquenvuly both the lzteral motion =nd

b
+/

motion along the z axis zre modified slightly, vrhese zifects sre wvery

D

gmall and will be considered later,



ITI, DETECTIOR

In the previous section it was shown that the deflection of the
electron beam produced at the end of the drift region by the cavity
fiald is

(3.1) x! =28L sin{wv/2) cos w(t,+v/2) + A
where & 3inocludes two small terms that will be considered later, The
problem of detectiom is to determine in some menner an accelerating
potential which gives rise to zero deflection of the electron besm,
or more oorreotly om making allowamce for the term A o minimum de-
flection,

fwo methods of finding a minimum of this deflecvion have been used,
If the beam is allowed to fall on a fluorescent soreem, the "spread"
can be readily observed and the voltage can be adjusted so that this
spread is a minimum, Another method involves measurement of that
part of the beam ocurrent which passes through another slit at the end
of the drift regiom, Assume for simplicity that the electron beam
is of uniform density and of width (h), Consider a slit also of
width (h) placed at the end of the drift path so thau the entire
beam passes through the slit whem it is undeflected, If the beam is
deflected by an emount less then (h), omly a part of the beam will pass
through the slit, and if vhe deflection is more than (h), none of the
beam will pass through, Since cavity excitetion will produce a sinu-
soidal deflection of the beam, the average ocurremt passing through the
slit will depend on the cavity excitation end the transit time, It is
shown in Appendix II that if the total ocurrent of the beam is Iy, the
current passing through the slit will be:

I = I5(1-(2/n)%) for yg£1

3.2)
(2.2) I=1I,(2/n) [s.’m"“'(l/y) -y -w‘??-?.f] for y>1



&

[

% n =(2BL/h) sin(av/2).

asn from equsdion (342) thet if pL/AML then the region

B s T NS '}
2 § T2

o

It can bHe
dhere 4 €1 livs in o very sasll range of ov s0 that sin(wv/2) vearie

garly linearly with v+ ., Thus the curreant I also varies nearlv linesrly

writh v measr the transit tloe v = Znnse o This linearity swtonds to the

JJ/% - Enﬂl = g g vidzre I has follen o
28L/n
8L

(1-2/1) or sbout 0,36 tirss She peak value, 4hs wvaristion of current

poinus corrcsponding Ho

.

- . . L o
with oy d1s chowm ia figure 2 for zﬁ~m = 100 ,
Tha triomsit tloe v is imversely proportiozal to thes velocity and
hence varles imversely as the squere root of the accelerating potentiel,

Sinee the range of v within = peek is small, Vv variss approxis

P
&

(O]

urrent also variss nesrly linesrly

[
na

linearly with voltags, so that the
with volbage im this small raage, I8V is waried in the nezighborhood

of a peakx by varisztion of the accelersting volbage and if the nesasured

o

ralues of current sre plobtied as a function of volbage, a peair with
stroight sides will resuls and the ceanter of the peak can be locatoed
guite accurately by interpoletion,
The expression ussd to deduce the above conclusion is not corrsct
for mn sevual systen wecsuse of several factors:
1, The electron besn is not of wriforn density end doss not have a
well defined width h ,
2, The electrons do not all heve precisely the szne velocity,
G, “The correct equation for displacenent includes sn initial dis=-
placenent indicavsed sbove by the syvobol A4,
I% is difficult to malke a completes discussion of chess factors until
experimental results heve been discusssed, However, some rexerks on the
effecus to be expected are aporopriate hars,

If the slit is elther nearrower or wider than the selectron besnm



o an b Ptton

3 N
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but if the 4i

neglizivle,
af course unprediczabls, but will certainly be small if the veristion
is smzll, In =ll czses, and this is 2 considersble inporbence, the
peai 1ill be gpasetrical whether or not {the vewn is itself syrmetrical,
The ef"act of a velocity sprezd of the slectron besn has little

-f‘eJt under c¢arie

te
(&)
(3
ol
[= T
—te
ct
ol
(8]
=]
1)

°

1f for exauple, the spresd in velo-
city AV (expressed in volts) is smaller then the width of the lineer
portion of one side of <he peak(V@ s There will s%i1l be a region where

the curve is linesr end has the same slope s

(D
w
et
Q
o
2
(4]

s the 1id uyve, 1he
width of this vepgiom will e (</' - A’*.?) and at the odges of this repion
the curve will slowly depart from linearity in @ nenner dependent on
the particular veloeity cistrizubicn, the peal will be rounded off
for a distanca of apnrodinmatbely %g. on @ach side of the paak, and the
lower 1limit of the linear nortion will be maovad inwsrd Towsrd the pegk
g sinilzr discence, IF the wridth of the peszk (exprossed in volts) is
gonsidersbliy larger thsn AV , there will be no apprecishles effscs
produczd by the velooity distribution,

the effset of the displacenment A is wmore imvortant =nd will be

considered in devail leter, It is

clent o rensrk nsre thet the

principle effect is to "round of ' the Gop of the curraat peal,
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IV, SOUHSLs OF axqod

Two eountions have besn siven for e/ho H

c* 1 : - 1
(1 = v*/c%)"

(41) g =
Vo+ 47

1
1 - v/ (1 . g zfﬁ
(1 - w5/c®) ( 2/c

(£.2) e/m,

Vg =V *

In +he fMrst of these, the term LV is included to indicsbe thst the

velocities of ths electrons do not correspond to the nessured acceler-

ating notential, The value of AV 1s uncertsin and cinnot be esti-
risted with sny accursascy, 1t includes the potential sguivalent to the
thermal velocities with which the electrons lewsve the catinde, work

fanction potentials, thermo~electrie potentinls, ete
£ 3 P 3 -
the first of thsse is reletively well mowm, The distribution

ig Perovellisn snd tae sverase velues for different temperstures =zre

given in a later section, ~owever, the values for the wory function of

g -s,

the wmaterials used sre very uncertain and =nv estinste is ant to be
in error by more bthan o volbt, For this reason, equation (*,1} ceunmob
be uszd to give precise vslues for (e/my) , and equetion (,2) nust
be used,

dguation (2,18) shows that only three quantitics mmst be reasursd
Ath scoursey, they are a distence (d) , a freguency (o) smd = difference

posential (Vg = Vo) , & certain probobls error in the neasurement of

either (d4) or () results in n probsble error in the value of (2/ug)

which is tvlce as larse since both spoesr raissd to the second nower,
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A probsble error in voltage also results in & larger probable error
in (e/m,) both because two readings each subject to error ere combined
axid beosuse the difference (Vg - V1) is smaller then the larger of the
two voltages,

srrors in the measurement of these quantities can arise in several
weys, The distence (d) cenmnot be taken to be tne exact disvance be-
tween wne flet cevity endplaves, A correcvion is necessary because of
the finite depth of penetration of ourrent in the cavity walls, In
addition a correction may be required because of efivets at the holes
through which the electron beam enters and lsaves the cavity, Thus a
probsble error in (d) may arise through uncertainties in these corrections
as well as through insccursecies in the actual measurement, A prohablae
error in frequency likewise exists because of uncertainties in the
actual measurement and because the frequency can actually vary because
the cavities determining frequency have a finite "Q",

