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ABSTRACT

The noise added to an electron stream by the interception of a:fraction
of the current has been studied experimentally at a frequency of 3 kme/s.
The electron beam was produced in a demountable vacuum system by a parallel-
flow Pierce gun in a confining magnetic field. A series of circular aper-
tures and mesh grids on a plate capable of being moved within the vacuum
chamber allowed the interception of various fractions of the total beam
current, The excess noise caused by interception was measured at the anode
of the electron gun and at various points in a drift region.

Interception noise caused by mesh grids was found to be of much greater
magnitude than that caused by circular apertures. The absolute level of
the excess noise and its variation with the strength of the confining mag-
netic field were found to be in reasonable agreement with existing theory
as modified by the author.

It was shown that current interception excites a standing wave of noise
along the electron beam in the drift region. Measurements made on a tempera-
ture-limited electron beam have shown that interception noise can arise in
a region where noise smoothing is a consequence of processes external to the

electron gun,
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CHAPTER 1

INTRODUCTION

"In modern radio communication, intelligence is frequently recefve¢
in the form of small currents or voltages which must be amplified to be
of further use, These signals must compeﬁe with random fluctuations of
current and voltage, called '"noise', which are inherent in electron tubes.
In order that devices may be designed which have the maximum ability to
discriminate between small signals and noise, a fundamental knowledge of
noise behaviour is necessary.

The effect of noise in electronic devices operating in the portion
of the frequency spectrum up to a few tens of megacycles per second has
been the subject of experimental and theoretical investigations since
1918; an excellent summary is given by MacDonald (1948). With the impetus
. provided by the war-time development of radar, amplifier tubes for use in
.the thousard mégécycle (or microwave) region have become of increasing
interest. K large number of theoretical and experimental investigations
‘in the past few years has been devoted to explaining the noise behaviour:
of such devices. Among them has been the contribution of the noise group
in the Eaton Electronics Laboratory. (Kornelson 1957, Vessot 1957,
Shkarofsky 1957, McFarlane 1958Db).

As a part of the work of this group, the author has carried out an
experimental study of interception noise, which may be defined as the ex-
cess noise created when a fraction of the current in an electron stream
is intercepted by an electrode. Under certain conditions of operation

of a vacuum tube, the noise in the electron stream may be less than a
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maximum value known as "full shot noise". This noise reduction; called
"smoothing", implies that the motions of the electrons must be to some
extent correlated. The interception of a portion of the'electron stream
partially destroys the correlation and causes the noise in the remaining
portion of the electron stream to bhe increased.

Althéugh, in principle, interception noise may be avoided by elimin-
ating interception, in practice a structure which intercepts current may
be of primary importance to the operation of the tube. While it is not
a fundamental phenomenon in the same sense as noise due to random therm-
ionic emission, interception noise is nevertheless unavéidab}e in many
types of electron tubes, |

Measurements of interception noise atlhigh frequencies have been re-
ported in the literature (Cutler and Quate 1950, Rowe 1952, Fried and
Smullen 1954) but these have been few in number and frequently only quali-
tative in nature., . |

Thié thesis reports an experimental investigation of interception
noise at microwave frequencies., Measurements héve been made of the excess
noise caused by interception of various amounts of current from a long
¢ylindrical electron beam confined by a magnetic field. Several inter-
éepfing electrodes in the form of circular apertures and mesh grids were
used. ,

North (1940) developed a theory of interception noise which has been
used successfully at low frequencies to predict the increased noisiness
of multigrid tubes over the single-grid triode. This theory was believed
to be inapplicable to microwave tubes for two reasons: it was based on a

particular mechanism of noise smoothiné which was believed to be invalid
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at high frequencies; it assumed that current is intercepted by a fine
mesh grid, whereas in many types of microwave tubes, current is inter-
cepted by circular apertures.

For the purpose of analysing noise behaviour, a microwave tube utiliz-
ing a long electron beam may be divided into two regions: the electron
gun, and the drift space, In the electron gun, glectrons are emitted
from a hot cathode and accelerated by an electfic field towards the anode.
The electron beam passes through a hole in the“anodeland enters a field-
free region where it ‘drifts at constant velocity. Noise smoothing may
exist in both regions. In the electron gun it exists only when the current
is limited by space charge. In the drift region, the noise varies period=
ically with distﬁnce along the beam somewhat analogously to standing waves
on a transmission line. There is noige smoothing at the minima of the
standing wave even though there may be no smoothing in the electron gun
" itself.

The measurements made by the author have shown that interception by a
mesh grid causes much more noise than interception of the same fraction of
curreﬁt by a circular-aperture. Fifty percent interception by a circular
aperture at the anode of the electron gun produced a decrease of only 0.5 db
in approximately 10 db of smoothing., - Interception of an equivalent frac-
tion of current by a mesh grid caused decreases in smeothing of up to 7 db.
It is shown that North's theory is applicable at microwave frequencies pro-
vided the intercepting electrode is a grid 'of sufficiently fine mesh. A
criterion for the required fineness of mesh has been established.

From an investigation of the effect of interception on the noise stand-

ing wave in the drift region, it was established that interception noise
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is independent of thedmechanism of smoothiqg proposed by North.

Measurements made in the drift region showed alsc that current inter-
ception sets up a noise standing wavé which is independent of the ?tanding
wave due to noise of thermal origin. The phase relation between the two
waves is of importance in the design of low-noise microwave tubes. It
is believed that these measurements are the first to verify this phenomenon.

Shortly after the reséarch reported in this thesis was bégun, a signi-
ficant contribution to the theory of interception noise was made by Beam
(1955). He calculated the excess noise caused by interception of an
electron beam by a circular aperture for the case of a beam ¢ollimated by
an axial magnetic field. Since most microwave tubes require a magnetic
field to confine the long electron beams used, such a theory has consider-
able practical importance., Beam presented experimental measurements to
verify the functiongl variation of interception noise with magnetic field
gstrength; but made no attempt to verify predictions concerming the magnitude
of the excess noise.

It is shown in this thesis that if Beam's theory is interpreted in a
slightly different mahner, it predicts values of interception noise for
both apertures and grids that are in agreement with experimental measure-
ments made by the author. In‘ﬁwo cases where thé eiperimental conditions
closely approximated the assumptions of the- theory, the agreement was &

1 db for a 5 to 1 variation in magnetic field strength. Larger diécreph
ancies in other cases were attributed to perturbations in the electron
flow, in particular to the variation of direct current density with, radius
in the beam. For circular apertures intercepting current near the beam

edge, better agreement with experiment has been obtained by modifying the
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the theory to take into account non-uniform current density. The actual
variation of current density with radius was found to deviate widely from

the theoretical form.




b
CHAPTER 2
THEORY

There are two basic methods of dealing with electron beam noise pro-
blems. When the statistics of a fluctuation process are known; the mean
square of the fluctuation quantity can be calculated directly. The classic
examples of this method are: the mean square noise current at the anode
of a diode whose emission is temperature limited; which was calculated by
Schottky (1918); and the mean square velocity fluctuation in the region
immediately in front of the cathode which was calculated by Rack (1938)°
In other cases; the manner in which the statistics of the fluctuation pro-
cess are modified by electromagnetic fields and the geometry of electron
flow is not known. This leads to what may be called the "signal propaga-
tion" method. Theories of the propagation of sinusoidal signals in electron
streams are féirly well established. lFor any portion of an electron beam
to which these theories are applicable it may be assumed that "output!
power as a function of "input" power is known. If the input is chosen
at a point where the mean square noise fluctuation is known, this may be
taken as proportional to the average value of the input power at the signal
frequency. Hence the noise power at the output dan b.e'calculated°

This chapter’is concerned primarily wiih the first method which is.
of use in calculating interception noise at the point where current inter-
ception occurs. For low frequency tubes, such a calculation gives directly
the increased noise in the anode current. In microwaves tubes, in contrast,
the signal theories must be ehployed to determine the behaviour of inter-

ception noise beyond the point of interception.
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I THEORY OF INTERCEPTION NOISE AT LOW FREQUENCIES

The low frequency theories of noise smoothing and of intérception
noise as exemplified by that of North (1940) make use of a semi-statistical
approach, North's theory is based primarily on the mechanism of control
of anode current by electron space charge as calculated by Fry (}?21) and
Langmuir (1923).

Electrons are emitted from a hot cathode in random numbers in any
given time interval, and with random velocities. If the cathode tempera-
ture is low and the anode voltage high, all emitted electrons are accelerated
towards the anode and the noise in the anode current is given by the familiar

shot-noise relation
12 = 20I AT, (2-1)
n o

The quantity ;;? may be defined as the average noise power dissipated in
| a resistance of one ohm in a bandwidth A f. Io is the direct anode current
and e is the magnitude of the electron charge.

