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ABSTRACT

The theory of a free electron method for measuring e/mo is
described. This method consists essentially in the use of a well
defined, rotating, high-frequency magnetic field as a phasing valve
to determine the velocity of an electron stream. Use of the rel-
ativistically correct energy equation then yields e/mo, if the
potential of the electron stream is known. As shown below the
use of a resonant cavity operating in the TMy 1 mode, approximately
produces such a field.

The apparatus which was designed and constructed to support
the cavity, maintain high-vacuum, provide radio-frequency, produce
and measure the electron beam, and measure the parameter of interes t
ig described. Included also are circuit diagrams of the various
control and measurement electronic circuits.

Pinglly, dets are given which determine essentially the re-
solving power of the instrument. ZEstimates are made as to the
probable ultimate accuracy of the measurement. It is shown thet
an accuracy of 1 part in 10,000 should be easily obtainable in a
given run, and that accuracies of several parts in 100,000 should

be possible with more data.
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I. The Theory of the Experiment.
1.0 General Introduction.

For many years the specific electronic charge (e/m) has been
& subject of considerable interest to physicists. It remains today
the most uncertain of the important physical constants, the best value
being the leastwgquares value of DuMond & Cohen; who give

efm = (1.758897 & .000032) x 107 e.m.u./gr.
as of 1950, The best direct measurement is the 1937 one of Dunningtong
who quotes

efm = (1.7597 + .0004) x 10’ e.m.u./er.
It is true that superior accuracy has been obtained by ihdirect
measurements, for example the experiments of Thomas, Driscoll & Hipple3
who give

e/m = (1.75890 # .00005) x 10’ e.m.u./er.
All such indirect experiments, however, measure e/m for bound electrons
and are subject to 1inaccuracies in associated physical constants from
which e/m must be derived. Then too, a derived valve of any physical
constant is not suitable for a least-squares adjustment of the atomic
constantsl. Clearly therefore, a new and more accurate free electron,
i.e. deflection, direct value for e/m is highly desirable.

Now any deflection method for measuring e/mD depends upon measur=
ing the velocity of an electron, v, which has fallen through a known
potential difference, V. Application of the relativistic energy equation

eV = mocz(l - va/ca)’% - mycR
where ¢ is the velocity of light, will then yield e/m,.

The present method is similar in principle to that of

1. J.W.M. DuMond & E.R. Cohen, unpublished report to the N.R.C.
2. Fo.G. Dunnington, Phys. Rev. 52, 475, (1937)
3. H.A. Thomas, R.L. Driscoll, & J.A. Hipple, Phys. Rev. 78,787, (1950)
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Kirchnerl, though quite different in detail. In a preliminary and
explorgtory experiment C. H. Wilts® investigated the possibilities
of using cavity resonators to produce deflection fields. In the
present experiment rotating magnetic fields are used to produce
deflection, for as will be shown, a higher resolving power can be
obtained than with non-rotating field deflection. An electron
entering the cavity is acted upon by this rotating magnetic field
during its time of tramsit, %, and leaves the cavity with a trans-
verse component of velocity which depends upon this transit time,
As is shown below,if the transit time is adjusted to coincide with
an integral number,n, of cycles of the parameter k/2m ( k/2n is
approximately equal to the rotation frequency, £.) then the elec-
tron emerges with no net transverse component of velocity. The
cavity can accordingly be used as a sort of "phasing.valve' vel-
ocity detector; for when integral cycle transit has obtained the
axial, i.e. total, velocity of the electrons is approximately
v = 4/t ~ &f/n enouslB)

where 4 1is the length of the cavity. A more accurate equation
for v 1is obtained below.

The ultimate value of e/mo will, by an inspection of equa-
tions (1) and (2),be seen to depend on the measurement of: a) a

voltags, V., b) a length, 4, and c) a radio frequency, f.

1.1 The Equations of Motion of the Electroms.
Consider a system of rectangular carteslian coordinates with a
uniform magnetic field, Bysin(2nft), in the y direction and a sime

ilar field Bpcos(2nft), in the x direction. Let the elsctron beam

1. F. Kirchner, Phys. Zeits., 30, 773 (1929)
2. C. H. Wilts, Dotorate thesis, Cal. Tech. Library
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be initially traveling in the 2z direction with the velocity Vo

y The equations of motion referred
By sin(2nft) to this coordinate system, (see

Fig. 1.) are:

By cos (znft)x %2 = —bli sin(2nft) +
beam boy cos(2nft) wews ok b
/ x = bz sia(2nft)  .....(2)
Fig. 1. ¥ = =b,z cos(2MLt)  .....(3)

2
Where the dot implies differentiation with respect to time and

the abbreviation

= Bi®
by, =
i - ceesa(4)

has been employed to represent the cyclotron frequency (here in e.s.u)

1.2 None-rotating case. (B} = 0)
If we set B, = 0 in the equations of motion of 1.1 we obtain
simply a non-rotating uniform magnetic field. (Clearly from Eq. (2) of 1.1
if x 1is originally zero it will remain so, and we shall have motion
in the y-z plane. If we differentiate 1.1 (3) and eliminate ¢ and %

we obtain

ay) + 2nf tan(2nft)y = -bz2 cos®(2nft)y eoses(l)

dt
Upon employing the transformation u = sin(2nft), (1) becomes
2! 2
d =2 = §
P (enf BY ceeee(B)

which is readily seen to have sinusoidal solutions. If we take

as boundary conditions at t = O x = x = § = § = 0 g = A0
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and transform the time viz: t =1nT + 8+ @/2nf ; T = 1/f where
# measures the phase of entry of an electron and 8 measures the dife
ference between the transit time and an integral number of cycles.
Then
¥y = vgsin {Cbz/anflsin f + sin 2nfB cos P - cos 2mfe sin P )} (3)
= v, sin
Similarly,
z = v, €08 14 wessld)

So that weé shall define:

ad = tan‘l }/:'. =(b2/"!ff)° sin nifO cos (Tif® - ¢) ceos(B)

1.3 Shape of current peak for non-rotating field.
Consider an electron beam of width s deflected as in 1.2 and
after drifting a space D Dbeing collected on & slit also of width s.