The probable error in accelerating voltage has two prineipsal
sourcos, in the actual measurement and in the adjustment of the volbage
to the proper value, Factors affecting the latter were mentioned at
the end of the preceding section, These factors affect the preeision
with which the voltage can be adjusted but do not introduce any syste=-
matioc error requiring a correctiom,

There is however ome additional correction reguired which is not
indicated or implied in equation (4,2) , but whioh was mentioned in the
derivation of this equation, This correction arises because of aepproxi-
nations made in the derivation of the equatiom end results from the
variation in magnetio and slectric field because of finite deflection
of the beam,

Humerical values for the probeble errors cited above will he given
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in a later ssotion, 4An important feature should be pointsd out here
however, There are only three small corrections to be made, all of which
are small enough or ocan be calculated with suffiocient precision to in-
sure small probable error due to these corrections in the value of

(efmy) . Discussiom of the effects of these corrections on the pre-

cision of the result will also be deferred until later,
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V., DESCRIPTIOR OF APPARATUS

A, RESONANT CAVITY

In the consideration of the theory of this method it was seen that

the deflsction is proportional to (pL) where § = %&' _B__g_ggt_ . Relating

Bpax , the maximum value of the magnetic inductiom, to the power input
end cavity constants (see Appendix I) ome obtains:
. %
se J3(0) [/ )
mo Ji(ka) {0®A a®(1+d/a)
where (&) is the radius of the cavity, (d) the length, ( A) the skin

(5.1) g =

_l
depth and (P) the power input, Since A is proportional to (cn)/za.nd

(a) o (@)™,

Vs
Pa.

(5.2) B= KW Trafa)

For reasons explained in e later seotion, (d) must be kept smell come
pared to (L), but since the length (L) is limited by the maximum per=-
missible physical size of the spparatus, (d) also has a meximm per-
missible value, Beoause of this, the raetio (d/a) is found to be less
then 1 for ussble frequencies, Thus (l+d/a) is approximately 1, and
so the defleotion varies directly as the square root of the power input
and inversely as the 1/4 power of the frequency, Since the deflection is
relatively insensitive to change in frequency, the choice of fresquency
should be governed largely by other consideravions such as use of
reascneble physical dimensions, ease of obtaining as much high frequency
power ag possible, suitable transit tame with reasonsble accelerating
voltages,

In the preliminary apparatus it was desired that the elsctron pot-

entials be large emough to produce well focussed besms with conventional
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electron guns and yet small enough so that they could be easily produced,
stabilized and measured, In addition, the number of cycles in the transit
time ocould not be too small, or the voltages for successive peaks would
differ by so larze sn smount that separate power supplies would be necw
esgary to investigate each peak, If one sets 1000 volts as the lowest
limit on the accelerating voltage, 3 om, as the meximum value of (d) ,
and 5 oyocles as the smallest number of cycles transit time to correspond
to the above values of voltage and distence, the minimum frequency is
found to be © = Zmnv,/d = 2(10)'0 séc,”l which corresponds to a
wavelength of 10 em, 8ince a 10 cm, generastor was availsble, this
frequency was adopted,

The cavity used was about 12 cm, in dismeter and 3 com, long, It
was constructéd of brass and had all surfaces silver plated so that a
meximum field strength would be cbbtained fram the available power input,
To insure proper positioning of the desired mode of oscillation and to
minimize undesired modes, narrow slots were ocut in the end plates between
the regims of meximum electric field., Since the slots were parallel to
lines of ourrent flow of the desired mode, the slots did not affect it,

The end plates were accurately machined to meke light press fits
into the cylinder forming the wall of the cavity, Holes 0,254 cm, in
diemeter were drilled in the end plates, accurately asligned with the axis
of the cavity, These holes were provided to permit passage of the
electron beam through the cavity,

When assembled for the final experiments, the measured cavity length
wag 3,018 om, and the diemeter 12,060 om, The latter corresponds to a
predicted resomant wave length of 9,887 cm, The measured rescnant wave-
length was also 9,887 cm, A photograph of the cavity and associated

equipment is shown in figure 3,



Figure 3

3. Resonant Cavity and Associsted Apparatus
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B, BELECTRON SOURCE AND COLLIMATOR

The most suitsble source of electrons for this work is a hot
cathode, In order to meke the spread of velooities as small as possible,
it is necessary to operate the cathode at the lowest possible temperature,
In the following teble are given the usual operating temperatures of

common electron emitters and the average thermal velocities of the emitted

electrons,

Material Temparature Ave, Thermal Velocity
Barium Oxlde 1000° X .09 volts
Thoriated Tungsten 1800 o 14
Tantalum 2200 20
Tungsten 2500 «43

The first electron sources to be tried consisted of the electron
gun assemblies from commercial cathode ray tubes, These utilized oxide
coated cathodes operating at a temperature of about 1000° X, Such
cathodes operated satisfactorily for e short time, but soon failed to
emit electrons, It is generally believed that the operation of such cath-
odes depends on the presence of small amounts of metallic barium produced
from barium oxide by reducing esctian during activation, During operatiom,
sny oxygen present will combine with barium to again form barium oxide,
If additional reducer is present, the supply of metallic barium can be
maintained for a short time, but eventual failure is to be expected,
This hypothesis seems to explain the failure of such cathodes in the
present apparatus, The pressure in the vacuum system was approximately

10-%

mm, of mercury, The gas present contained oxygen and there seemed
to be no very satisfactory way to eliminate it to the extent necessary,

Some consideration was given to the use of thoriated tungsten,
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tantalum and pure tungsten, f[he latter was chosen for initial tests
because of its greater ability to withstand positive ion bombardment
and because it was readily svailable in a form suitable for filaments,
Other materials were to be investigated if the electron thermal velocities
for tungsten filements hed a noticeable effect om the performance of
the spparatus, The filaments were made of tungsten wire ,008" in dia-
meter wound in a three turnm helix ebout ,020" in diameter, The filament
was spot welded to two nickel wires which served bouh as supports for the
filsment and conductors for the heating current, The filament assembly
was inserted invo an electron gun from a standard cathode ray tube, with
the middle turn of the helix directly behind the hole in the first grid,
Such a filsament produced an electron beam with an intensity of a few
mioroamperes for heating currents of about 2,8 amperes,

The beam produced by the electron gun, while reasonsbly well
focussed by ordinary standerds was by no means sufficiently parallel
for the present apparatus, and a collimetor was mecessary to select
a satisfactory portion of the beam, The arrengement was typicel and is
shown schematically in Figure 4, Two pairs of deflecting plates at
right amgles to each other were provwided following the first two slits
in order to permit lateral adjustment of the beam, All slits could
be opened by levers opersting through vacuum tight flexible metal dia-
phragms., Rotary sdiustment of the third slit was mede possible glthough
it was later evident that this adjustment wes unnecessary for reasons
to be discussed later,