When the temperature_of the cathode is increased, a state is reached,
for a given anode wltage; where not all of the emitted electrons are drawn
off to the anode. The space charge immediately in front of the cathode
gives rise to a negative poténtial region. Eiectrons leaving the cathode
;re subjeéted to a retarding field and only those which have sufficient
initial velocity are’able to surmount the potential barrier and reach the
anode. The value of the potential minimum determines the anode current in
such a manner that it is relatively ihsensitive to changes in cathode
temperature and hence to fluctuations in the total emission current. If a

.sudden increase in emission current occurs; the potential minimum deepens
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and allows a smaller fraction of the total emission current to reach the
anode. The potential minimum is said to produce a compensating pulse

of current of opposite sign to the initial fluctuation. If the process
were perfect, fluctuations in the emission current that give rise to full
shot noise in the temperature-limited case, would not be transferred into
anode current fluctuations, and consequently the anode current would be
noiseless, The actual degree of noise reduction is usually expressed in
the form |

2 2 \ .
i = < 2e I, Lf _(2-2)

where I12 is a smoothing factor (I"2<11J calculated on the basis of
the Fry-Langmuir diode theory.

A fluctuation in emission from a small element of area on the cathode
surface will produce a shift in the potential minimum and a corresponding
compensating fluctuation in the anode current. Although the initial fluc-
tuation is localized to a small area, the compensating fluctuation is
postulated by North to be spread out over a much larger area of the electron
stream. Hence, if the current stream divides between two electrodes; it
may be that the initial fluctuation all arrives at electrode #1 say, while
the compensating fluctuation divides between the two electrodes. Conse=-
quently, the fluctuation in the current of electrode #1 is not fully reduced
and electrode #2 has received an added fluctuation. The noise in each
electrode is therepy increased.

In order to avoid any question of the actual spatial extent of the
compensating fluctuation, North assumes that interception takes place at
a very fine mesh grid. He may then assume that the compensating current

always divides between the electrodes in proportion to their d-c currents.
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“

A‘éimplified derivation of Northis result has been given by Robinson
and Kompfner (1951). They consider interception of a fraction a of the
total d-c current Iol° (The subscriptl will be used to denote quantities
before interception and 5 after interceptiono) The noise in the remain-

ing 1-a of the current is,

T
5.2% =[1‘I‘2 +a (1 - 1';2)] (1 - 0a) 2e I Af (2=3)
Since

102 = (1 - a) 101

the effective smoothing factor after interception is

s 2
i
2n
o mrory t [P eI -0

North (1940¢) verified this expression experimentally at low frequencies
for certain types of tube structures. These were such that the idealized
assumptions of the theory were approximately fulfilled. In spite of this
success, the "model" that North proposeq to explain interception noise is
difficult to accept. For example, it is difficult to visualize an inter-
cepting mesh grid which always divides the cbmpensating fluctuation but
never t@e initial fluctuation. ©Electrons are emitted with a Maxwellian
distribution of velocities in the transverse difection so that emission from
a small element of cathode area is spread over a conéiderably larger area
before it has travelled very far. Further, at microwave frequencies
transit timeé become long compared with the period of the frequency so that
the coricept of compensating fluctuations completely correlated (in time)

with the initial fluctuations becomes questionable. There is reasonable
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agreement between high frequency theories based on complete neglect of
the mechanism of smoothing proposed by North and experimental measure-

ments (Cutler and Quate 1950).

II INTERCEPTION NOISE AT HIGH FREQUENCIES

Robinson (1954) argued that interception noise would arise whatever
the mechanism of smoothing and that results of North's theory would be
applicable even at microwave frequencies. Beam (1955) demonstrated that
the theory of interception noise could be based on the random probability
of interception of electrons by the intercepting grid; It éhould be
noted that this concept is not new (Schottky 1938; Lawson and Uhlenbeck
1950), but the author feels that it has not received sufficient emphasis
and that too literal an interpretation of North's concept of compensating
fluctuations has led to many misconceptions in the theory of interception
noise,

The following theory follows the presentation given by Beam.

It is assumed that the intercepting electrode is a fine mesh grid so
that the probability of interception is uniform over the entire cross sec-
tion of the electron stream. The total d-c current before interception

is I After interception it is

ol®

I02 = ko Iol

That "is, ko is the transmission factor of the grid. For small intervals
of time; random fluctuations in the fraction of current transmitted will
be observed. Thus the transmission factor measured is a small interval

of time A t may be written as




=1]l~

where the kl are random fluctuations such that

The bar is used to denote either a time average or an ensemble average.
The latter implies the average of the given quantity for a large number
"of identical systems as opposed to the average over a long period of
time of observation on a single system. For all cases dealt with in
noise theory, the two methods of averaging yield the same result.,
Ensemble averages frequently are more easily determined since they are
well known from the mathematical theory of probabilify for certain types
of statistical distributions.

The number of electrons approaching the plane of interception in
the time interval [t also exhibits fluctuations. This number may be
expressed as an average value n plus a fluctuation A where £ = Q.

The incident electrons cannot be characterised by a single velocity
but rather by a distribution of velocities. If the velocity distribution
is divided into a finite number éf velocity classes, the average number
of electrons in each vélocity class will be differento By summing over
all velocity classes, the total number of electrons transmitted through

the intercepting grid in a time interval At is
g:(ns + As) (ko + kls) .
The current transmitted is therefore

I, = & g(ﬁs + 0 (k + k) o (2-5)




The d=c component, which is

i
=
Lo

[}
—

e
it %o % ol 02 (2-6)

may be subtracted to leave the fluctuation

4 As kls)

[
N

|
Elo

% (ko As ¥ ns kls

The ensemble average is

E()Z(kb+nkl+Ak)(kA+nk + O k) e

nLs

It is assumed that the emission fluctuations and interception fluctua-

tions are statistically independent. That is;

Ak =0, all rand 8 o

r 1s

Also; the interception fluctuations in one velocity class are independa

ent of those in all other velocity classes.

klr k1s =0, r # s .,

This condition is not true of the current fluctuations if smoothing

exists. Then,

—_— 2 P E—— = T3
122 =(E%) {koz D E::—Er + > (ﬁs kls) + ZS: ki AZ] (2-7)

The third term in the brackets is a second order fluctuation which Beam
has shown to be negligible, The second term is the ensemble average of
the square of the deviation from the average trénSmission k0 ﬁsa These

numbers have a Bernouli distribution (Goldman 1948), hence

- 2 -
(n_ k., ) = kons (l-ko)
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The first term involves the initial fluctuations modified by kio

At this point a distinction between the ensemble average of a cur-
rent fluctuation and mean square noise current must be made. The ensemble
average is carried out in the time domain whereas the mean-square noise
current involves the power spectrum in the frequency domain. If the

noise is denoted by 12

on’ then Beam has shown that

where ig is the ensemble average for the time interval /At as given in
Equation {2-7).

The noise in the curremt stream before interception may be written

as
) 2
i, = [)" 20 1 ;af
Then
2 . 2me .
is, = K [} 2e IQ AF + k(1 -k) 2T, Af {2-8)

Equation (2-8) may be rearranged to yield

oo

P 2
- kol',' 2e I

oo AF + (1 - 1‘,‘2) ky (1= k) 20T, A8 (2-9)

1

which is identical with Equation (2-3) if it is noted that 1 - k, = a
Beam identifies the first temm of Equation (2-8) with the original
neise in the beam; and the second term as the excess noise added by inter=
ception. That this is incorrect may be seen intuitively from the follow-
ing argument .
If the incident beam is unsmoothed; i.e. I?z = 1, then provided the

interception is uniform over the cross section, Equations (2-8) and (2-9)
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yield the same result; namely that the noise after interception is full

shot noise in the current Ic2°

h‘. - B 2:-
=k 21, 4f = 221,00 %=1,

*on 1

Later in his paper, Beam treats the case of interception by a circular

aperture and shows that the noise is

2 271 :
iy, = sle]' 2e I, Lf + @, 2T, Of

(The notation &,, and §iy is used te conform te that of Beam. The sub=
scripts do not indicate values before and after interception). Ql is

esentially equal to the transmission factor of the aperture. That is,

The fastor Q, replaces k (1 - ko) and in many cases;

Qz <5 ko (1 - ko)

In faet it 1s possible for'QZ to approach zero. Then if the incidsnt

beam is unsmoothed, the noise in the intercepted bheam is

2

. ~ R .
iy 7 Ql 2e IOl Of

“T Kk, 2e I02 Lf
which implies that the shot noise in the transmitted beam is reduced by

the transmission factor. Experimental evidence is to the contrary.