Cavity + S« (See Fig. 2.) Choosing the slit width

; : equal to the beam width yields a sharp
A
| | 5 top to the current pesk collected through
! ]
|
e
|
|

the slit. Now as an inspection of

| Bq. 1.2 (5) will show that @ varies
collector sinusoidally in § and that there

Pig. 2 consequently exist values of f , i.e.

phases of entry, for which \O(l < s/D. Therefore some current will
be collected no matter what the transit time may be. As will be shown
later, the rotating field case does not suffer from this defect. Now

if 8 is so small that || £ 8/D for any value of § then

2
I = Sxo/m (1= aD/s) ap eeves(l)

o
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where I, is the incident current. This occurs when

sin nf® 2 snf/Db; = g say, wunshi)
However for © sufficiently large we define
N n/2 - ute 3 A(Hh) = 0
fo cos™! gfsin(nf8) = O ;3 A (fy) =s/D  ....(3)

and the current accordingly is

I = 45::52%(1 - O D/s)df

LS

Performing the integrations indicated in (1) and (4), we obtain

I = 3%9_Ssinf1gAsin(nf9ﬂ - Fin(ﬂfB)Vg & ’ygzhg(ﬂfe)/gz -i}...(S)

for [|sin(nfd) > g , md

I = Io( 1= 2sin(nfB)fng) = I (1~ 2Dby8/ms)
for lsin(nfe)lé g. A plot of this current distribution is shown in
Fig. 4, where it is contrasted with the current peak obtained from the

rotating field calculations,

1.4 Rotating Field Case.

As we have seen, the equations of motion are given by 1.1 (1),(2),
(3)e We take b} = by = b thus obtaining a field rotating at angular
frequency w = 2nf. If now we differentiate Eq. 1.1(1) twice and

gubstitute for ;, ;, < , and & from the equations of motion we obtain

o= «(0® s R veee(1)
Let us denote

X (8 + w3)R 0ee-(2)

and taking as boundary conditions X=§=x= y=2=03 2= v, when



b
t = 0, we see that Eq. (1) has the solution

3

= -21;2 sin kt sus ek B)

Or integrating,

B
z = E%(bzcos kt + wl) wwan sk )

Now if we substitute this value of % into 1.1 (2) and 1.1 (3) and

integrate we will obtain

¥ = -.3552(1 - cos kt)cos(wt) + E%& sin ktsin(wt) ...(5)

§ = ._".z.z".‘?.(l - cos kt)sin(wt) = ‘;}_‘;_g sin kt cos(wt) ....(6)

And if we further define

~

t = {i? % }2 = 2%2 ig (1 - cos kt)2 + sin2 kt ..(&)

Note that y = % = r = O, when t = 2nm/k, so that current peaks sime

ilar to those of 1.3 may be expected when this condition is satisfied.

1.5 Theoretical Equation for e/m,.
Suppose that the rotating field of 1.4 is produced in a resonant
cavity of length d so that the field is confined to approximatelyl

this length. If then the transit time is adjusted until t = 2mm/k

we have
we v
' Vo(vn2 o A _
d = \gat = k,z(b cos kt + w° ) dt = 2omi,we/kS ..(1)

1. An investigation into the amount of bulging into the - hole in the
end of the cavity where the electron beam enters, and of the effect

of this bulging on the electron trajectory is being carried on by Prof.
W. R. Smythe. This effect will bring in a small correction upon the
value of e/mo as experimentally determined, but this correction can

be calculated with extreme precision.
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where V, is such as to fulfill the transit time condition mentioned
a
above. We accordingly obtain as the entering velocity for a current

peak

= _ _bkS a(v2 + wl)2 -

Vo - é# = 2 a .o-.(z)
Therefore, for a given current peak, if V is the beam voltage, we
have

eV = myc® (1 = vo/ 02)‘§ - mbc2 PR ) &
or

. o2 } a (b2 + w2)3) = ee.o(4)
/6 E-{l 4n2n2c; } ) %ﬁ

It is to be noted that b = Be/mc is itself a function of e/my;
however, as b &< w; this will not affect the obtainable accuracy.
In order to eliminate contact potentials etc., it is probably
preferable to use the voltage difference (Vz - Vl) between two

successive current peaks, in which case

¢ 212 + w° j’i B(v? + wz)"“«';lz

1.6 Deflection of the Electan Beam,
1f we perform a further integration of the equations 1.4 (5) and

(6), we will obtain

.y -%‘{ﬁ; +(1 . izz‘)c" kt‘x R .%g_o. sin kt cos 't..(l)

' 2
y= ;‘o‘b—- +(1 + l;e-)"os.’. kt] cos Wt + 2O gin kt sin wt - 2V0 ..(2)

x° k2 bk o
Let us define

2 2 2
r = X %y




Then differentiating we obtain

4(r2) = 2xx + 2y = O at t=2m/k since x =y = 0 here.

Purthermore after a second differentiatinn and after substituting for

the values of x, ¥, etc. at t = 2nm/k we have

a® (r2) = -4v 3(1 - cos wt) & O

ate =
Therefore r is a maximum at t = 2mm/k. This maximum velue is
given by

r - (xa 'S yz)i = 4V°sin nnw
max = zn'n/]; T T .'.(3)

Note that this result is independent of n approximately, for if we

asmume that bl k % w, so that w/k =|1 = b3/k° =1 - 3 ¥ /i and

2
that ein nmw/K = («1)8 + 1 0" we obtain
BEz

Tnax _?;Egzg sl

or substituting for Y from 1.5 (2) we finally obtain
dbk
r =~
w2

which is independent of n. This comes about becauvuse although an
additional deflection is produced each cycle that the electron is
in the cavity, the deflection is less per cycle the larger n, as
this corresponds to smaller Yy for fixed d. The above results

will be given numerical values later in the report when design



considerations are discussed.

1.7 Shape of Current Peak in Rotating Field Case.

Consider an electron beam of circular cross section and of
diameter s, which is collected by a circular orifice also of dia-
meter s, located a distance D from the cavity. Figure 2 above applies
equally well to this case. Suppose now that the beam spent a time?in
the cavity. It accordingly leaves with a transverse velocity #, given
by 1.4,(7), with t =T. Its axial velocity is given by 1.4,(4).
Therefore for all those electrons which enter the cavity at some part-
icular time there is produced at the collecting orifice a displacement R

of the beam given approximately by

R =

Dt - Dkb [wz/ka(l - cos w¥)? + sin® kT’:]% ()
;- 2 cos k + we

Blectrons entering the cavity at some different moment but have
ing the same transit time will suffer the same displacement but in a
different direction. Figure 3 shows
X a typical moment at the collector.
% The cross hatched area is that over
‘i. which the beam is actually being col-
s lected. It is to be noted that the
Figure 3. beam displacement which was mention-
ed in section 1.6 would alter the above results; (namely by displac-
ing the beam into a ring, at the collector.) This effect is removed,

however, by locating the collimating slit at the entrance to the final
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drift length tube, rather than at the entrance to the cavity. A some-
what larger aperture is placed at the entrance to the cavity in order
to reduce the number of electrons passing through, but this is made
large enough so that it does not constitute the limiting aperture of
the system,