The "collector” was mounted in a PFaraday cage behind the third
slit, The collector was maintained at a positive potential with res-
pect to the slit snd shield so that secondary electrom would not es-

cape, A potential of 20 volts was sufficient to collect virtually
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all of the secondaries,

As mentioned earlier, the total beam ourrent was approximately
one microampere, However that portion selected by the collimetor
was less then one hundredth as large so that a meter with a meximum
sensitivity of aboutb 10~ % ampore for full scale doflection was re-

quired, The circuit diagrsm of the meter used is shown in Figure 5,

¢, POWER SUPPLY FOR EIECTRON GUN

The power supply for the electron gun was conventional in design

except that ordinary vacuum tubes were used under somewhat unusual

operating conditions, The tubes were used with plate %ltages ranging

from 500 to 2000 volts although the plate currents wefg kept suffic-
iently low so that allowable plate dissipations were not exceeded,
Tubes of the "7N'" series were used to eliminate the possibility of
dielectric breaskdown st the tube base, The basic fégulator tube was a
low mu tube, and the amplifier tube & high mu tube, The voltage stan-
dard for the circuit was & 400volt dry cell battery which was inserted
in the grid circuit of the amplifier tube so that tne battery current
was essentially zero,

The ocutput voltage could be adjusted between the limits of ep-
proxinately 600 and 2000 volts, <The ripple content was less than 1
part in 50,000 at all output voltages smd the oubtput voltage varied
a negligible smount for ordinary chenges in line volbtege, The ocircuwit

is shown in Figure §,

D, HIGH FREQUENCY ELECTRICAL SYSTEM

A schematioc diasgram of the high frequency system is shown in
Figure 7, The generator was a double ended klystron with a plate

vultage rating of 2000 volis and plate curremt rating of 50 mils,
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It was found that it could deliver a Tew watis into a vroperiv matched
loed, Ordinary 50 olm coaxisl cable was used for transmissiom of the
power, A '"line stretcher" and two tuning stubs 3/4 wavelength apart
were provided to insure a suiteble impedance match and hence maximum
transfer of power, However, it was found that when the coupling loop
in the cavity was adjusted in area +to produce an input impedance of
about 50 ohms, the rmtching elements were quite umnnecessary, For
measurement of field strength and freguenocy, a small amount of the
cavity power was teken by a very small coupling loap and measured by
conventional detectors and a frequency metsr of the coaxial cavity
type, A= nohed a'“bava, the apparatus could deliver a few watts into the-
cavity producing field strengths of the order of 500 volts per cm, and

2 Gauss,

E, VACUUM SYSTEM

A relatively simple vacuum system was used for this work, The
besic apparatus wes constructed of brass, 4All joints were either sold-
eraed or coasted with heeswaXeresin mixture to melke them vacuum tight,
Where mechanical motion was necessary, sylphons and thin metal diaw
phragms were used,

The pumping system consisted of a Hyvac mechanical fore-pump, a
reservolir, two stage mercury diffusion pump, liguid air trap, =nd ioni-
zation gauge for pressure measuremonts, The connection between +the

glass pumping system and the metal aspparatus was achieved by use of a

tapored glass to metal seal which was sealed with wax,

Since outgassing of the metal parts was impossible, s "high
vacuum" could not be achieved, However, it was usually possible to
obtain pressures between -L/g and 2(10‘5) mm, of mercury at the ioni-

zation gauge, This was believed adequate for the purpose, since the
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only regquirement was thet the mean free path of the electrons be sume-

what greater than the length of the collimating tube,
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v1, OFERATION OF AFPFPARATUS

A, ADJUSTMENT

The electron beam was capable of being measurably affected by
the relatively small magnetic field within the resonant cavity and was
therefore very sensitive to stray fields, In fact periodic fields of
only‘.OOS volts per em, and ,0005 Gauss were sufficiently large to re-
duce the precision of the experiment, To eliminate electric fields it
was sufficient to surround the apparatus with a metal shield, Magnetic
shields are not so readily constructed, so the effects of megnetio
fields were eliminaved in other ways,

A static magnetic field such as the earth's field does not affect
the functioning of the apparatus provided satisfactory collimation of
$he beam cen be achieved, However, unless the electron beem is approxi-
mately aligned with the earth's field, the magnetostatic deflections sare
%00 large Lo permit proper ocollimetion at all accelerating potentials,
Such alignment did not however eliminate all of the undesirable effects
of the earthts field, The electrons produced by the usual slectrom gun
do not move in accurately parallel paths, The collimating slits produce
a beam which is narrow in ome direction, but wide and diverging in the
perpendicular direction, Due to this divergence the axial magnetic field
of the earth has a defooussing action, If the electrons were diverging
from & point, the effect would be to merely rotate the beam, producing
en image of one slit rotated at the next slit, For the electron vel-
ocities used in this experiment, the rotation amounted to spproximetely
109 per meter distamce, If the divergence was not from a point, then
there would be in addition a brosdening of the image of the slit, With
the spparatus described, the first effect was found o0 be mueh grester

than the latter,
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To eiiminate the effects, the sxial component of the earthts
field was neutralized by passing an electric current through a sole-
noid wound uniformly over the entire length of the tubes forming the
collimating and drift regioms,

This compensating coil was found useful for another reason, Ad=-
justment for parallel alignment of the slits was made by eye and could
not be made with great accuracy, Since small axial magnetic fields
produced small rotations of the beam without detectable brosdening, the
beam could be made to coincide in alignment with a slit by adjustment
of the current in the solenoid, This adjustment was of course not
necessury when meking measurements by visual observation of the beam,
but it was used when making adjustments for teking data by measurement
of the collector current,

The effect of periodic magnetic fields was eliminated by removing
all sources of appreciable meagnetic field, Many sources whioh might
not be suspected of disturving the beam were actually troublesome since
a field of ,0005 Gauss was sufficient to produce a disturbing effect,
For example, the current in the diffusion pump heaters produced a field
in oxcess of 01 Gauss even at ¢ distance of 3 meters, so that direct
current had to be used in these hesaters, An unusual source of field
was found in connection with the use of mercury pumps, The phenomencn
of flashing in mercury pwnps was observed, It was found that the flash-
over was accompanied by a flow of ocurrent sufficiently large to disturb
the beam, 7The eoffoet was minimized by moving the pumps as far as
feasible from the appsratus (approximately 10 meters), and shielding
the pumps with transformer ironm,