Although the separation of terms in Equation (2-9) is artificial, it

appears to be the more logical formy, and is supported by the experimental

measurements made by the author.,
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A CRITERION FOR UNIFORM PROBABILITY OF INTERCEPTION

The validity of the assumption that the probability of interception
is the same at all points on a cross section of the electron stream may
be examined qualitatively for a particular geometrical shape of inter-
cepting electrode by considering the mechanism which gives rise to random
interception.

If electrons follow straight line trajectories perpendicular to the
cathode, random interception; and hence interception noise;, cannot ocecur.
Imperfections in the electrostatic focussing fields in the electron gun may
give rise to curved trajectories and hence to the possibility of random
interception, since the electrons start with random initial velocities.

This effect would be correlated with the longitudinal velocity fluctua-=
tions, and would be difficult to calculate. Random interception which is
statistically independent of longitudinal fluctuations must arise from the
random transverse velocities with which electrons are emitted. The trans-

Qelocity distribution is

2
dNy m v,
T ... R § -
o kT exp{ 2ch} vp dvp (2-10)
Vop is the transverse velocity,

m  the mass of electron,
k Boltzmann's constant,
Tc the cathode temperature.
Equation (2-10) gives the fraction of the total number of electrons N

emitted per second per unit area that, on the average; would be found with

transverse velocities between vT and VT + dv% o
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For an infinite;, parallel-plane diode or a Pierce-type electron gun
(Pierce 1949), the accelerating field is in the direction perpendicular
to the cathode, Because of its initial transverse velocity, an electron
which starts from a point P(r, ©) on the cathode, will arrive at a point
Pl(rl, 91) at a plane farther down the beam. The Np electrons emitted
per second from a small element of area at P may be considered to arrive
at a plane (say the anode plane) distributed over an area with (r, ©) as
centre. If the anode potential is high, the mean spread in cathode =
anode transit time due to initisl velocities is negligibly small. Then

at the anode;, the deviation of an electron from the point (r, ©) will be
p =TV

where T is the transit time and Vip the initial transverse velocity. The

radial distribution of electrons about the point (r, ©) will be of the form

- 2.,.
p ¢ 2k TCT%J T

The mean square transverse velocity at the cathode is

u2 . 2k T¢ o
T m

A "mean spreading radius", Pes maY be defined by

T
Then
diy [ ) 2modp . (2-11)
p | o] e

Thus a criterion for uniform probability of interception over a mesh
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grid may be set up by specifying that the effective area of one grid

. module shall be much less than the mean spreading area pe2 ° If the
grid openings are larger than the mean spreading area the effective area
over which interception of electrons will be random, will be much smaller
than the total beam area.

For a typical electron gun (an experiment:\‘gun to be described later),

Yp ~ 2XlO5 meters/sec,
T ~ 107 sec.

Hence;, Pg ~— 002 mm,

It may be noted that in a practical electron gun, perturbations in the

accelerating and focussing fields may add considerably to the spreading.

Non-Uniform Interception

To treat the case of non-uniform interception probability, the trans-
mission factor ko may be considered to be a function of transverse co-
ordinates in the electron stream.  Let k (r) be the probability that
electrons associated with a given point in the beam cross section will
be transmitted through the intercepting electrode. Cylindrical symmetry
is assumed. For a circular aperture of radius T the probability

of electrons near the centre of the beam being intercepted is negligibly

small.

That is, k(r) = 1
r L ra

ko(r) [ 1- ko(r)] =0

In the outer edge of the beam; well beyond the transmitting hole, the

probability of an electron being transmitted is negligibly small so that
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k() =0=k () [1-Kk ()], r=r

Thus the product ko(r) [1- ko(ri] whi;h appears in the interception
noise Equation (2-9) will have value only over a region near the edge
of the aperture and_the vglue of this product averaged over the entire
beam cross section will be much smaller than that predicted by the d-c
transmission.
Beam (1955) has shown that a logical extension of the theory to

the case of non-uniform interception is to replace the transmission fac-
tor k  with corresponding averages of ko(r) and ko(r) [l - ko(r)] over

the beam cross section. He defines

. Jxo() 3(x) aa i
Q’l /J(r) ™ (2 128.)
Q= Jko(r) [1 - ko(r)] J(r) da (2-12v)
JI(r) da

J(r) is the d-c current density which in general may be a function of
transverse coordinates. The integrals are over the entire cross-sectional

area of the incident beam.
S da = I,
From the definition of ko(r),
Jfko(r) J(r) da = I,

Hence Ql is the average transmission factor

Q = 2 (2-13)
Iol
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The expression for the noise content of a beam after interception,

as modified by the author, becones
2 . 2 2 , '
i =@ I%2e1 08 « (1-T°)Q, 21, &f (2-14)

With the aid of Equation (2-13), this may be normalised to full shot noise

in the intercepted beam.

2

i
—=28 __ . [2.r? -T2 % -
=1, & =% -1 o (2-15)

Calculation of {3 and Q2

Case 1. The particular case treated by Beam is that of a circular aperture
intercepting a beam confined by an axial magnetic field.
An electron which is emitted from the cathode with transverse velocity

v, follows a spiral trajectory, the axis of the spiral being parallel to

T
the magnetic field and the radius being

p=vy/ (B (2-16)

where B is the strength of the magnetic field. For a point P (r, ©) on
some cross section of the beam,; there are Np electrons which execute spirals
with P as centre. The probability of finding a certain fraction of these
electrons with radii between p amd p + dp is the same as the probability of
finding that fraction with transverse velocities between Vi and v,, + dv,.

T T
Hence the radial probability distribution is given by

2 2
S 2 A PR
P c c




)

FIGURE 2—|
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= exp ( - a2p2 ) _ng_21 /ad (2-18)
: 2
2 gBez
where a~ = (2-19)
2 mkT c

By comparing Equation (2-18) with (2-11) it may be seen that % is equivalent
to the mean spreading radius defined previously.

Because most of the de electrons cluster within a very small radius
about P, they may be considered to exist at P insofar as longitudinal
interactions are concerned. Nearly two-thirds of the electrons associated

with P have radii less than %o For a typical case, B = 500 gauss, Tc = IBOéﬁg

= 002 mm.

@ I+

and

Figure 2-1 illustrates the case of a beam of nominal radius rs inter-
cepted by a circular aperture of radius re Of all the electrons associated
with the point P at radius r, the fraction tiransmitted may be found by
integrating the probability distribution in p over the aperture area. This

results in a transmission factor ko(r) given by (Beam 1955),
ko(r) = I?[l + erf a(Ié- r)] ’ (2-20)
where the error function is defined by

Y
erf y=1/a—2_—_—/ e‘xzdx
o

The functions ko(r) and ko(r) [l -ko(r)] are sketched in Figure 2-2.

1 |
ko (r) l
0 " ' > I
Ta "o aperture radius - r
ko (r) [1 -k (r) | . 2
.25 4 beam radius - Ty
SN,

0

-}

r, n,
Figure 2-2
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Assuming incident current density constant for 0< r ¢ Tys Equations

(2-12) yield

l
S?.l = Z[l + erf a(ra - urb):l udu (2-21)
I N
9.2 = E'[I:l - erf? a(ra - urb)] udu (2-22)

where u is a normalised radius

The evaluation of these integrals is considered in Appendix I. It

is shown that for all practical purposes,

r 2
a
52'1 = ( Ty )’ I“a.é Ty (2-23)

For r.> Ty 91 is approximately unity but 1 - Ql'is of significance,
This is shown in Fig. 2-3 where 1 - 521 is plotted versus ra/rb for various

values of a.r'a o

An analytic expression for 9.2 which is valid over a wide range of mag-

netic field strengths is,

2 rbh
- r, lferfm ara(ra-l)
‘2 74 :3.rb2 )
and hence
. 2 Ty
522 S 1+ erfﬁ ara(g - ])-
E T (2-24)
o) a .

The function in brackets in Equation (2-24) has been plotted versus r’a‘/rb
in Fig. 2-4. It is seen to be constant if ra/rb is somewhat less than

unity and to decrease rapidly near the beam edge. In the region where
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this function is constant, the excess noise due to interception is essen-

tially given by
2 - 1
S L ar

mean spreading radius
radius of the intercepting aperture

N

It is interesting to note that this expression is independent of beam radius.