Now the collected current is for R¢ s

cross hatched area
n 32/4

]
i

Iy

21,

- —_,-_‘-{arc cos (R/s) = %(1 - g; )%}

Io {1 - % [arc sin(R/s) + %(1 - l:_g_ )%X s s = wkB)

And for R ¢ s
I = 0

For values of Psufficiently removed from nT, R > s, and thus the current
actually goes to zeroc. This current distribution is plotted in Figure 4
as is that of 1.3(5), the non-rotating case. In both cases the field
strengths chosen are close to those actually used in the experiment. It
can be seen that the rotating field case yields the sharper peak. It
must be remembered however that it takes twice the R.F. power to produce
a rotating field of a given strength than a stationary one. The princlpal
advantage of the rotating field case is its circular symmetry with cone
sequent lack of cross-fire electrons.

The above calculations assume an ideazlized current distribution, but
as will be seen in section III, the experimental results are in fair

agreement.
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1.8 Considerations of Cylimndrical Cavity in the mno Mode,

The following results have been taken from #Static and Dynamic
Blectricity" second editién, by W. R. Smythe. The general results
are to be found there in section 15,17 page 534, &535. We have
specialized those results for the TM;;y mode. The resonant frequency of

a right circular cylindrical cavity is given by

w =21nf = cP
where ¢ is the velocity of light and P » the wave number, obeys

the boundary value relation

Jl(p a) = 0

where a is the radius of the cavity. Teking the 3.832 root of Jl

and using 2617 megacycles for f, yields

2a = 13,9736 cme = 5,487 inches.
The electric field in the cavity has only a 2, component, (using

,n,#,!,the usual cylindrical coordinates), and is given at resonance by

B, = wc‘Ple(P(O Jeos(P)sin(wt)

where ¢! is an arbitrary constant which measures, essentislly, the
power input to the cavity. The magnetic field lies in the ’0—56 plane

and is given by

? = -P’c'[_:':; Jl(Plo Ysin(p) +?:fJ]'_QS(°)cos(¢)] cos(wt)

The "Q" of the cavity is given by the formula which follows. In this
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formula & " andf are respectively the skin depth and the surface

R. F. conductivity.

Q = ceS¥d ap  _ ad e
2(a + 4d) «8(a + 4a)

wherecz’is the permeability of the cavity wall., For our cavity
¥ = 4.8 x 107 Mnos/meter, using the value for copper, and

8 =+0,073/YT" meters. The length d, is 3.063 cm. This yields
Q = 14,800

As chromium and molybdenuml are somewhat more resistive than copper
the actual Q should be about 10,000. The relation between magnetic

field strength at the center of the cavity and input power is

p = ca(pa)ZL'Jo(pa)]zd 82
@t

If we insert the numerical values already obtained above, we obtain,

putting B here in Gauss, the handy working formula

for a Q of 10,000. That is it takes 2 watts to produce one Gauss
of non-rotating magnetic field at the center of the cavity.

The magnetic field configuration described by the formumla above
has been plotted and is shown in Figure S5a. The lines shown are those

which surround egqual amounts of flux.

1. See section 2.2
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Figure 5&. Magnetic Field Distribution in Cavity.



=15-
II. The Design of the Apparatus.

2.0 Introduction.

The equipmeﬁt necessary to carry out a measurement of e/mo
based on the theory given in I above involves many problems of vac-
vwum, Radio Fregquency ; Electron Ballistics, electronics, etc. An
attempt was made t0 obtain an integrated plan in which these factors
combined to determine the final design. The apparatus consists of
four main, and essentially independent, parts. We shall, accordingly,
first treat general considerations and then each of these parts

gseparatelys

2.1 General Design Considerations.

It was clear from the outset that the heart of the apparatus
would consist of a long evacuated tube with an electron source at
one end, a collector at the other end, and the cavity somewhere
in between. In figure 6,a cross sectional view of the final design
arrived at is shown; The vacuum envelope and header are made of
aluminum for reasons both of lightness and because aluminum is a
good vacuum metal from the standpoint of occluded gas. All of the
vacaum joints in the envelope use "O-ring" seals. (WQOwrings® are a
seamless molded rubber ring available from The Los Angeles Plastic
and Rubber Products Co. ) Metal to metal aluminum joints are arc

welded. Type S51ST Alcoa aluminum was used as it is the most readily
weldable of the aluminum alloys. We were perhaps fortunate that no
vacuum leaks occurred in the welds. Immediately inside of these

alumimum tubes are a series of six concentric tubes made alternately
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of Mu-metal and copper. As Mu-metal has an enormous permeability these
tubes form an excellent magnetic shield. This shielding is necessary
not only to remove the field of the earth but also to screen out all

as c. magnetic fields. In order to minimize the virtual vacuum leaks
arising from the space between the concentric cylinders of the shield,
radial holes were drilled through the cylinders, (although in different
locations in each cylinder in order to eliminate magnetic "leaks"). The
cavity region is shielded with soft iron cylinders, not shown. In use
these cylinders are demagnetized by applying a strong 60 cycle a.e.
magnetic field.

The entire structure of the vacuum envelope is supported on the
vacvum header which is bolted to a brass plate which in turn is bolted
to a wooden framework as shown in Figure 7. Tests have shown that the
geometrical alignment of the apparatus is satisfactory with no additional

support,

2.2 The Cavity Section.

The cavity is supported inside of a large brass ring (see figure 8)
which alsc serves as a header for cavity cooling water and is drilled
to provide a vacuum pumping area around the cavity. The cavity itself
is made in three pieces, two end plates and a spacing ring. These
pieces must be opticaelly flat in order that the cavity length can be
accurately determined. It is planned that this measurement will De
made by interferometric methods. It must also be possible to remove
some 200 watts by water cooling. The end plates of the cavity were
made from %“ copper plate and electroplated on one side with an 020"

layer of chromium. Chromium has the same electrical conductivity as
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Figure 7.

Figure 8.
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gold and the scratch hardness is the same as for sapphire. It is there-
fore an ideal material for polishing and also makes a suitable cavity
wall. Copper cooling pipes were soldered to the reat of these copperw
chromium plates and they were then polished to an optical flat by the
optical shop of the Mount Wilson Observatory. The spacing ring for the
cavity was made of molybdenum, for that metal has the most advantageous
ratio of thermal conductivity to coefficient of expansion. Appendix I.
contains a calculation which shows that sufficient cooling is obtained
by conduction to negate any changes in length due to expansion.