The transformers in the power supplies for the electrom gun sand
klystron likewise produced apprecieble fields, The power supply for

the latter was merely moved tc a great distance (approximately 10 meters),
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However, since the power supply for the electrom gun had <o be located
nearby for ease of comtrol of voltage, the trensformers for this ape
paratus were provided with "mu-metal" and copper shields which reduced
the fields by approximately 40 db (& factor of 100), The last trouble-
some periodic field was finally found to arise from a small ;/4 horse-

power electric motor opersting on a lower floor of the building,

B, OFERATING PROGLDURE

The first experiments with the apparatus were intended to de-
monstrate that it behaved qualitatively as the theory indicated, The
first test relating to the precision of ths method was to determine the
accuracy with which the accelerating voltage could be adjusted, This
was first dome by visual observation of a fluoresvent screen pluced in
the path of the beam at the end of the drift tube, The meximum de-
flection of tne beam was observed to be approximstely 2 mm, to sither
side of the center position, Since the drift distence wes 1 meter,
this indicated a field strength within the cavity of approximately 2
Geauss, Assuning a reasonable value for the skin depth of the cavity walls,
& caleculsted power input of two watts wss obtained,

Adjustment of the vollage was made as shown in Figure 8, The con~
trol on the power supply was set to approximatsly the desired value,
and en additional potentiometer was used to add a2 small adjustable and
accuratsly measurable volbtage to the well stabilized power supply
voltage, Several valueé of the incremental voltage were obtained at
the pesks corresponding ton = 4 cycles and n = 5 cycles by repeatedly
setting the potenticmeter volbage away from the proper value aznd ep-
proaching it alternately from opposite directions, The consistency of
tne results indicated that the voltage could be set with = probable

error of sbout 1 volt, sSome of tne data are shown below:
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Incremental Voltage for Hull Deflection

Visual Observation of Beam

Approached from below Approached from above
18*/p volts 17 volts
16 17
20 18
2 19
Mean 18 17.8

The second set of tests involved measurements of beam current in
the manner described in section III, Considerable difficulty was en-
countered in obtaining consistent reasdings, Three sources of trouble
were encountered, although they were all ultimately tracegble to one
basic cause, namely the effect of stray magnetic fields, The least
troublescme was the fact that the earth's field was by no means uniform
in the room in whieh the apparstus had been set up, and hence the
alignment of the apparatus with the earth's field was at best an ap-
proximation, Conseguently the elsctron trajectories in the absence of
cavity excitation were not straight lines, As a result, the accelerating
potential influenced the trajectory, and the position of the electron
beem a8t the end of the drift tube varied slightly as the potentisal was
varied, This of course shifted the beam from the slit, and readjust-
ments had o be made as the potential was varied,

Rendom motion of the beam was also observed, This seemed to be
largely due to the fields produced by the vacuum pumps, Shielding of
the pumps, and removing them to the greatest practicahle distance re-
duced the effect but did not eliminate it principally because the iron
used for shielding was not of sufficiently high permeability, Such

deflections of the beam in the collimating system resulted in random
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varia‘hioﬁs in total beam curremt, while such deflections in the drift
space caused variations in the proportion of the curremt passing
through the slit, By taking nearly simultaneous readings of the col-
lector current with cavity power on and off, consistent readings could
be obtained, Scme of the data taken are shown in Figure 9,

A Tew remarks regarding these data are necessery, The three slits
were made ,005", 003", and ,007" in width in that order, Since the
distences between slits were approximately equal, the maximuwn expected
beam width et the third slit was (,005 + 2(,003))= 011", It was
found that the observed width was approximately this value since 65
peroent of the total beem current passed through the ,007" slit,

Then meking readings, the width of the third slit was increased to
allow gbout ninety percent of the total current to pass through the
8lit when there was no field in the csvity, If the meximum dellection
is known, the slopes of the sides of the peaks can be caloulated using
equations (3,2) end (2,12), No accurste measurement of the maximum
defleotion waes made, but basced on an ostimate of tnis deflection, the
computed value of this slope was ,02 volt=*, this is somewhat larger
than the measured value of about ,012 volt"*, but due to the uncer-
tainty in the values for the beam width and the meximum deflection,
the agreement is perhaps satisfactory,

The linearity of the curves dravm from the experimental data is
remarkeble, Close examination of the "fit" of the points to the curve
of Figure 9 indicates that the intersection of the two lines can be
taken to be the oenter of the peak ﬁth a probable error certainly
less than */p volt, In any case the acouraoy is probably greater than

can be achieved by visual observation of tThe beam, and subjeotive factors
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in setting the accelerating voltage are eliminated,

The third set of tests was made to obtain an approximate numerical
value for e/m, , All necessary quantities were either known or had
been measured except the accelerating voltages which gave no spread of
the beam when the cavity was excited, Since the experiments were
largely exploratory in nature, a complex setup for measurement of volt-
age was not thought justifieble and simple voltmeters were used for this
measurement, The power supply for the electron gun could supply only
a few mils of current, so that ordinary precision voltmeters with 10
mil movements could not be used, However a meter with a low current
(300 microsmperes) movement and an electrostatic voltmeter were ob-
tained and carefully calibrated against standard voltmeters throughout
the range from 600 to 2000 volts, These meters were used with the
circuit of Figure 8 as explained earlier, This arranzement permitted
varistion of the voltage V, end readjustment of the incremental voltage
Vg, thus eliminating systematic errors in reading the meters,

The adjustable power supply wes set to a voltage near the proper
value and the potentiometer was adjusted visually to the proper value,
The two high voltage meters were read, corrections applied, the two
values averaged, and the potentiameter voltage added, giving the soccel-
arating voltage except for the constant correction AV of section IV,
By adjusting the power supply to a slightly different voltage and re-
peating this procedure snother value for the accelerating voltage could
be obtained and used to check the accuracy with which the voltage could
be read, It was first estimated that the corrected mesn for the higher
voltage could be obtained with a probable error of about 6 volts, How-
ever, the readings tsken in this menner all agreed within one volt]

This surprising comsistency held even for readings tsken on successive
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nights, Jertainly tnis is partly coincidental, elthough it is not
surprising that the voltage readings are more consistent then would

be expected froam a pessimistically estimated probable error,
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VII RESULIS

For comparison of experimental snd expected results, it is more
convenient to compare the observed and expected values of accelerating
voltage rather than calculated values with expecved values of qﬁno .

The values for the expected voltages were computed from equations (2,1)
and (2.15) using the accepted value of efm, (5), Voltages were measured
for the number of oycles in the transit time egqual to 4 and 5, The

data obtained are given below:

Number of Cycles Accelerating Voltage
n Expscted Observed
4 1477 1492
5 944,56 954
difference 532,56 538

The difference between expected and observed values was certainly
larger then the errors in reading the voltage, much larger then any
thermal emf, contact potentials, or potentials equivalent to the thermal
velocities of the electrons, Furthermore, the difference was too large
to be ascribable to errors in measurement of frequenocy or cavity lemgth,
It is certainly significant thet the observed values differed from the
expeoted values by a nearly constent percentage, 1 percent, This
implied an unforseen systematlc error,

Re-examination of the equetions revealed a possible explanstion,
The derivation given earlier assumed a magnetic field which was uniform
over a given length, but which had perfectly sharp boundaries outside of
which the field was zero, This assunption is quite valid where the
metal surface of the cavity forms the boundary, for the "skin depth" of
the metal is very small compared to the length of the cavity, How-
ever, at the small holes where the electron beam enters and leeves the

cavity, the field is disturbed and there is a "fringing" of the field
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which might alter tue effective length of the cavity,