Of most interest to the tube designer is the magnitude of interception
noise for very small amounts of intercepted current; that is; for values of
ra/rb nearly equal to unity. Here, Beam's theory predicts that (see

Appendix 1)

G — 1-%

ie., that interception noise approaches the North value. Beam assumes
that the current density in the incident beam is constant for 0 < r « Ty
and is zero for r = ry. - This is unrealistic since the spiralling of elec-
trpns near the edge of the beam tends to '"smear out" the edge.

It is shown in Appendix 4 that the radial dependence of current den-
sity has the same form as the transmission factor ko(r) for T, = Ty That
is

%? = I:l + erf a (rb - r):l (2‘25)

where J_ is the average current density given by

_ Io1

o) n I‘b2

Equation (2-25) has been utilized in conjunction with Equation (2-12Db)
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to calculate modified values of on The integration was carried out
numerically. Representative results are listed in Table 2-I.
TABLE 2-1

Calculated values of 92 modified to take into account radial variation

of current density.

50 - 0.0L 1.0 X 1072 1.3 X 1072
0 0.59 0.80
0.01 0.2 0.35
20 - 0.025 2.5 2.9
0 1.5 2.0
0.025 0.59 0.80
10 - 0.05 ) 5.0 6.0
0 2.9 3.9
0.05 1.2 1.7

Although this first order correction yields a reduction in 92 of only
1 to 2 db, it does indicate that the thining-out of current density near

the beam edge tends to reduce the effect of interception.

Case 2 MESH GRIDS

Beam's theory may be extended to mesh grids in the following manner.
The electron beam may be divided into a bundle of smaller beams each of
which is associated -with ore opening in the grid. The fraction of current

intercepted from one of the snall beams is equal to the fraction inter-




.y

cepted from the whole stream provided the current density is reasonably
uniform over each of the small beams. A smoothing factor 1;2 ‘may be cal-
culated for one of the small beams in the same manner as for a single
aperture;, and since I-'zz is a measure of noise per unit current, the value
thus calculated applies to the whole beam. This analysis neglects pos-
sible interaction among the small beams, i.e., the fact that the small beams
have no "edge";and that the radii of spiralling ele ctrons may be large enough
to overlap several grid modules. Such effects should be small if the mean
spreading radius i— is less than the radius of one of the grid openings.

When %becomes greater than this radius, the excess noise will approach the

North value.

Case 3 NO CONFINING MAGNETIC FIELD

An estimate of the excess noise produced in this case may be made by
using the mean spreading radius due to transit time (as defined in Equation

(2-11)) in place of % in the foregoing calculations.,

I11 Spacé-Charge Waves in a Drifting Electm'n Stream

When alternating current density and velocity modulation are excited
in an electron stream drifting with constant velocity ugs it is well known

that their variation with distance z along the beam has the form (Hutter

1952-53),
J(z) = [Ja cos ((%%z) -3 8p i—z v, sin(w%:)] exp"(- J %) (2-26)
v(z) = l:va cos (u)u:) -3 f_:P_ ;-g— Ja sin(w_ﬁ_:):] exp( = J &Juz) (2-27)
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J v, are the initial values of the modulation at the plane z = Q

a’

w = 2m X the modulation frequency.

wp is the "plasma angular frequency" given by

2 e Jo
WS = o— =
P  mE, u

Jo is the direct current density.

Time dependence exp (-jwt) is understood.

The theory assumes that the modulation amplitudes J and v are small
compared with the d-c values J, and u_ respectively; and also that the
beam is infinite in lateral extent.

When the beam is finite; as in a practical tube, the modulation quan-
tities may vary with radius (Hahn 19393 Ramo 1939). For example, the

current density modulation is,
Iz, 7) = 2 &, 9, (T, v) exp(-3 B, 2) (2-28)

This gives rise to an infinite number of "modes" of propagation, the radial
dependence of which is given by the zero'th order Bessel functions JO(Tn r)o
The radial propagation constants Tn are determined by matching field quan-
tities at the edge of the beam. The mode amplitudes An are determined

by the excitation at the input plane. The longitudinal propagation con-
stant is

8 : p P (2-29)

=2
n u T noyg
Where P, is called the "plasma reduction factor” for the n'th mode (Watkins

1952).

Since this theory also applies to narrow-band noise, it may be seen
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from Equation (2-26) that there exists a standing wave of noise power in
the beam. In the infinite beam case, the standing wave has finite minima
if Ja and Vé are uncorrelated noise sources. For physical beams, finite
minima are predicted even in the case of single source excitation (va = 0,
say) since the space-charge wavelength is different for each of the higher
order modes.

Beam ,(1955) has calculated the excess velocity fluctuations caused by
current interception. Thus interception is a sourcé of current and velocity
fluctuations vhich will excite a standing wave in a drifting electron stream
The contributions of interception noise velocity and of higher order modes
to the finite minima in an interception-produced spaéeacharge wave are in-

vestigated in more detail in Appendix 3.
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CHAPTER 3

Apparatus

Figure 3-1 is a photogréph of the apparatus used to make intercep-
tion noise measurements. The important ard central portion of the
apparatus is a vacuum chamber in which an electron gun ard an intercept-
ing electrode could be moved longitudinally with respect to a resonant
cavity mounted on the right end of the long brass chamber. The large
splenoid, mounted on wheels and capable of being rolled over the vacuum
chamber, served to collimate the electron beam. The rack-like table was
used to mount electronic apparatus.

Figure 3-2 is an exploded view of the components within the vacuum
chamber; the outer vacuum Jacket has been removed, The electron gun and
intercepting electrodes were mounted on frames which slid on teflon inserts
along the inner surface of the brass tube seen at right. Over a long-
tudinal distance of 40 centimeters in which the motion took place, the
lateral deviation of the sliding structures was less than 0.07 millimeters.
Since the plungers which moved these structures had to be located off centre;
the frames were made long enough to prevent binding due to flexing or twist-
ing of the plungers. The frame carrying the intercepting electrodes con=-
sisted of two annular rings which allowed it to slide back over the cavity.
The intercepting electrodes could then be positioned immediately in front
of the cavity.

The intercepting electrodes used were threé'apertures = of diameters
.080", 060", .O4LO", - and two mesh grids. The grids were a standard type

used by Varian Associates in the manufacturebf.klyﬂtroﬂﬂ° One of the
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FIG. 3-1 APPARATUS USED TO MEASURE INTERCEPTION NOISE

FIG.3-2 INNER COMPONENTS OF THE TUBE STRUCTURE
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grids was mounted perpendicular to the beam axis, the other at an angle

of 20° in order to intercept a larger fraction of the beam current. All
electrodes were assembled on a single plate which pivoted on the plunger
controlling the longitudinal motion. By rotating the plunger; any one of
the electrodes could be moved into the path of the beam.

The resonant cavity was a standard re-entrant type with a resonant
frequency of 3050 mc/s. Mounted directly behind the cavity, on the outside
of the circular brass plate seen in Fig.3-2; is the electron collector. It
was surrounded by a soft-iron magnetic shield in order to eliminate the
spurious noise caused by reflected secordary electrons passing back through
the cavity gap (Kornelson 1957). The details of these structures are shown
more clearly in the mechanical drawing of Figure 3-3.

The plungers controlling the motion of the electron gun amd intercep-
tion plate were driven by a variable-speed moter by means of a rack-and-
pinion gear system. The arrangement, shown in the photograph of Figure 3<4,
was such that either the electron gun or the interception plate could be
moved while the other was held fixed; or both could be driven simultanecusly
with a fixed spacing between them. The vacuum seals which allowed the
plungers to slide through the wall of the vacuum chamber employed teflon
packing glands. Double glands were used in each seal and the region between
glands was exhausted with a small mechanical pump in order to reduce the
leak rate. The plunger which moved the interception plate also served to
carry the intercepted current since the whole structure was insulated from
the ground by the teflon inserts on the sliding frame and by the teflon
glands at the sliding seal.

A 3-stage oil diffusion pump, which is partially visible in the left
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foreground of Figure 3-4, was the main element in the vacuum system.
Between the diffusion pump and the vacuum manifold was a baffle which
was maintained at a temperatureof-=hooc by a Freon refrigeration unit.
Pressure in the vacuum chamber was measured by means of a Bayard-Alpert
type ionization gauge whose elements projected directly into the vacuum
manifold in order to give a true pressure reading. The normal operat-
ing pressure of 3 X 10“6mm of Hg. could be reduced by a factor of ten by

means of an auxiliary liquid nitrogen cold trap.