The cavity is shown assembled in Fig. 9a and disassembled in Fig. 9b
Note the holes in the spacing ring through which the R.F. power is
coupled to the cavity, and the deflection plates which are mounted in
a lucite cylinder.

At either end of the cavity and bolted to the end plates are
threaded cylinders which hold the collimating holes. This provides
a well aligned structure and insures that the electron beam passes
through the center of the cavity. Both of the end plates and the
séacing ring are a tight fit in the brass support ring and are pressed
together by spring loaded flanges. The aluminum tubes of the envelope
are bolted to the brass spacing ring and in this way the entire struc-

ture is aligned.

2.3 The Electron Source.
The electron gun design finally employed is shown in Fig. 10.
This structure consists simply of a diode with an orifice in the anode.

It is mounted in such a way that it can be tilted by adjusting screws
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Figure %a.

Figure 90,
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about an axis through the O-ring which seals it to the system. In an
earlier model deflecting plates were used but these gave trouble due

to charging and were finally entirely eliminated. The anode consists
(as can be seen in Fig. 10) of a plate and attached tube of stainless
steel which provides a space free of electric fields over the first

few inches of the electron path. The cathode plate consists of a
punched plate of stainless steel again attached to a stainless steel
tube concentric to the anode tube for purposes of alignment. The in-
sulators used are Isolantite. The shape of the cathode-anode structure

L %o give a parallel beam in the

has been calculated b J.R. Pierce
cathode-anode region. The cathode itself is a nickel stamping coated
with Barium Oxide and indirectly heated by a tungsten heater. This
cathode is of the standard type used by R.C.A. in their cathode=ray
tubes, and we are indebted to Dr. H.V. Neher for kindly providing us
with a supply. Unfortunately no suitable heating filaments were obe
tainable commercially and so the filaments which we use are wound from
0.006% tungsten wire in the form of a helix. They are coated with
alumina by sintering. They operate at about 2 amperes at 9 volts and
do not seem to produce objectionable magnetic fields.

It is possible to operate an oxide coated cathode at about 1200 °K.
This is several hundred degrees cooler than the temperature necessary for
even a thoriated tungsten filament and consequently the spread in thermal
energies of the emitted electrons is correspondingly reduced,

In Fig. 11, is shown the circuit employed to supply a regulated

voltage to the electron gun. A three stage, battery stabilized regul-

1. J.Re. Pierce: The Production of Electron Beams. John Wiley & Sons.



Figure 10. RElectron Source.
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ator is used for the 100volt supply which must carry the entire electron
emission current of the gun-—some 300 to 500 microamperes. A boosting
battery bank is supplied for switching between peaks. Since this supply
need carry only the current in the beam (approximately 10 microamperes.)

1t has small load regulation and is therefore not regulated.

2.4 The Collector.

The collector is held by an Q-ring seal in an alumiminum plate
which also serves to hold the ion vacuum gauge and a viewing aperture
and mirror. The collector is shown in Fig. 1l2. As can be seen from
the figure the collector consists of a Faraday cup which is insulated by
a Kovar-glass seal from a concentric shielding tube which in turn has
the O-ring groove in its ocuter wall. At the end of the collector tube
is a plate containing the final collimating hole. This plate is mounted
on a bearing with a spring return and can be either put in place or
removed from the path of the electron beam at will by simply rotating
the entire collector structure in the O-ring seal,

In operation it is customary first to measure the total beam
current with the collimating hole removed, and then with it in position.
A tiny spot of zinc sulfide is placed close to the hole and the remain-
der of the collimating hole plate is coated with Willemite. One can locate
the hole then, by aligning the phosphorescent zinc sulfide spot and the
fluorescing electron spot.

The electron current collected in the Faraday cup is measured by
a Do C. amplifier of rather standard design. The circuit diagram for this
amplifier is given in Fig. 13. The 954 tube is operated at reduced

filament current for greater stability. In operation the collector and
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the entire amplifier including its case are kept at +45 V in order to

avoid the secondary emission of electrons by the collector.

2.5 The R. F. System.

In Pig. 15 a block diagram for the R. F. System is given. As can
be seen from this diasgram the system is essentially the following. A
Sperry SRL-6 Klystron oscillator, which is rated at 5 watts at 2617
megacycles, drives two Sperry 8529 Klystrons, which are rated at 100
watts each, through a power and phase splitter. This "phase-splitter®
is a coaxial line structure with a moving feed point. The line
impedances are such as to get equal power division, and the movable
feed provides variable phase. The output of the 8529's feeds two
wave guide sections which are in turn coupled by means of probes to
coaxial lines. All of the lines of the system are provided with stub
tuners and slots for standing wave detection. In operation-it is
necessary to adjust all stubs for unity standing wave inthe lines.,
The coaxial lines are inductively coupled to the cavity. In Fig. 9a
one can see one of the coupling loop sections lying just to the left
of the cavity. These loops are operating in time and space quadrature
and thus yield the rotating magnetic field. The entire R.F. system is
vigible in the foreground of Fig. 7. A better view of the coaxial
coupling lines is shown in Fig. 8.

The power supply for the SRL-6 Klystron was made from two ware
surplus dynamotors placed end to end and driven as generators by an
external one h.p. motor. This arrangement gives two 1000 volt at 300 M

gources as well as two 28 V d.c. sources at 10 amp., each. One of these



=3B

ST 2an3yy

NOYISXTX

2 * 103 8108UBYH wy *xog
A 10X3u09
‘A 00O @ J0g3BIBUSYH
£1ddng
20399TJ0Y
; A £axeq98g
[ 2
]
s
) Av
(]
5 18pTATQ
i JOm04
X3l Avo XY09 Taouny,
507 Bsiel Y¥0D,
¥ bl S anis NOYISXATY
-us31y om],
x93uByn 9— Tye
esBYYg
. A
@
o
m xo38Tn3ey
XV09 & Y a8vq10,
>
h A
JQULIO JSUBJY
quemeTTd Al SR &.»wwmzm
- NOYILSATIH pesjsInsuy .Suosaqwa
28 6 3 G 8
Y
e -




-29-

1000 volt sources operates the SRL-6 Klystron through a battery stabil-
ized voltage regulator and supply. The reflector voltage for the SRL-6
is supplied by‘batteries. The circuit for the SRL-6 regulator and
gupoly is shown in Fig. 16, The 8529 Klystrons have disc cathodes
which are indirectly heated by bombardment with 1000 volt electrons. The
other 1000volt supply from the dynamotors mentioned above is used for
this bombarder supply. The high voltage (4000 volts.) for the amplifier
Klystrons is supplied by a 6000 volt generator which is part of the
permanent equipment of the Bridge Laboratory. This generator is very
large and heavy and is capable of supplying several amperes. As our
load is relatively quite small (600 MA) the large rotational inertia

of the machine insures a steady voltage. Both the oscillator and the
amplifier Klystrons require forced air cooling. This is supplied

by four blowers which operate on 28 volts D.C. and are operated in
series on the 110 volt d.c. house line. In addition to the air cooling

the anodes of the 8529's must be water cooled.