The analysis of this effect is straightforward and is given in
Appendix III, If ome considers a2 magnetic field which has a meximum
value (By) throughout most of the imterval of lemgth (d), has a value
(B,/2) at the end points of the interval and rises from 0 to (Bm)
symmetrically about the value (§;/2), then there is no correction what-
ever to apply to the equation derived for {e/mg), but in equation (2,7)
for the lateral velocity, (X), a factor which differs very slightly
from 1 must be inserted,

If the boundary is not symmetrical in the sense given shove, the
oonclusion is only approximately valid, but one can determine whether
the distance (d) should be increased or dscresased by investigating the
precise nature of the field near the boundary, This investigation can
be made quite accurately by oomsideration of a problem in magnetostatics,
because the dimensions of the regiom of disturbance are very small
compared to the wavelength of the oseillation, The problem is then to
find the solution for the equation Y2V = 0 where the field lines are
uniform and parallel at a great distance from the origin, The proper
boundary condition to apply in this case is that the field lines are

parallel to vhe surface of the metal forming the cavity wall and the

sntry or exit hole,

The cevity hsd been constructed approximately =us shown in Figure
(10a), Unfortunstely the numerical solution of the problem above with
this bounﬁary condition is wvery difficult, However, three cases which
can be readily solved were considered, These were (1) penetretion of
magnetic field into a slit in an infinite sheet, (2) penetration into
an infinitely deep slot in an infinite plene, and (3) penetration into

a circular hole in an infinite sheet, These various boundary conditions
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are illustrated in Figures (10b) and (10c¢), The solutions of these
problems are given in Appendix IV, end plots of the resulting fields

on the axis of symmetry are given inm Figure (11), For cases (1) and

(3) above the field is precisely symmetrical with respect to the sheet
(in the manner described above) not only on the axis, but at all points,
In these cases, therefore, the correction vo be applied is certainly
zero, For case (2) above the field is not precisely symmetriocal, but
nearly so, However, the midpoint ol symmetry is not at the surface of
the slit, but below the surface a distance approximately esqual to five
percent of the slit widtn,

Comsideration of the problems above leads one to feel imbuitively
that the effect for the actual problem is intermediste between that
for cases (1) and (3), and case (2), (me might therefore expect to
find the "effective lenzth" of the cevity slightly larzer than its
true length, Exemination of equation (2,18) shows thet the cavity
length inferred fram the experimentel results is larger than the mea-
sured value by’*/k percent, fThis corresponds to a correction equal
to sbout 3 percent of the diameter of the hole, This result is entirely
oongistent with the discussion above,

Rather than attempt to solve tne difficult potential problem of
Figure (10a), the cavity end plates were re-shaped to conform as nearly
as possible to the problem which could be solved rigorously, This was
dome as shown in Figure (10d), The half angle of the conical surface
was nade nearly equal to 90 degrees (approximately 85 degrees), Using
these end plates, new measurements were made, The results are given

as following:
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Number of Cycles Aocelerating Voltage
n Observed Expected
4 404" 1497,1
5 954 % 956.5
Difference 540 /o 540, 6

The internal consisteney of the two sots of data and the good
agreement in the secomd set with the eoxpected value indicate that the

cause of the discrepancy had beem eliminated,
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FIII PRECISION OF RESULT

The frequency (w) was determined in two ways, by measurement of the
physical dimensions of the cavity and calculation of the resonant fre-
quency, and by use of a coaxial type wavemeter to measure the frequency
when the cavity was actually excited, In the first method, a diameter
of approximately 5" was measured with calibrated micrometers, the ap-
parent probable error being sbout ,0005", or sbout 1 part in 10,000,

In the second method, the meter ocould be read and consisvently set to
the proper value with a probable error &lso of 1 part in 10,000, The
two values fortunastely agreed to this precision, both values being
equivalent to = wevelength of 0,887 cm, ,

The distance (d) was measured by carcfully mesenring the component
parts of thne cavity and caloulating the internal spscing, The proheble
error in this measurement was estimated to be approximately 5 parts in
10,000, and hence the probsble error in (d%), 1 part in 1000. The
"gkin deptn" of the cavity wall was sbout 10~Y cm, and hence involved
negligible correction, It is believed that the end offects discussed
earlier are much smaller for the finel end plates than the probable
error in measurement,

The measurecment of voltage is probebly the most oritical and most
difficult, As mentioned earlier, it is believed that the potential was
measured in spite of the relatively crude instruments with a probable
error much smaller than firet scemed reasonsble, This belief is rein-
forced by the fact that sucessive readings ‘taken in such a way that one
could not possible influence the next all agreed within L/@ volt, Eow-
aver, allowing for inevitable errors in calibration of meters, it seems

reasonable to set tne probeble error in voltage measurement at 1 l/% volts,
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The voltage difference (Vp-V3) was approximately 500 volts, This there-

fore represents a probable error in (vz-vl) of two volts or sbout ¢ parts
in 1000,

Since the probable error of measurement of frequenoy and distance
was small compared to the one discussed above, the probable error in the
result 1s dependent almost entirely on the probable error in measurcment

of voltage, The resulting ocalculated value for (e/ino) thus has & pro-
bable error of about 4 parts in 1000, The vulue obtained was

e/fmo = 1,788 = ,007 (ZI.O).7 gbooulombs per gram,
This is remarkebly close to the presently accepted value (5)

efm, = 1,7592 3 ,0005 (10)7 gbooulombs per grém,
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IX, FRECISION ATTAINAEBLE

The apparatus could be used with essentially no major changes to

yield data of somewhat higher precision, If voltage measuring ap-
paratus were provided which oould be used to measure the voltage to a
greater precision then that with which it could be set, the anly
significant error in voltage measurement would be in adjustment of the
secelerating voltage to the proper value, which would result in a prob-
gble error for (Vg = Vq) of sbout 1 part in 1000, Combining this prob-
gble error with that in cavity length, (d), ths probsbls error in (e/m,)
would be sbout 1 */, parts in 1000,

In view of the precision of the most recent determination of
(G/QU)(E) it is appasront that the precision of measurement by this method
must be inocreased by a factor of about 10,

The principal factors which influence the precision are:

1, Cavity freguency ()
(&) TUncertainty in fregquency

(b) Measursment of frequency

2, Cavity length (d)
(8) Mesasurement of distance
{(v) Correction for "skin depth"

(¢) Fringing effect at entry end exit holes

3, Accelereting voltagse (Vg - V)
() Adjustment of valtage
(b) Measurement of voltage
(c) Velooity distribution of elsctron beam