Eleétron Guns

The electron gun initially used in the noise measurements followed a
design originatéd by Kornelsen especially for use in demountable vacuum
systems, It employed an indirectly heated tantalum emitter which was

5 to lOeémm Hg)

not subject to contamination at the moderate vacuum (10
attainable in a demountable system. Nor was it affected by repeated ex-
posure to atmospheric pressure when changee had to be made in the tube
structure,

The main elsments of ihe gun are shown in Figure 3-5. Elements A,
B and C form the electron gun proper. A and B are beam forming electrodes
(anode and cathode respectively) which were shaped according to the theory
of Pierce (1949). The emitter C is a circular "button" of tantalum .10"
in diaméter and 010" thick. From it, three equally spaced arms extend
radially to a supporting electrode D. The tantalum button is heated by
electron bombardment; the bombarding electron stream being produced by a

second electron gun consisting of elements D, E and G. The emitter G was

made by winding ,005" diameter tungsten wire in the form of a torcidal coil.
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Since the emitters C and G are only of the order of .1% in diameter, it
was necessary to shape them by hand under a binocular microscope.

Pertinent data on the Pierce=type gun are:

cathode-anode spacing Lot mm,
cathode aperture diameter 1.5 mm,
anode aperture diameter 204 mm,

measured perveance

(defined by G = I_O/VO.B/Z) 1.1 X 1077 (amp.) (volt),
cathode temperature for
space-charge-1imited

emission (Kornelson 1957) 2300°%K ,

For the bombarding gun:
the cathode-anode voltage was 500 volts;
the bombarding electron current necessary to
heat the tan+talum button to space-charge

limited emission was 45 ma.

For measurements of the variation of intercepticn noise with magnetic
field strength, an electron gun with an oxide-cocated cathode was used since
the bombarded-cathode gun did not operate satisfactorily in magnetic fields
of less than 700 gauss. At low field strengths the bombarding beam was
30 divergent that insufficient current was delivered to the tantalum button
to achieve space-charge limitation in the primary gun.

Previous attempts in this laboratory to operate an oxide-coated cathode
in a demountable vacuum system had been unsuccessful. The primary source

of contamination appeared tc be the silicone vacuum grease used at O-ring
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seals, particularly where sliding seals were necessary. At the sugges-

tion of Professor G. A. Woonton, dry O-rings and teflon aliding seals were

used in the aufhorﬂs vacuum system. An oxide-ccated cathode was operated

in the system at intervals over a period of several weeks, During this

time a gradual decrease of cathode activity was noted. However, the noise

behaviour was consistent from day to day and showed adequate reproducibility.
| The dimensions and measured perveance of the gun were the same as

iisted previéusly for the other Plerce-type gun. The cathode temperature

necessary to produce space-charge limited emission was 1350°K. This was

estimated from curves of cathode temperature versus heatér power obtained

by Desrocher (1958) for a similar gun.

The Measuring System and BElectrical Circuits

In discussing the sensitivity of the measuring apparatus used in these
experiments, it is necessary to consider the problem of discriminating
between random noise from the electron beam {which will be referred to as
the "signal”) ard the background of random noise fluctuations that are in-
herent in the measuring apparatus itself. Since the spectral density of
the electron beam noise is essentially constant over a narrow freguency
range, the signal power is proportional to the bandwidth of the microwave
cavity (or of the intermediate-frequency amplifier, whichever is the smaller).

The signal changes to be measured are essentially changes in d-g level,
or at most; slow wvariations. Hence considerable improvement in sensi-
tivity can be obtained by narrowing the bandwidth after detection. The
fractional fluctuations in signal level; due to receiver noise, are then

of the arder of

Ni—

{bandwidth after detection
{ bandwidth before detection (I.F or R.F.)
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The above factor can be made very small since the bandwidth after detection
need only be of the order of cycles per second whereas before detection it
will be of the order of megacycies/sec. However, direct-current amplifiers
are subject to spurious gain fluctuations so that the indicated increase

in sensitivity may not be realized in practice. A method of minimizing
gain fluctuations is to modulate the original signal at a low audio fre-
quency and then perform the final detection in a coherent (or synchronous)
detector.  This method has come to be known as the "Dicke radiometer®
technique. (Dicke 1946).

The measuring system is shown in Figure 3-6 and 3-7. The slectron
beam was gated by a symmetrical square wave ét 35 ¢/s. The microwave
cavity was followed by a conventional superheterodyne receiver. The 35 c¢/s
signal detected by the bolometer was amplified by a tuned amplifier (band-
width -~ 2 ¢/s) and then detecied coherently. The synchronizing signal for
the coherent detector was provided by the same square wave uéed to modulatse
the electron beam. Following the synchronous detector, the bandwidth was
reduced to 0.5 ¢/s and the output signal applied to a 0-1 ma. linear recorder.
In order that recorder readings be maintained greater than half-scale over
a wide range of signal levels; attenuation in steps of 3 db was inserted
before the synchronous detector.

MacFarlane (1956) has analysed this system and found that the limiting
gensitivity is a =signal 35 db below the seif-noise of the receiver alone,

5

Detection of signals of the order of ].O“l watts has been achieved easily.
Since a bolometer is a square-law device, the output of the measuring
system (ie., recorder current) was proportional to the noise power output

from the cavity. The linearity of the measuring system from the input of
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the crystal mixer up to amd including the recorder was measured by means

of a calibrated signal generator. Qutput readings were found to be linearly
related to power input to within + 0.2 db over a dynamic range of 25 db.

It must be noted that the measurement of linear dynamic range with a signal
generator is not a good criterion for a noise measuring system, since for
r.M.S. noise power ecual to the maximum tolerable signal power, there will
be noise peaks which extend well into the non-linear region. However; in
operating the measuring system, the gain was adjusted so that thé maximum
output signal was always 6 to 10 db below the beginning of the non-linear
region. Since the gain control was in the early stages of the intermediate=-
frequency amplifier; it is believed that there was no possibility of satura-
tion on noise peaks.

Figure 3-7 shows in some detail the electrical connections to the
bombarded-cathode typs of electron gun. It was found necessary to stabilize
the electron beam current in the region of temperature limited emission.
This was accomplished by a negative-feedback system developed by Kornelsen
(1957) in which the ccllector current controlled the magnitude of a resist-
ance in series with the filament supply for the bombarding gun. Current,
control by this stabilizer was adequate down to 5 microamperes of beam cur-
rent. Manual control was necessary for currents below 5 microamperes.

Circuits for the oxide-cathode type of gun consisted only of the high
voltage modulator and a cathode heater supply.

Collector current was measured with a meter whose accuracy was known
to be better than 1% of full scale. All othker voltages and currents

associated with the electron beam were monitored with meters of 5% accuracy.
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MEASUREMENTS

In the first series of measurements for which the apparatus.was used,
the interception plate and the cavity were located at the anode cf the
electron gun. Nolse smoothiﬁgg before and after interceptizn by the
various electrodes, was obtained as a function of electron gun voltage at
a fixed value of maguetic field strength. The variation of smocthing
with magnetic field strength was measured for a constant value of gun volt-
age.

The investigation of the effect of interceptiocon on the noise space-
charge waves in the drift space consisted in measurements of noise power
as the electron gun was moved back from the cavity, with the interception
plate at various positions betweer gun and cavity. These measurements
were carried out for the condition of space-charge-limited emission and

for temperature-limited emission.

I Calibration of the Measuring System

The apparatus was calibrated by a method used by Cutier and Quate (1950).
With the cavity at the anode of the electron gun, relative noise power was
measured as the beam current was increased from zero to ite maximum value
at space-charge limitation. Typical curves of noise power versug collector
current. which resulied from measurements using the bombarded-cathode gun
are shown in Figure 4-1, In the region of temperature-iimited current the
noise power rose linearly with collector current as predicted theoretically

by the shot-noise relation,

>
bay

i = 2e
n Io
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The onset of smoothing, as the cathode temperature was increased further,
may be clearly seen from the curves, At the maximum value of space-charge-
limited current, the ratio of measured nocise power to the equivalent shot-
noise power determined by extrapolating the linear portion of the curve to
the same current yields the smoothing factor Iﬂzo

The value of collector current at which Iﬂz‘was determined was to a cer-
tain extent arbitrary. In the elec;tron gun, the transition from temperature-~
limited emission to space-charge-limited emission is a gradual one. There
is no precise value of current which may be said to be the "space-charge-
limited point". As may be seen from Figure 4-1, the relative noise power
reached & minimum in the region of space-charge-limited emission, and then
began to increase again with increasing current. This effect was most pro-
nounced at low gun voltages, For example, at 200 volts, the noise reached
a minimum at I = 135 p amperes, then increased continuously to I = 240 1
amperes. The latter current was the maximum value attainable with reason-
able safety to the cathode. In many cases the ncise rose nearly parallel
to the shot-noise assymptote; ie., the smoothing was constant. This
behaviour was not consistent for different gun wvoltages.