2.6 Protective Systems.

The complexity and value of many of the parts of the apparstus make
it imperative to guard various components of the system from accidentel
damage. We have accordingly installed the following protective devices.

A possible water failure could, in the case of the vacuum system,
deposit cracked pump oil throughout the apparatus. In the case of the
Klystrons a water failure during operation would irreparably damage the

tubes. We have therefore put interlocking water switches in the ex-
haust lines of the cooling water to both the o0il pump and to the Klystrons,

In the case of the oil pump this switch turns the pump power off in
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the event of water failure, thus permitting the pump to cool before the
loss of the high vacuum. The Klystron water switch removes the R.F.
driving power, and the high voltage when the water fails. If the blower
pover fails, a relay turns off the Klystron filaments, In as much
as the high voltage is interlocked with the filaments, it is removed also.
A possible vacuum failure, say caused by a cracked glass seal, might
if it occurred during operation, cause the cavity to go into a continuous
discharge and would thus dangerously raise the standing wave ratio at the
output seal of the high power Klystrons. This problem has been met in
the most direct way by placing small probes in the waveguide opposite
to the output seals. The pickup of these probes is rectified by
crystals and through an amplifier operates relays which shut off the
Klystron power. To guard against both high standing wave ratio and
possible erystal failure, which would leave the system unprotected, the
power is shut off if the crystal output becomes either too high or too

low.

The Klystron protective circuit is shown in Fig. 14.
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III. Experimental Results and Conclusions.

3,0 Introduction.

In this section we shall deseribe the experimental results ob=
tained and draw conclusions therefrom which bear upon the ultimate
accuracy of the measurement of e/m. At this stage of the experis
ment, however, we had not as yet set up the apparatus for the precise
measurements of voltage, frequency and length referred to at the end
of 1.0. These results, therefore, will yield only estimates as to
the resolving power of the instrument, and will permit estimates as

to the ultimate accuracy of the actual e/m measurement when it is

made.

3.1 Experimental Results==Current Peaks,

Typical measured current peaks, of the type predicted in section
1.7, are shown in Fig.l7 and Fig. 18, It will be convenient in describ-
ing these curves to define the term "half-width" to mean the change in
beam voltage necessary to reduce I/Io from 1, its value at the synchron=
ous voltage, to 0.5. It is essentially therefore, the familiar, "half
width at half maximum."

It is clear from an inspection of Eg. 1.7,(1),&(2), that the shape
of the current peaks depends on a large number of parameters. It must
be remembered too, that the theoretical peak shapes derived in section
1.7 and shown in Fig.4, are based on an idealization of the current dist-
ribution in the beam. Actually, the beam does not have a uniform "disc!
of intensity, but, rather, exhibits an umbra and penumbra, characteristic
of the illumination of one hole through another. It is somewhat surprise

ing therefore, that the agreement between the theoretical curve of Fig. 4
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and the measured curves of say Fig. 17, is so striking. By a fortuitous
choice of scale, as amatter of fact, the curve of n = 4 in Fig. 17 almost
exactly coincides, apart from its rounded top, to the theoretical curve of
Fig. 4. This agreement with theory makes it possible to estimate the mage
nitude of the rotating magnetic field in the cavity. The half-width in

. ; nal_ ar_ 1 <
Fig. 4 occurs at approximately W7 = .002. Now since — = Aav/v, and since

Fig. 4 was calculated for B = 5 gauss, s = .0l0" we obtain

- Byt il s%
av .OOExBx. Oexa.x Vo =10nB
or,
B = 10801

n av
Inserting the values QV = 12, V, = 1135 (see table I below) from the
n = 4 curve of Fig. 17 we obtain B = 3,3 Gauss.
In Pig. 17 can be found, plotted to the same scale, current peaks
for both the n = 3 case and the n = 4 case. In the following table we
have listed the theoretical values for the synchronous voltages in the

various cases, as calculated from the relativistically correct Eq. 1.5,(4)

TABLE I.
n Vo(volts.)
2 4575,.4
3 2006,2
4 1125.6
5 719.5

where the accepted present value of e/m has been inserted, Since these
voltages range over a large scale, one would expect the half-widths of
different peaks to vary considerably. 1In fact, as all curves are of
the same shape when plotted against n%r, the half width of the n = 3
peak and tha of the n = 4 peak should be in the ratio

avz _ 4% 4 x 2006.2
ATy ~ ¥V, = 3 x 1125.6

2038
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The meagured half widths, as can be seen from Fig 17, are 28 volts for the
n = 3 peak, and 12 volts for the n = 4 peak., These are in the ratio of
2.34 which compares very favorably with the theoretical value,

The voltage measuring equipment used for these measurements, while
giving fairly accurate changes in voltage, did not give the absolute values
of V,. Voltage variations were obtained by setting the 500K potentiometer
of Figure 11, This potentiometer was a Beckman Helipot, and is linear to
3%. 1t was felt however, that part of the scatter of points might be due
to drift in the beam potential and therefore a crude voltage divider and
type K, Leeds and Northrup, potentiometer, in the usual voltage bridge
circuit was used as a check., This voltage was indeed found to drift from
time to time, and the use of the type K improved the scatter somewhat.

It was also possible with the type K, set-up to check at least roughly,
the voltage V,, of the peaks. In the following table these rough results

are given

TABLE II.
n Vo(theoretical) V,(measured)
3 2006.2 2054
4 1125.6 1157

The fact that these do not agree is not significant, firstly, because the
voltage divider used was made up out of 1% resistors, and secondly because
the effect of cavity bulging fields has not been included. (See footnote 1
section 1l.4) Since both values are high, however, this may give evidence
that the cavity bulging fields tend to increase the effective length of
the cavity. It can be shown, that to first order, there is no correction

necessary when either the hole is very small at the entrance to the cavity



or when the cavity end plate is very thin. There is no a priori reason

therefore to expect the correction to be in a given direction.