4, Approximations in derivation of electron trajectories,
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Systematic discussion of these factors is rendered difficult by
the fact that a given change in the apparatus or technique to reduce the
probeble error due to one of these factors may inerease the probable
error due to another, Anticipating the final result, it may be re-
marked in advance that a probsble error in the final result of about
1 part in 10,000 seems possible, Consequently any guantity which can be
measured with a probable error of a few parts in 100,000 will have little

effact in determining the total probable error,

(1) Cavity frequency: The cavity determining the frequency in this
appsratus hess a "Q" of approximetely 30,000, sa that the operating
frequency is determinable with a probable error substantially smaller
‘than 3'/2 part in 10,000 affecting the precision of the result to an
extent correspondingly less then 1 part in 10,000, On the othsr hend,
in order to conveniently measure the frequéncy it may be desiraeble %o
use a lower freguenoy generstor whose frequency cen be more resdily
measured and which can be stabilized with even greater precision, the
operating frequency being obtained by frequency multiplication, It
appears possible to establish and measure the frequensy with a probable

error much less than */p pert in 10,000,

(28) MNeasurement of cavity lengtn: Measurement of distance with the
desired precision cannot be made with conventional measuring tools
such as microameters, However, optical methods afford satisfactory ways
of making +this measurement so that the preoision of the result would nob

be affected by errors in this measurement,

(2b) Skin depth correction: At the frequency used, the skin depth

for silver is about (10)'4 cm,, so that for a ¢avity length of 3 cm,,
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2 correotion for skin depth esmounts to less than 1 part in 10,000 of
the cavity length, thus affecting the result %o the extent of nearly
2 parts in 10,000. The probable error introduced by the correctiom
should be scmewhst smaller tham this,

(26) Fringing effect at entry and exlt hole: In the discussiom of
this effect in section VII 1t was shown that this offect can be caleu-
1pted end also that it can be made zero with certain ideal configurations
which can be approximately achieved in practice, However such an approx-
imate realization (see Figure 10d) renders accurate knowledge of the
distance between surfaces (d) more difficult because of possible warp-
ing near the hole, Use of entry and exit holes of a different nature
such as shown in Figure (10a) requires caloulation of the end effect,
which ie oertainly mot zero im this case, even though the distance (d)
csn then be determined with a greater precisiom, TFurthermore, since the
slectron besm is not concentrated at the precise center of the hols,
the end correction may vary for different portions of the beam,

A practical solution may be to use end plates of the type showm
in Figure (104) where the end correction is known %o be substantially
zero, but where & relatively large probable error in (d) exists, If
the seme end plates are then used with a cavity of different lemgth,
the proper corrsction to give comsistent values can be computed, An.
alternative solution may be to wse end pletes of the type showm im
Figure (10e) where the end correction must be caleulated, If the elec~
tron beam cen be confined to a sufficiently smell region radially, the
correction will be substantially the sseme for =1l portions of the beam,

Any attempt to reduce the effect of the sbove probable errors by
inoreasing the length of the cavity will reduce the precisiom with
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which the accelerating voltage can be determined, This will be discussed

later,

(3b) Measurement of voltage: Discussion of methods of measurement
of voltage is not within the scope of this paper, It 1s sufficient to
remark that use of a suitable potentiometer and standard cells permits
sccuracy far in excess of that required,

(3c) Bffect of distribution of electron velocities: The effect of
the distribution of velocities decreases as the accelerating voltbage
is raised, At the value recomended below, the center of the collector
current peak must be located with & probable error of about 0,156 volts,
so that the peak should have a width of 10 or 15 volts, In such a case
a spread of velooitises equivelent %o sbout 0,5 volts will not affect the
shape of the collector surrent surve except in the neighborhoed of the
top where it will be more seriously modified by other factors mentioned
below, The conclusion is wnatv twne velocity distribution in an electron
beam from a tungsten filsment should have no effect on the precision of
the method,

(3a) Adjustment of voltage: with the transit times used for tThe
measurements described in sectiom VII, the two values for accelerating
voltage were approximately (850) volts and (1500) volts, and the dif~
ference was approximately (550) volts, 4n improvement in the date
would apperently result if the value of (Vg=Vq) could be inoreased re-
lative to (Vg), The scoompanying table gives the spproximate values
of the accelerating potential for verious values of the integer (n)

(the nmumber of oycles of the cavity oscillation during the transit of

an electron through tne cavity),
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n 1 2 3 4 5 6
V¥ (volts) 26,000 6,000 2,650 1,500 950 660

The most practicsble value for the larger value of (n) seems to
be ny = 5 , so that (Vq) is equal to about 850 volts, If now (ng)
is made equal to 1 or 2 so that (V) is very large compared to (V.),
tn2 provaple error im (Vg-V,) should be essentially equal to the
probasble error in measurement of (Vg) alone, However, such a value of
(np) does not give the minimum probsble error, T[his is due to the fact
that the experimental procedure gives rise to a certain probable error
in (wv) ratner than in (V), Since (wv) varies inversely as the square
root of tne woltege, tho percentsge probeble error in (Vg-V,) actually
has its minimum value for ng=3, For this case, tne larger accelerating
voltage (Vgy) has a value of (2700) volts,

If a probable error of 1 part in 10,000 is to be achieved, this
larger voltage must be adjusted to the proper value with a probeble
error of asbout 0,15 volts, This requires & resolving power in the ap=-
paratus equivalent to a probable error of 0,07 volts for ny=4 which
is the value tnet was sctually used in tne earlier experiments, 3ince
the apparstus gave results with a probable error of gbout 0,5 volt for
tnis value of (ng), it is necessary to incresse the resolving power by
a factor of only 7 to achieve the desired accuracy,

Investigation of the possibility of scnlieving this requires re-
censideration of the deflection equetion, and e short digression on

item (4) of the table opening this sectiom,

{(4) Approximations in derivation of electron trajectories: In
section II, where the theory of tnis method was presented, exact in-
tegration of the equations of motion for an electron could only be

achieved if the magnetic field were taken to be uniform throughout
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the region of motion of the electron., Actually if the electron suffers
a finite deflection froum the Z axis, the megnetic Tield decreases
glightly end a smail electric field sppears, More correct equations

of motion are:

(9.1) X = puk(B/By) vos wt
(9.2) g = -&oi(B/Bo) cos wt -~ eE,
= -pux(B/B,) cos wt + pu"x sin wb
where (B/B,) = (1-8k*x%/8) (see Appendix I),

and the other notation is that of section II,

Solutions of these equations cen be obtained most readily by
successive approximations, <The results contain complicated combin~-
ations of trironometric functions which are defficult to interpret,
Fortunstely most of these terms are multiplied by coefficients which
are very small compzred to the terms considered in section II so that
they cen be safely ignored if a probuble error of sbout 1 pert in
10,000 is being considered, The principal effect is observed in the
transit time eguatiom (2,12) which is given more ecourstely by

(9.3) v = (af )1 - %),

The equatioms for xp and %y are not significantly changed,

(3a) (Comtinued). Bquatiom (2,15) giving the deflection of the elect-
ron beam can be written in more useful form if the negligible term in-
volving (v /bl) is omitted and if cos w(ty+v/p) is replaced by its ap-
proximate equal (=~1)Pcos wt : '

(9.4) =t = 2BL [sinz(mv/e) + (d/ZL)a]Itsin(mtwm) .