Zero=-interception snoothing was measured at the maximum value of beam
current attained for each gun voltage. Similarly, for the various fractions
of interception, the smoothing was measured when this maximum value of
incident current was obtained.

Measurements of the variation of interception noise with magnetic field
strength was normalized to shot noise by means of smoothing curves obtained
for a fixed value of magnetic field. Similarly, in the case of measure-

ment of noise space-charge waves along the electron beam, the relative noise
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power levels of the maxima and minima were referred to the level at the
anode which had been determined with respect to shot noise from the smooth-

ing measurements.

II Precision and Accuracy of Measurements

In order to achieve maximum precisicn in the determination of the smooth-=
ing factor Iﬂz , it was necessary to obtain a complete smoothing curve for
each of the intercepting electrodes and for each value of gun wvoltage. The
reasons for this are the following. The measuring system was subject to
slight gain changes cver periods of several days. This was the cause of
the slight differences in level of the straight-line portion of curves 1,

2 and 3 in Figure 4=1- In the case of the .QLO" aperture, curve 4, there
was a real decrease in power due to the reduced beam diameter and consequent
decreased coupling to the cavity. A further effect of beam-to-cavity coupl-
ing was the decrease of coupled power with decreasing gun voltage; which was
due to the increased transit time across the cavity gap.

An unexpected result from the experimental measurements was that the
slope of the shot-noise assymptote (viz. the siope on a log-log plot of the
linear portion of the curves shown in Figure 4-1) was less than unity in
some cases, That is, at very small values of beam current; noise power
was proportional te Ig where n ranged from 1.0 to abeut 0.9 depending on
gun voltage. In Table 4-J are listed some values of n obtained by fitting
the points on the assymptote to a straight line by the least-squares method.
Column three of the table gives the "standard error of estimate (root-mean-

square deviation) in decibels.




TABLE _4-I

Slope of the shot-noise assymptote as a functicn of gun voltage.

Gun Voltage Slope fn' Error of £it,
in decibels

1000 0,996 0.04
2.008 0.05

1.014 0.2
700 0.992 0.07
0:992 0.02

500 0,676 0.03
0,982 0.05
300 Qo Qisia 0.02
0,938 0.06

In a number of cther cases; for which least-squares fitting was not
carried out; slopes were estimated visually and agreed with the above values
to within 1%, At 200 volts the scatter of measured points for low values
of collector current became large because of poor signal-to-noise ratio and
instability of beam current. The slope was estimated visually as 0.9.

It has been difficult to decide whether the experimental points represent
a straight line of non-unity slope or a gradual curve which might assympito-
tically apprcach a line cf unity slope at much lower currents. | Visual
examinaticn of a large number of sets of points, and the amallness of the
r.M.8, deviations listed in Table i-Y have led the author to assume that
a straight line of non-unity slope is the correct interpratation.

Similar smoothing measurements carried out by McFarlane (1958) in this
iaboratory on two Ysealed-off¥ tubes showed a similar range of slope with
gun voltage, These measurements were made at a frewency of 4,200 mc/s
and with no confining magnetic field. On the other hand; McFarlane has

obtained unity slope with similar tubes at frequencies of 1,400 mc/s and




9,500 mc/s.

.Careful examination of the linearity of the measuring system and its
overall stability has ruled out these as possible causes of the observed
non=unity slopes, Although the evidence is not conclusive, the most pro-
bable explanation lies in the non-uniformity of coupling between
the electron beam and the cavity. This matter is dealt with in more detail
in Appendix 2.

Values of I-'2 then, have been calculated from the extrapolated straight-
line portion of the smoothing curves. An upper limit on the possible error
in the values of Iﬂzhas been assessed as follows:

from determination of the noise power at the maximum

current point, taking into account graphical smoothing

------- + 0.1 db; from determination of the shot-noise

assymptoté using a least-squares fit ———- + 0.1 db; —_—
total possible error ——— + 0.2 db,

This is believed to be a reasonable estimate at the higher gun voltages:
500, 700, 1000 volts. From inspection of several sets of data; the author
has been led tc assign larger errors, + 0.5 db and £ 1 db at gun voltages

of 300 and 200 wolts respectively.

1II Space=Charge Wave Measurements

For these measurements the chart recorder was driven externally in syn-
chronism with the motion of the electron gun. A typical record is shown
in Figure 4=2. The smooth pattern of the curve is broken near the minima
by changes in the relative gain of the measuring system. The levels of
the minima were recorded at greater than half-scale deflection.

In the case of zero interception; the reproducibility was better than
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0.5 db for all maxima and the first minimum. The scatter of points at
the second and third minima for seven records of the zero=interception
wave is shown in Figure 4=3. It is believed that these fluctuations were
due to secondary electrons or to d-¢ beam perturbaticns.

The serious deterioration of smoothing caused by electrons reflected
from the collector and returning through the cavity gap has been described
by Vessot (1957) and Kornelsen (1957). The precautions taken to eliminate
effects of secondary electrons have been discussed in Chapter 3. When the
electron gun was sStopped at a minimum of the noise standing wave; it was
found that the noise level was sensitive to slight changes in the orienta-
tion of the magnetic shield surrounding the collector. Both size and posi-
tion of the shield were adjusted to minimize the noise level, but it was
impossible to say whether all reflected electrons had been eliminated. It
should be noted that the smoothing, at the second minimum for example, was
of the order of -26 db (rz’“'f%“o“ , so that the introduction of only 0.25%
random current would cause a 3 db increase in the noise.

The existence of finite minima in the space-charge wave has been shown
theoretically by many authors. (Pierce 1954; Robinson 1954, for example).
The theory predicts that the product of the maﬁmt.lin and minimum values of

noise power in the standing wave is constant. Referred to shot-noise the

relation is;

KTe 2

1l w
2 = = ¥ XKg
I;ax I;;n 2 wg €V

The value of this expression for the 700 wvolt case of Fig, 4-=3 is ~ <48 db.

The experimental value is only =35 db.

In a practical electron beam, d-c perturbations alone are of sufficient
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magnitude to account for finite minima. The space-charge wavelength }q

is a function of current density which in a‘practical electron beam varies
both with radical and with axial coordinates. A current fluctuation
assoclated with a particular value of radius propagates with a different
space-charge wavelength than that at some other radius. There is some
average wavelength which can be assigned to the beam; but at a plane where
fluctuations propagating with the average wavelength go to zero, the cavity
will still respond to the non-zero fluctuations associated with slightly
different wavelengths.

The space-charge wave for zero interception shown in Figure 4-=3 also
exhibited two features which have been noted by other workers (Rowe 1952,
Kornelson 1957, Shkarofsky 1957). These were, (1) the gradual rise of
the levels of the maxima and minima with distance, and (2) the fact that
the first minimum was always higher than the second; and the secornd maximum
was always lower than all others. Although these phenomena are not
thoroughly understood; the first is usually attributed to an increase in
noise due to electron-molecule collisions; anmd the second due to the strong

exitation of higher order modes.
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CHAPTER 5

EBxperimental Results and Their Interpretation

1 Interception Noise as a Function of Magnetic Field Strength

The measurements to be described here were made with the emission
from the oxide-coated cathode space=charge limited at an anode wvoltage
of 700 volts.

Figure 5-1 shows the measured values of beam noise after interception
as a function of the strength of the confining magnetic field. Ordinate
values represent the noise content of the transmitted beam normalized to
full shot noise in the transmitted current. In the case of the circular
apertures, the amount of current prgnsmitted was a strong function of the
value of the magnetic field. The ﬁumber associated with each experimental
point in Figure 5-1 is the percent transmission at that field strength.
As noted on the graph, the transmission factor of the grids was independ-
ent of magnetic field strength.

The striking difference between the amount of noise added to the beam
by grid interception amd that added by aperture interception is evident
from these measurements. For comparable fractions of current intercepted,
the magnitude of I;? is from 3 to 6 db lessTfroﬁ grid interception than
for aperture interception. The experimental points of curve D for the
.060% aperture are particularly significant in the region from 350 gauss
to 700 gauss. Here the interception varied from 3% at 700 gauss to 20%
at 350 gauss, but the decrease in smoothing from the zero-interception
value of approximately 14 db was less than 0.5 db.