3.2 Effect of Beam Size.

It can be seen from an inspection of Eq. 1.4,(2) that the half-width
of a given peak depends almost linearly on R/s. It is desirable therefore,
to make the beam size and the collector hole as small as possible. A series
of measurements were carried out in attempt to find the optimum size. In
Fig. 18 there is plotted, to the same scale, curves for two different values
of 8. In curve A the hole in the electron gun anode is .008% and the
collimator hole is .0045%. This corresponds to a total beam size of .OL7"
with the center of the penumbra occurring at .0l3. The collector hole is
+014Y and the half width of the resulting peak is 28 volts. On the other
hand in curve B the electron gun hole is .004" and the collimator hole is
again .0045%, This corresponds to a total beam size of .013 with the
center of the penumbra occuring at .0l0. The collector hole used was
.,009% and the halfewidth is 17 volts. Now it willbe noted that the
halfewidths of these two curves are in the ratio of 28/17 = 1,65; while
the collector hole sizes are in the ratio of 14/9 = 1,55.

It is felt that the hole sizes used for curve B constitute a sort
of practical limit. It is true that further decreases in hole size would
lead to narrower peaks, but at the expense of current intensity with the
attendant difficulties of measurement. Then too, as will be stated more
fully later in section 2.7, the effect of charging at the holes becomes

mich more troublesome as the hole size ig decreased.
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3.3 General Considerations of Error.

In the sections that follow we shall discuss separately the
various factors which contribute to the overall error of measurement.
It is clear from the measured curves, however, that the error in the
final measurement, from any and all causes, can be kept below one
hundred parts per million. When our best curves were plotted to a very
large scale, various "best choices® of the lines through the points
gave Vo's at intersection which varied from one another in the case
of the n = 4 curves for example,by only O.1 volt in 1150, When it is
congsidered that it should be possible by means pointed out below to
reduce the scatter of the points considerably, a resolving power of
one part in 10% does not seem at all optimistic.

We had of course, no way of checking on the reproducibility of
Vo from curve to curve, but there is no theoretical reason to expect
variations, and it is confidently expected that when accurate voltage
measuring equipment is installed, no lack of repetition will be found.
It seems that if the scatter of points is kept to a minimum that it is

possible to resolve 1/100 th of the halfe-width of a peak.

3.4 Brrors Due to the R. F. Systems

The precision with which the resonant frequency of the cavity
itself can be measured is not at present known. It should be possible
by standard methods easily to measure a frequency to one part in a
million provided that the frequency is itself stable to that accuracy.
But quite aside from the effect of stability on the frequency measure-

ment, the stability of the R. F. system has a pronounced effect on the
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resolving power. Clearly all of the points on a current peak, if they are
to mean anything, must be taken at the same value of magnetic field strength,
fregquency, and relative phase of the two modes producing the rotating
field. The 8529 Klystrons are extremely sensitive to anode voltage varia-
tions=-such variation producing considerable phase shift. It was found
possible to change the relative phase by 90° by changing the anode voltage
by only 3%. It is true that phase variations tend more to affect the
"wings" of the peak curve, but a large phase variaticn can, nevertheless,
not be tolerated. The 6000 volt D.C. generator used for this anode voltage
in intrinsically quite stable but is subject to slow drifts and must be
periodically checked

The amplitude of each mode must also, of course, remain constant
throughout a given measurement. The peak width is relatively insensitive
to R.F. power variation, depending as it does on the square rcot of the
R.F. power. In the table below are given half widths for n = 4 curves
taken at different settings of the attenuator between the SRL-6 Klystron

and the 8529 amplifiers

TABLE III.

Attenuator Half-width
Setting (db) (volts.)
8 i2
12 15
16 18

The amplifier Klystrons are not linear in their output vs. input charac=-
teristic, and thus the db attenuator values above must not be takenas an

accurate indication of the output power,

It was found that the SRL-6 Klystron becomes unstable if the atten-
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uation is reduced below 8db. It may be possible by installing an automtic
frequency control circuit, not only to operate at higher power and lower
attenuation, but also to improve the inherent frequency stability of the
overall R.F. system.

It is comforting to note that changes in R.F. power while affecting
the resolving power, do not introduce systematic errorsy, Uncertainties
in frequency do introduce systematic errors, but as pointed out above, it
should be possible to determine and hold constant the frequency with high

precision.

3.5 Errors due to electron beam.

The customary procedure in taking point measurements for a peak
curve is to set the beam potential and read the collected current with
the R.F. first off, then on, then off agasin. In this way, the effect
of drifts in total emission are minimized. WNevertheless, the measurement
of I/I° involves the major source of error in these measurements. The
D.C. amplifier used employed a 20 microampere panel meter with a scale
the linearity of which is good to perhaps 2%. Assuming that one could
read this meter accurately to about % of a scale dividion the error of
reading may account for aﬁ%. The-ordinates of the points of the peak-
curve could conceivably be off as much as 4%.

The beam potential was, as mentioned above, found to be subject
to drifts. These drifts while slow enomgh not to be troublesome if
the voltage was being measured absolutely could nevertheless, during the
course of a long run (say 3/4 hour) have sufficient cumlative effect to

make the peak curves slightly asymmetric. This potential supply will
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hardly be suitable in its present form for the final measurement, and
revisions are planned and in progress.

It is clear that since the purpose of the experiment is to measure
the velocities of electrons corresponding to a given potential, that a
spread in the initial velocities at the electron emitter will introduce
error. The emitter is operated at a tempersture of about 1000 OK and
thus has an average spread in electron energies corresponding to about
.17 volts Y» It can be showﬂ?that when the spread in electron energies
is small compared to the half width of the peak curve, the effect is simp=-
1y to round off the top of the peak but not to produce any shift of the
center. Here the half widths are of the order of 50 times the thermal
spread and the error introduced is thus an order of magnitude smaller
than that which is significant in this measurement.

Another source of observational uncertainties is the geometrical
alignment of the apparatus as a whole. As mentioned in section 1.7, it
is necessary to place the final collimating hole at the exit to the
cavity in order to avoid the displacement effect of the beam in the cavity.
As long as the diameter of the beam entering the cavity is several times
as large as the magnitude of this displacement, the collimating hole
will lie within the umbra of the displaced beam and will thus be ill=
urinated with the undisplaced beam intensity. If however, due to poor
geometrical alignment the collimating hole lies in the penumbra, then the
collected current is less than I, for two reasons~-one the displacement
effect already mentioned and the other of course, the true effect of

the beam potential differing from Vo. As long as this decrement of the

1., Here the well known relation; mean energy = 2kT has been used.
2. See Appendix II.
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current due to displacement is small and constant it is not serious, for
it simply introduces & renormalization of all of the peak curves. To

the extent that it reduces the current of course it also reduces the
gensitivity at the collector, and, of course, if the geometry varies
during a run the dataare invalidated. It is possible by removing the
collector hole by the technique referred to in section 2.4, to obtain
good geometrical alignment; for, with the hole removed and the beam
potential close to a pesk, no change of collected current should occur
when the R.F. is switched on and off. The alignment should be checked in

this way before every rune.