In discussing this equation i% is supposed thet the detection scheme in-
volving measurement of the beam current is o be used. In this case,

the comdition for meximum collector current is (see Sectiom III)
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(9.5) sin(wv/fe) = 0O or  w(dfg)(1-p*) = 2nn,
This alters the equation for {e/m,) given in Sectiom II by placing

the term (1-8®)® in the numerator instesd of in the denaminator,

ihe second term in the bracket of equation (9,4) gives rise to
& deflection and hence a reduction in collector current regardless of
the transit time, It does not, however, affect the position of the
maximum current, but obsecures its precise location, thus reducing the
precision by increasing the probable error of voltage adjustment, <he
effect is best shown graphically; Figure (12) shows this effect in terms
of the constants of equetion (9,4) and the width of the slit (h). The
width of the collector current peak is inversely proportional %o (ﬁLﬂh)
&g was shown in section III, The loss of a sharp maximum is of concern
here and can be shown vo depend on the ratio of (d/2L) and the quantity
(n/2pL), thet is on the magnitude of (pd/h) (see Figure 12a),

Increase im precision requires that (BL/h) be increased simnce
Figure (12) shows that this decreases the pesk width, Hovever, to
achieve this by increasing the field strength and hence (B) or vy de-
creasing (h) beyond a certein limit has sn undesirable effect, as
shomn in Figure (12b) this not only narrows the peak, but also reduces
1ts helght, whe sides also depart from linearity but the peak of course
still remsins symmetrical, Figure (12¢) shows that the increase in
(BL/h) should be achieved insofar as possible by incresasing (L), How=
ever, oxsmination of the verious curves of Pigure (12b) shows that if
for the largest practiocable value of (L), ‘the value of (ﬁd/h) is less
than (0,5), the precision can still be inoreased by inoreasing (p) or
decreasing (h) until this factor has approximately the ahove value,

the values of the ahove constants can be most readily obtained
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from the knowm lengths, (L) and (d4), end from the observed slope of
the ourrent peak, For the apparatus described sarlier these constants
are given below:
L = 100 om, d = 3,0 om,

pL/h = 2.5 pd/h == 0,08
Cemparison of the experimentsl curve shown in Figure (9) with the curves
of Pigure (12&) shows good agreement, Since the value of (pa/h) is
approximstely (0,1) it is apparent that considersble improvement cam be
effooted, Inorease im this quantity (either by increasimg (8), decress-
ing (h) or both) by a factor larger then five is uselass, but if this
faoctor were used, an improvement in resolution by a factor of three or
four would result, To achieve the desired factor of sevem, it would
be necessary to further decresse the peak width by doubling the length
(L), This is undesirsble from the standpoint of comstruction and shield-
ing, but is by no means impossible, These changes should inorease the
resolving power of the equipment sufficiently to permit determination of

(B/ho) with a probsble error of sbout 1 part in 10,000,

The possibility of grester accuracy hes besn examined to some extent,

The gquentitiss involved in this determination have been shown to be meas-
urable with much greater accuracy then required, except for three limit-
ations:

(1) Correction to length (d) due ta "skin effect”

(2) Correotion o length (d) due to embry and exit holes

(3) Brror in adjustment of voltage to proper value,
Analysis of the last effect depsnds of course onm accurate snalysis of
the elsctron trajectories, Preliminary inmvestigation of this has shown

that the more acourate equations do not appreciably alter the conditiom
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for a minimon deflection, but that additional disburbing terms are
present, These appear to subtract fram the term (d/?L sin wt;) thereby
permitting sharper pesks and greater accuracy, However, these terms
beccne apprecisble in megnitude omly if the field strength is inoreased
t0 a value approximately ten times the value used, If this effect has
been properly anslyzed, the precisiom of voltage adjustment can be in-
creased even more, Wevertheless the corrections to (d) still limit the
minimum probeble error due to uncertainties in these correctioms, How-
ever, this minimun probable error may be subsbantially smsller than the
value given above, The effect cf these corrections can be reduced by
incressing the lemgth (4) although this will alter the voltages required
far the proper transit times snd will further increase the wvalus of
field stremgth required to minimize the effect of the term (d/2L) of
equation (9,%4),

The preliminary apparatus has given a value for {e/ho) with a pro-
bable error of 4 parts im 1000, It 2ppears that a value with probsble
error of sbout 1 pert iz 10,000 cam be readily achieved if the field
strength within the cavity is increassed by a factor of about five end
if the drift length (L) is doubled, It may be possible 4o effsot a
further substantial increase in accursoy vy doubling the cavivy length

and incressing the field strength an additiomal smount,
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APPERDIX I =~ SOME PROPERTIHS OF A RASSONANT CAVITY

The following properties of a oylindrical cavity excited in the
TMyy o mode can be readily derived from Maxwellts equations, Let the
radius of the cavity be (a), and its depth (d),

(1) Field configuration:

E = 20Bg/ke (J;(kp) cos(ﬂf—ra)) sin(ot+y) T

B = 2B, {fi [Jl(kp)/(kﬁ)] sin(gea) + ,81 Ji(kf) cos(ﬁ-rd)}cos(nt-z-*
(2) Resonant frequenay:

di{ke) = 0, Hence (ka) = 3,832, Thus w = ko = (3,832/a)c,
(3) ™" of cavity:

Q = adf(a+d) where A is tne "skin depth",

(4) Power input:

@ B 2° d J§(ka)
+(10)7 Q

Here tne power 1s in watts if the field strengtn is in Geuss and
the dimensions are in com,
(8) EBlectric field configuration near the origins
At =0 and in the direction = (n/2 - a), E=0
In tne direction @ = -a, E = 2uBg/fke Jy(kx) sin(ot+y) Xy
a aBgfo sin(ut+y) (x - K%x°/8 + ) T
(8) Magnetic field configuration near the origin
a4 P=0, B=3B H
In tne direction @ = (n/2 = a)
B = 2B, 31(kp)/(kp) ocos(utsy)
= B, oos(wt+y) (1 =-X%%/8 + )

In the direction @ = =g
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B = 2B, J1(kp) cos(utsy)
= B, cos(ot+y) (1 = BFxR/8 ) .51
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APPENDEX X1 - DERIVATION OF COLILZCTOR CURRENT EQUATION

1% is sssumed that the slsctron

i t
beam is of uniform dersity, has a } -¥—-Electron
total intensity (I,), & width (h), ; § Besm
and is impinging on a slit also of <+h+ x".-..
width (h), The deflection of the f {

i

passes through the slit is assumed ‘ '

to be of the form x = X, sin %, ' i Collector

The aversage ourrent through the slit can be obtained by integrating

pesm from the position where it all S§lit

4

the total charge passing through the slit during a qusrter period of
the osoillation and dividing by +the quarter period, iwo cases must

be considered, that where the maximum deflection (xo) is less than (h)

snd that where 1t ‘is greuter than (n),

I, If (x%,) ie less taan (h), !‘H
Teape = 20/n ) T at = 20T,/ | (1 - x5/h sin wt) d%
T,(1 - 2 %o d
= o( ~ E_'h ),