For the purpose of comparison with theory the predicted values of 1'122
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given by

2y K
1"22= l'lla.,(l,,I"')ﬁ%

has been plotted on the graph for each of the intercepting electrodes.
The details of the calculation of g% for particular electrode geometries
are given in Appendix i9 section II.

The measured values of I;? are in qualititative agreement with the
functional variation predicted by the theory of Beam for magnetic field
strengths greater than 150 gauss, That is, the noise decreaséd with in-
creasing magnetic field strength. The smaller undulations in the experi-
mental curves are thought to have resulted from scalloping on the beam
since they were found to be consistent with variation of scallop wavelength
)B of the form

L
\ o (beam voltage)?
s  magnetic field strength

The magnitude of the smoothing measured for the flat grid and for the
04O aperture lies within 1 db of the predicted value over the range 100
to 700 gauss. The theoretical smoothing is consistently low in the case
of the tilted grid, and high for the larger apertures. In the latter
cases, the use of the modified current density as given in Equation (2-25)
has slightly improved the agreement between theory and experiment. In the
practical electron beam the current density profile is frequently more non-
uniform than predicted by theory. This has been shown by the experiments
of Ashkiﬁ (1957) and of Cutler and Saloom (1955).

Some idea of the radial variation of current density of the beam used
in the author's experiments may be gained by examining the figures for per-

cent transmission by the three apertures at constamt magnetic field strength.
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If the current density is reasonably uniform, the effective beam radius

Ty

interception is large. The .040" and .060" apertures yield “"effective"

2
is given by (;%) == fraction of current transmitted, provided the

beam radii of 0.79 mm and 0.84 mm respectively. Theory predicts that the
intercepticn will have dropped to 1% for an aperture with radius 2% greater
than the "effective" beam radius. Experimentally, 1% of the current is
intercepted by the .080" aperture the radius of which is roughly 20%
greater than the calculated effective beam radius. Thus the direct cur-
rent density in the actual beam decreased much more slowly than is predicted
by theory. This may account in part for the discrepancy between the ob=
served amd predicted values of interception noise in cases where the beam
is intercepted near the edge.

Concerning the magnitude of the interception noise produced by the mesh
grids, it is interesting to note that for field strengths in the nei ghbour-
hood of 150 gauss the noise approaches or exceeds the North values plotted
as curves 4, and 32 in Figure 5-1. At these values of magnetic field; the
theoretical mean spreading radius is nearly equal to the radius of one grid
module, In the actual physical beam, small d-c pefturbétions in the elec-
tron gun; probably increase the spreading radius. Hence it would be
expected from the theoretical agreements of Chapter 2 that the noise should
épproach the North value.

The increase in the mean spreading radius, due to transverse velocity
other than that of thermal origin, is believed to account for the faqgjthat,
for strong magnetic fields, the experimental values of I;? for the grids are
higher than the theoretical values. That this e ffect should be the more

pronounced the finer the mesh of the grid is confirmed by the measurements.
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In the case of interception by aperturses, it is to be expected also that

an increase in the mean spreading radius wouid cause increased noise; but

the effect of non-uniform current deunsity in reducing neoise is believed to

be larger. Evidence will be presented later; when interception noise on a

temperature-limited beam is discussed, to show that excess transverse velocity

can cause a large increase in the noise produced by aperture interception.
From Figure 5-1 it may be seen that the experimental walues of I}? for

each of the intercepting electrodes decreased as the strength of the magnstic

field decreased from about 150 gauss to zerc. This is a region of transition

from a mean spreading radius determined by the magnetic field to a mean spread-

ing radius determined by transit time across the gun. The values of’I}? pre=

dicted from transit time considerations are in qualitative agreement with the

experimental measurements, but are in error by 1.5 db for ths tilted grid

and the 040" aperture.

II The Variation of Interception Noise with Gun Voltage

The significant conditions of the experiment were: interception plate
and cavity at the ancde of the tantalum-cathode gun, magnetic field con-
stant at 700 gauss. Figure 5-=2 shows the collected results’of smoothing
measurement s; similar to those indicated in Figure 4=1, for gun voltages
from 200 volts to 1000 wlts, The small amount of excess noise caussd by
aperture interception is again apparent. For five percent interception by
the 060" aperture, no change in smoothing was detectable within the pre-
cision of the measurements. The .0LO" aperture which intercepted forty
five percent of the beam current caused less than 0.5 db decrease in smooth-
ing.

The results of a comparison of the experimental values of I;? with
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the values preadicted by the theories of Beam and Worih srve oot slgnific-
antly different from those of the previcus assction. The theoretical
smoothing predicted by Beam’s theory is moughly 1 db lcowsr than the experi-
mental curve for the flat grid and 7 db lecwsr for the tilted zrid. These
differences are gpproximately constant over the range of gun voltage from
200 volts to 1000 wvolts.

If, as conjectured in the previous section, the discrepancy between the
experimental and the theorstical values of smoothing for interception by
the grids i3 due to cexcess transverse velccity caused by imperfect focus-
sing in the gun , it might be expected that the focussing defect would be
relatively more severe when the accelerating potential in the gun is low,
This conclusion is supported by tke fact that the experimental values for
the grids are within 0.4 db of the values predicted by North's thecry at
a gun voltage of 200 volts; whereas the deviation from the North value is
as much as 3 db at 1000 volts, The experimental curve for the flat grid,
in particular,; appears to approach the North value assymptotically at low

gun voltages,

IIT Space-Charge Waves on an Intercepted Beam

(1) Space=Charge Limited Bmission

Using the tilted grid and the 040" aperture as intersspting electrodes;
ncise was measured as the electron gun was moved away from the cavity. This
was done for two caseas first; with the intercepting electrode at; and mov-
ing with; the anode of the electron gun; sSecond; with the intercepiing
electrode staticnary at the cavity.

Figures 4-3 and 5=/ show the maxima and minima ¢f the ncise space=charge
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waves for gun voltages of 700 and 1000 volts; respactively. Ordinate

values are I;? = noise power relative tc full shot noise in the transmitted
current o It is to be emphasized that this graphical representation of the
levels of the maxima and minima does not show the complete form of the space-
chargs waves; nor the fact that the wavelangth is different in each case,

The 0407 aperture, intercepting 50% of the beam current at the anode
(curve?2), had only a small effect on the space-charge wave. The level of
the minima was increased by approximately 2 to 4 db in 20 db. In the case
of grid interception at the anode (curve 4), the overall noise level was
much highsr, but the ratio of maximum power to minimum power was still
large. The standing-wave ratioc was, in fact, greater than that for the
first minimum of the unintercepted beam (curve 1).

When the beam was intercepted at the cavity (curves 3 and 5), the
standing-wave ratic was greatly reduced. With the tilted grid at the
cavity, the standing-wave ratio was of the ordsr of 0.5 db as compared
with 10 db for the grid at the anode. The analysis of measurements madé
with the aperture at the cavity was made difficult by the fact that scallops
on the beam caused large variations, periodic with distance at the "cyclotron®
wavelength;, in the fraction of current intercepted. The resulting fluctua-
tions in the noise wave were due partially to changes in the transmitted cur-
rent and partially to the resulting variation in interception noise, The
values of noise power at the maxima and minima were averaged over the scallop
fluctuations, The secend and third maxima {curve 3, Figures 5-3 and 5-4)
showed an appreciable increase over the noise level at the anode. However,
thie is not ccnsidered significant as far as interception noise is concerned,

since the d-¢ perturbations were large.
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The gross effects of interception on the space-charge wave can be ex-
plained on the basis of the theory outlined in Chapter 2, section IIT. At
the intercepting electrode a new scurce of noise is created which establishes
its own standing wave in the drift space, The total space-charge wave is
the sum of the wave due to interception and the wave due to the noise in the
beam tefore interception. The phase of the interception-noise wave ig such
that it always has a maximum at the intercepting electrode. As long as the
plane of interception occurs at a maximum of the standing wave in the uninter-
cepted beam; the resultant standing wave still exhibits deep minima. When
the interception takes place at the cavity; the noise due to interception is
a maximum and almost completely masks the space-charge wave due to initial
noise,

Further confirmation of the theory was obtained as follows. The inter-
ception plate (tilted grid in the beam) was placed at a distance from the
cavity equal tc one quarter of a space-charge wavelength in the intercepted
beam (lqz/h)o Thus, the cavity was measuring at a minimum of the standing
wave, As the gun was withdrawn from its starting positicn at the inter-
ception plate, changes in the level of the minimum measured by the cavity
were observed. These changes went through successive maxima and minima at
anode-to-interception-plate distances which were correlated with the space-=

charge wavelength A__ in the unintercepted beam, The variation in noise

al

level at the minimum is shown in Table 5-1 as a function of the spacing
between anode and interception plate, The noise level; denoted by’Iﬂz s has

been normalized to shot noise,
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TABLE 5-I