3.6 Brrors Arising from the lMeasurement of Cavity Length,

It is intended that for the final measurement of e/m the length of
the cavity will be measured with extreme precision by interferometric
means. As pointed out in section 1.5, however, the fact that the mag-
netic fields bulge into the holes where the electrons enter the cavity
must be taken into account. It appears that this effect will tend to
inerease the effective length of the cavity by perhaps l% or so, and
as the amount and effect of this bulging can be calculated to extreme
precision it should introduce no systematic error. It is planned,
however, to check the caleculations experimentally by the following
method. Additional spacing rings have been provided so that the length
of the cavity can be changed. 8ince the same end plates are used, and
since the frequency of the TM;jp mode does not depend on the length of
the cavity, any differences between e/m as measured for the two different
lengths will give a direct measure of the bulging effect. It does

appear, however, that the length measurements will not constitute the
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limiting condition on the overall accuracy.

3.7 Brrors due to Charging of Pinholes,

It has been found that after the electron beam is allowed to bombard
a surface for any extended length of time (say 10 hours) that a deposit
of ingulating material builds up on the surface and becomes charged by
the electron beam. At the anode of the electron gun this charged layer
can become so thick that it cen actually shut off the beam entirely. The
effect is also serious at the collimating holes, for it has been obszerved
that when the collimating hole becomes charged, the beam is both blown up
in size and deflected in position. ‘This condition does not introduce
systematic error, but, clearly, if the beam size is increased for any
reason the resolving power is correspondingly decreased. Then too, if
the beam is deflected by the charged hole, it becomes increasingly diffe
icult to center the beam on the collector hole, as changes in current
intensity will cause the beam to wander around.

From the operational point of view therefore, it is essential that
runs be made only when the holes are clean. Up to the present time, it
has been the policy to clean the holes before each run. This necessitates
letting the gystem down to air, however, and it would be very desirable
to introduce some system for cleaning the holes inside the vacuums It is
possible that providing a filament from which gold could be evaporated onto

the collimating holes would accomplish this purpose.

2.8 Discussion of the Ultimate Obtainable Accuracy.

The final measurement of e/m will, in addition to the resolving

power of the apparatus, involve the measurement of a length, a voltage
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difference, and a radio frequency. Of these the limiting factor is almost
certainly the voltage. As pointed out in section 1.5, it is possible to
eliminate the effects of contact potentials, thermal e.m.f.'s etc. provided
that they are constant throughout a run by measuring not the voltage of a
peak, but the voltage difference between two successive peaks. The voltages
will be measured by setting up a prgcision voltage divider and comparing
the divided voltage with the e.m.f. of a bank of standard cells which is
owned by the Institute and has been calibrated at the National Bureau of
Standards. The National Bureau of Standards considers this calibration
to be reliable to 10 parts in a million, aend this will set an upper limit
on the precision of the measurement.

The limiting factor in a given measurement is set by the resolving
power of the instrument. As stated above this should be at least 100 parts
per million. If then systematic errors have been eliminated and the errors
in a given measurement can be considered truly random in distribution, it
should be possible to extend to the limit of the voltage measurement by

taking sufficient numbers of readings to provide good statistical average

ing.

3.9 Suggestions for Improvements on the Apparatus.
Many improvements have already been suggested in the sections above, but

we sumnarize them here.

1. Elimination of drifts from the beam potential source.

2. An improved method of cleaning pinholes.

3. A device for monitoring the phase and amplitude of the R.F.
4., A detecting instrument whose scale is more extended.
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APPENDIX I.

Calculation of the Heat Flow Problem in the Walls of the Cavity.

We shall calculate the flow of heat in the side walls of the cavity
under the simplifying assumption that the curvature can be neglected and

the problem solved as a two dimensional one. It shall further be assumed

v ///T}/j/?//,_ that thermal equilibrium has been
PR — f established so that the temperature, T,
Q’T obeys Laplace'ls equation
b
% VT = 0
\\?\;\c}\\ | - In Fig. 19 at the left we have shown
Pig. 19 the coordinate system employed.

We solve first for the temperature distribution when a unit source of
heat is placed at y = yp, x = 0, and shall then integrate this to obtain

a uniform heat source distribution in y. The boundary conditions to

be satisfied are T 0, aty=0andaty=b;%2=03tx=aa.ndat

X

x=0except at (x=0, y = yo). We thus choose a particular solution

of Laplacel!s equation

e

P = ZAn (coshﬁ%évcoshﬁzlx- - sinh%sinh%) sin’-‘% eoo(l)

zo

whick satisfies the boundary conditions et y = 0, y = b, and x = a. At x =0
we write

hd

= wA, B i ppiTiag: 1
x= Z e e eeeeoa(2)

Nzo
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We now multiply both sides of (2) by sinEgI dy and integrate between

0 and b. We obtain, using k for the coefficient of heat conductivity

b
S$inP"o o7 = 219 & - 1 a
nEg= g’ax :3:‘: e Sin gg Ap %— sinn®2 sinQE%T.‘L dy
atq °
Therefore, the coefficient Ay becomes
s = p%k sin Eg&
sinh B8 oo 8)

If we mow let Q —*% 4o , and T —=dT, and integrate, we obtain for

the case of uniform distribution of heat sources

T = Q.20 1 nfia anx . .sop0Tle.s o Ohx
. £53 Tabk w0 o1 n..ga cosh—-—b—-cosh-—-b mnh—.-;-sinh-——-b singim
) 5 #
where we have used the fact that Sbainm dy = or n even
. b 2b/om for n o0dd.

We shall calculate T at the point x = 0, y = b/2, for that point will

be the hottest, and will show that the temperature rise is negligible. Now

= _ - 2 < (-1)P -
™x =0, y = b/2) w2e Q) ——— coth (2n + 1)ma
o (2n + 1)2 b

Let us now choose a/b = 3. This corresponds to the actual ratio of dimen-
wions in the cavity. This means that all of the hyperbolic cotangents
have large arguments and are essentially equal to unity. We obtain

therefore, for T

2
7 ::;T?%Zl +1/32 & 1/62 4+ 1/78 4 ...