-

II, If (%) is greaté;:"zfxan (n).
Tove = 20I/m | (1 - xo/h sin wt) at
= To(2/4) [sin"l{h/xo) + (xo/h)(.\’i-(h/&oﬁ - 1)]

In the notation of Seotiom III, x, = gL sin(av/p), If now we

sot 4 = xo/h = L/ sin(ev/g) the equations sbove become:

I = Ig(1~2%/) for (4) less than 1
I = I,(8/m) [sin"l(l/*r) -4 qf?é{] for (%) zrsater than 1.
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AFPPENDIX III -~ BOUKDARY EFFs«CT ON ZLECTRON TRAJECTORIES

The problem here is to derive an expression for the difference in
laeteral velocity of an electron which has traversed a region of uniform
field, (ﬁ;), which haa perfectly sharp boundsrico, and one which has
traversed a region of uniform field, (ﬁ;), except near the boundaries
where it falls to zero in a symmetrical menner sbout the value (ﬁa/é),
That is, if the field has a value (Bo/2) at (2,), Then the value at
(2o+2') end at (zg~2") are (Bo/24B7) and (B,/2-BV) respectively, Bx-
cept for the requirement that the field be symmeirical in this respect,
and that the region of varietion be small compared with the length of
the entire region, the memner of variation is unspecified,

At & disbance d' = Vot' from the boundery let the field be (kBg)
"outside" of the cavity region, and (1-k)§; "inside"™, Then the additiomal
impulse imparted to en electron in the interval &Ot' by the fields not

considersd in the derivation of sesction II will be:

nldk, =I=Fp = - j‘i‘;_.?_Bo [x cos a(ty=t1) 461 - k cos w(tyet) At

- k 008 W(ty+v=t') LAt + k cos u(t1+v+t')<at']
= iZi’.n Bok sinwtt! sin(wv/2) cos o(by+v/p) AT,
T+ is to be noted that this impulse varies with v in the same

hd 4 ]
menner as the expression for Xy given in section II,

Xg = 2pv, sin(wv/y) cos w(ty4+v/) |
Hence the value of V for which Xy will equal zero is no different for

this case, but the coefficient which determines the rate at which Xk,

changes with v is deoreased by a smell factor obitained by integration

of the equation above,

Thig factor is of course 1 for a field with a shsrp boundsry,



46

Another simple cease which can be readilv integrsated is that of a
field which rises linearly fram O to (Bg) in a distance (2v, Lv) at
sach boundary, In this c¢ase the factor is sin w(&v)/ w(Av) which
is nearly 1 if (wAv) 1s a small angle, This latter requirement is
equivalent te requiring that the field rise to its meximum value in

a distance short compared to the length of the cavity,
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APPENDIX IV - FIELD PENETRATION THROUGH A BOUNDARY

The only importent cases simple emough to treat analytically are

the penetration of magnetic field into a 8lit in an infinite plane or
into a slot which is infinitely long end deep, and the penetratiom of
magnetic field into a region below en infinitely thin sheet with =
circular hole in it, &uoh boundaries are illustrated in Figure (10),
In all cases, the magnetic field is to be uniform and parallel to the
boundary at a distance from the reglon of disturbence, and in the first
two camses is to be at right sngles to the direction of the slit. The
boundary condition is thet B is to be parallel to the surface of the
sheet or slot, The first two cases are esgsentially two dimensionsl
problems end can be solved by use of conformel transformatioms: the
last can most conveniently be treated by use of oblate spheroidal co-
ordinates,

I, The proper transformation for the first case is

dz = g (z§ = 2/4)
dzl Z?

where the slit width is (22),
Integration of this equation and solution for the field strength om

the axis gives:

2
= ‘2—-« where L = 2 -k '
A%, a 2 2

11, Por the second case the transformation is

\I 2
Gﬁl 3q

where the slit width is (2a),
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The field strength on the axis can be calculated using the following

equations:

B = A where L. = 2/% (N1:2® . osoh—t A)
(A%41) a

I1I, In the three dimensional problem, the magnetostatic potentiael
is given by the following funotions of the spheroidal coordipa’ces:
3 = Bg Fy(J¢) Fy(§) cos @ + G QI(J8) Fy(¥) cos 7,
Evaluating the constant C by use of the boundary conditions, and substi-
tuting alternative expressioms for the associated Legendre fumoctimms
- gives
g = Bo V1t$® V1-§° cos ¢ [1 - 1/n(oot™'s - f/l+$’a)],
The magnetic field can be obtained by teking derivatives of this functiom,
Simple expressions are not obtained except on the axis, but the most
important fact ¢an be deduced from the sbove aquation, Inserting (-S;)
for (§,) and simplifying yield the following equations:
B (+95) = Bo VI:EE VI aos g [1 - Yn(oot= & - 1.89)]
$(-S0) = Bo NLEFT IH® oos f [1/n(cot™ S, - H1.89)]
The vertical component of the field is‘of no interest sinoe it does not
affect the motlun of the electron beam, It 15 clear from the symnetry
of the sbove equatioms that the horizontal coampoment of the field whioch
is perpendicular to the original field (B,) has equal but opposite values
ebove and below the plane, This component which influences the electron
motion parallel to the slits forming the beam is also of no interest,
The remaining component is symmetrical about the plane of the hole where
the value is (Bo/2) in the sense that the decrease of field fram the
value (By) sbove the plane is equal to the field below the plane,
In particular, the fleld on the axis of symmetry has only s component

perellel to (By), This field can be readily calculsted as follows:
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)
a{ln!")”“{:i*}"—__j Bo[l - 1/n{cot™*$ - 3/1+3‘)]

A plot of (B) on the axls for all three cases above is shown in

Figure (10),
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APPENDIK V - SYMBOLS AND NOTATION

Radius of cavity ; discontinuity in boundary problem
Magnitude of magnetic induction

Velocity of light

Length of cavity

Charge of the slectrom

¥agnitude of eleotric field

Resonant freaquency of cavity

8lit width

T, J1 E1  Unit vectors along x y 2z axes

L
o

Drift lemgth

Hest mess of the electrom

Number of cyeles of cavity oscillation in e¢leotron tronsit time
Factor relating energy stored to energy loss in resonant csavity
Time at which electron enters cavity

Time at which electron leaves ocavity

Vo ¥y Vg HBlectron velocities at time of enmbry into cavity

v

a

>» D < w

Difference of potentizl

Phass sngle in time

Quantity proportional to the fisld strength in cavity
Arbitrary‘phaae engle in time

3kin depth of cavity

Dimensionless peresmeter in boundary problems

Iransit time of electron through cavity

Potentiel funotion

Angular frequency of resonsnt cavity



(1),

(2)
(4)
(5)
(6)

(3) F. Kirchner:
F. G. Dunnington:
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