2.49 . (4)
Tk

R
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Now the Heat conductivity of Molybdenum is .346 cal./cm.sec.deg., and we
take as a pessimistic figure 40 watts as the amount of power digsipated
in the cavity side walls. This gives Q = .3 cal./sec. cm, Putting

these values into the expression (4) above gives

T = 0,2 OC temperature rise above the ends.
This rise will cause & negligible change in the cavity length. It will
as pointed out in the body of the text however, be necessary to find the

length of the cavity as a function of the temperature of the end plates.
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Appendix 1II.

Effect of Thermasl Electron Velocities on the Current Peak Shape.

It is of considerable interest to determine whether or not the
thermal distribution of initial electron velocities seriously limits
the accuracy with which the center of a current peak can be loecated.
In order to calculate the order of magnitude of this effect, we assume
that the peak in the absence of thermal velocities is ideal, i.e.
sharp and symmetric when plotted on a voltage scale. On this ideal
peak is superimposed the smearing effect of & thermal velocity dis~

tribution given by

Nu) = u exp(=mu/2kT) du
This is the Maxwell-=Boltzmann distribution which gives the fraction of
the total number of emitted electrons which cross a surface with comp-
cnents of velocity perpendicular to that surface lying between u and
u + du. In terms of voltage rather than velocity this distribution

becomes

N(u) = N(V) = exp(~eV/kT) aV = exp(-aV) av
where we have used the abbreviation a = e/kT .

We desire to calculate the equation of the sides of the current
peak; that is, we desire to find the current I(Vo) , as a function of
the applied voltage V,. It is therefore necessary to integrate the
contributions to the current at V,, coming from all the electrons
which have higher emergies. We shall explain the integrals which

follow in terms of the notation introduced in Figure 20. The

current I(Vy), up to & normalizing factor, B, is given by the
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following integrals

0 )

B I(V,) = \ Y3Y, av + Y ¥, av e (1)
valid for Vo to the left.

where in the first integral for example, Y]. is proportional to the fraction
of electrons at voltage V from peak which are collected, and Yz is the fac-
tor which essentially gives the probability of their collection. These
integrals describe the case when V, is to the left of center as shown in

Figure 20. When V, is to the right we have
Yo
BIv,) = j; Tg¥y 4V ceeeenn(2)
? valid for Vo to the right,
From the definitions of Figure 20, these integrals can be written in the
following form. Bqg. (1) becomes, putting all constante into B:
| 0
BI(Vo) = —](%=~V) exp(aV ~ a% ) av + (f= V) exp(-aV -a}) av
© 0 ve e o(B)

Eq. (2) on the other hang, becomes

BINV,) = (vp = V) exp(a¥y, = aV) av
%

IR 4

All of these integrations are elementary. Carrying out the integrations

in Bq.'s (3) & (4), we obtain

BI(Vg) = 'p~% + 1= 2exp(=aV,) + exp(~aV, + =al)
2
s @

ees(5)
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The normalizing factor B is chosen to be B = 1/ga , because as a »w,

I —=q(Vp = ¥,) . This normalization gives

I(VO) = q(vp - VO) + && = 2exp(=a¥y ) + exp(--avp -aVo;J sk B}
Similarly,
I18(V,) = q(Vp - Vo) - -g: 1 « exp(aV, - an)] —

Now putting in the values e = 1.6 x 10719 coulomb, k = 1.4 x 10”18 erg/decree,
and using T = 1000 %K , we find that a = 10. This is & very large value

in all exponents and thus when V5 is neither, very close to Omor very

close to Vp, all of the exponential terms are negligible and the current

is shifted up in the case of I, and down in the case of I' by the amount

q/a. Essentially this means that the original ideal peak is shifted to

the left. This situation is illustrated in Fig. 21 where a peak of
halfewidth 10 volts is shown. In this case q = /10 = 1/20 and the

voltage shift is given by

av al/qg = 1/a 1/10 voit

Al 1/200 I,

q/a

The effect of the thermal distribution near the peak and near the wings
of the peak has been calculated from (6), and (7) above and is shown
in FPig. 22 a,b,&c. respectively. Note that V above is independent of
q, except near the top and at the wings and that therefore the voltage
shift is the same for peaks of differing slopes. This means that the
n=3 say and n = 4, peaks are shifted by the same amount which will
cancel when voltage differences gre taken. The thermal distribgtion

therefore, canbe treated as just one more constant cancelling e.m.f.
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In all of the diagrams of Fig. 283, curve A refers to the ideal pesk
that would be obtained if all of the electrons were emitted at zero vel-
ocity, and curve B is the actual peak obtained if thermal velocities
are taken into account. It is interesting to note by comparing Fig.22b
and Fig 22¢. that on the leading edge of the peask an exponential rise
takes place, while on the trailing edge the current goes rigorously to
zero when V, = VP » This is due to the fact that all of the electron
velocities due to thermal agitation are in the forward direction, and
add to the energy imparted to them by the voltage applied. Thus in
Figure 22b., we can say that even though the applied voltage is

too small to put us on the peak, nevertheless, some current will be
collecteds The integrals used in calculating Fig. 22b though not shown
are very similar to Eq. (3)., and the integration is straishtforward.
It should be pointed out that the above calculations are valid for

the case when the emission is temperature limited. It is customary

to operate the electron source under these conditions.
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APPENDIX III,
Table of Symbols Used in the Text.
radius of cavity
exponent in Maxwell=Boltzmann distribution.
eyclotron fregquency of the electron

magnetic flux density
normalizing factor

velocity of light

length of the cavity

beam drift distance

charge on the electron

electric field intensity
fregquency

dimensionless parameter-=non®roctating field case
collected beam currenteer.f. on
collected beam currentw=r.f. off
effective synchronous freguency
Boltzmann constant

heat conductivity

mass of the electron

power

see Fig. 20

dimengionlegs cavity parameter
magnitude of heat source

radive of the deflected beam
amount of beam deflection after drifting
width of slit or pinhole

time
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i period of the R.F
temperature

u thermal velocity

v velocity of electron

\' voltage

w (2/tym = enf

X rectangular csrtesian coordinate
¥y rectangualr cartesian coordinate

b £ See Figure 20.

rectangular cartesian coordinate
cylindrical coordinate

5

beam deflectionangle=-rotating case

wave number

r.fo conductivity

skin depth

non-integral part of transit timew-non~rotating case
permeability

eylindrical coordinate

transit time

Aol e NG S - N

eylindrical coordinate
phase of electron entry == non-rotating case.