IE? is the normalised noise level at the first minimum of the space-charge
wave as a function of 7z, the spacing between anode and interception plate

in units of lql/u

Iﬂ2

SZ %
0.037 0
0.096 1
0.032 2
0,120 3
0.036 L
0.145 5

The interpretation of these measurements is shown in Figure 5=5. The
wave B; due to interception noise, has a maximum at the point of intercep-
tion and a minimum at the cavity. The wave A, due to original noise in the
beam, has a minimum at the cavity if the spacing between gun anode and inter-

ception plate is

z = 2n 5%;

Where %hl is the space-charge wavelength in the unintercepted beam, amd
n=0;,1,2;3:00o Similarly, wave A will have a minimum at the cavity for
a spacing

2 = (2n+1) M
L

The cavity measures the noise power at the first minimum of wave C which

is the sum of A and 5




ANODE  INTEXCEPTION CAVITY

PLATE
— Nqp/a "
| q2 0
Curve A: Space—charge wave due to _
noise in beam before interception 1-5
. — \ -
B: Space-charge wave due to ~¢ 10
interception noise T T -~ Q\
= ~NA \_ls
C: Sum of A and B AN
~ \\ -1
—3-20
ANODE INTERCEPTION
| | pLaTE | =
O
—z:)q /a—— o
1 ©
O
—1-5 ¥
m
—\ q ?
>~ 10

ANODE

h

Z2=2Nq /4

b
o

&
o
S 0} 9A1}DJ9 qP

#s10u Joy

| 2
(—-

FIG. 5—5 ADDITION OF NOISE SPACE-CHARGE WAVES
IN THE DRIFT SPACE




G

To be able to infer noise wave B (dus to interception noise alone)
from measurements made of wave C; it is necessary that wave A be known in
the region between interception plate and cavity. It is argued in Appendix
3 that the only effect interception by a mesh grid has on a wave A 1s to
increase the space-charge wavelength, provided that the ncise power is
normalized to shot noise before and after interception.

The values of I;z for the maxima and minima of wave A in the uninter-
cepted beam may be obtained from Figure 5-3 (gun voltage 700 wolts, curve 1).
In Table 5-II these values are subtracted from the corresponding values of
I;? listed in Table 5=1. The expected result is the value of Iga at the

first minimum.

TABLE 5-1I

Lz
Fa 2 I [2-[2-T2

0 0.037 0.012 0.025
1 0.096 0. 060 0,036
2 0,032 0.005 0,027
3 0120 0.070 0,050
& 0.036 0.006 0.030
5 0.145 0,10 0.045

The error in values of ].-éz and 17‘2 ue to measurement and the normaliza-
tion process is estimated as 0.4 db or 10%. Hence there is large possible
srror in values of“I%f s in the table above, which arise from subtraction
of nearly eual maxima. Since these are not true probable errors, it does

not seem justified to weight the measurements inversely as the square of the
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error, In order to obtain an average which does take into account possible

error, the author has weighted the measurements as

-

possibie error
The weighted average is then
szaverage = (0.031
with a standard deviation of z 0.007.

From this analysis it may be concluded that the space-charge wave dus to
interception noise alcne has a phase angle, relative to the space-charge
wave due tc original noise; which depends on the distance bstween the anode
plane and the plane of interception. This fact is ¢f some importance in
the design of beam-type microwave tubes. Minimization of the noise figurs
of a travelling-wave tube for example, requires a knowledge of the phass
of the noise standing wave. It is apparent that interception of small
amounts of current by the ancde aperture will cause 1little increase in the
noise figure.

In the case of the mesh grid,the ratio of maximum to minimum power inm the
space=charge wave due to interception noise alcne is of the order of 10 db.
It is interesting to compare this value with that predicted theoretically.
Interception by a mesh grid provides a particulariy useful case for two
reasons. The neoise level at the minima is sufficiently high that perturb-
ing effects of secondary electrons may be discounted. The initial condi-
tions for the wave are well defined; with a mssh grid, nolsse current and
noise velocity are excited uniformly over the beam cress section, Hence
the amplitudes of the higher order modess of the space-charge wave propagat-
ing in the beam may be calculated with some certainty. This is not the

case for excitation of space-charge waves by noiss at the anode of the
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electron gun.

It is shown in Appendix 3 that interception-produced velocity noise
and the higher order modes in the current noise wave ccntribute to a
theoretical stamding-wave ratio which is two orders of magnitude greater
than that cobserved experimentally. On the basis of this analysis it seems
likely that the observed low standing-wave ratio 1s due to d-¢ perturba-
tions in the electron stream, ie. the radial variation of direct current
density and possibly also scalloping which produces longitudinal varia-

tions in current density and in beam diameter.

(ii) Interception Noise on a Temperature-Limited Beam

Measurements of the variation of noise power with collector current,
such as those illustrated by Figure 4-I, showed that, for a given value
of collector current in the temperature-limited region, the noise power
measured at the anode was not increased by interéeptiono That is, the
noise at the anode is full shot noise, Beyond the anode there are minima
of the space-charge wave where the noise is less than full shot noise,

The noise level at the first standing-wave minimum in a temperature-
limited beam was measured for various conditions of interception. A
constant collector current of 50 microamperes was used. The cathode cur-
rent was larger than this depending on the particular intercepting electrode

used. Results are listed in Table 5-1II.

TABLE 5-IIT
Interception noise on a temperature-limited beam. ];? iz the noise level
of the first standing-wave minimum in decibels below shot noige., Gun volt=

age = 700 volts; collector current = 50 } a3 magnetic field = 700 gauss.
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Interceptor Interceptor
Interceptor & Interception at_anode at _cavity
-080" aperture zZero 12.7 12.7
060" m 15% 13.0 7.9
- 04O " 57 14.0 5.0
tilted grid L}5 11-05 300
flat grid 20 12.2 505

Note: *These values are approximate averages which take into account large

fluctuations in intercepted current due to scalloping on the beam.

These measurements provide conclusive evidence that interception noise
can arise from a smoothing process external to the electron gun. The
reduction of noise at the minima of the space=charge wave results from inter-
actions which are completely independent of processes in'thenglactron gun.
Interception of current at a standing-wave minimum in a temperature-limited
beam increased the noise in the same way qualitatively as it did at the ancde
of the gun when the emission was space-charge limited. Quantitatively, a
comparison of the experimental values of I;f in Table 5iIII with the corres-
ponding values from Figure 5-2 for the space=-charge limited case shows dis-
crepancies that cannot be attributed to experimental error. Comparison of
the two casea is made in Table 5-IV. Values of I;? predicted by the theories
of North ard of Beam are also tabulated.

The experimental results in column A are in closer agreement with values
calculated according to Beam's theory. In contrast, with the exception of
the 040" aperture, Northis theory gives better agreement with the experi-

mental results B for the temperature-limited case,
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TABLE 5-1V

Comparison of noise smoothing in space-charge limited current with
noise smoothing in temperature-limited current. Columns A are for space=
charge-limited emission, smoothing measured at the anode {(cf. Fig. 5-2,
700 volts). Columns B are for temperature-limited emission where smoothing
was measured at the first minimﬁm of the space-charge wave (cf. Table 4=I).
The listed values of percent interception are only approximate since the

exact values differed because of beam spreading.

2
_l; in decibels below shot noise

Bxperiment Theory
| North Beam

Interceptor £ Interception A B | A | -B. A Bﬁ—
.080" Aperture zZero 11.2 12,7 - - - =
00§0" " 15 1.2} 7.9 9.1 | 7.1 10.1 11.5
040" " 50 10.8 1 5.0 | 2.2 | 2.4 9.6 10.8
Tilted grid 50 S5ch | 3.0 | 2.6 | 3.4 7.3 7.7
Flat grid 20 7.2 5.5 1 5.6 | 5.8 7.9 8.5

Before it is concluded that the magnitude of interception noise depends
to some extent on the mechanism of smoothing, some effects of d-c¢ perturba-
tions should be considered. The Pierce type electron gun employs anode and
cathode electrodes which are shaped so as to produce; at the edge of a space-
charge-limited electron beam; an electrostatic field which matches the field
due to space charge just inside the beam. That is; the finite beam behaves
as a section taken from an infinite beam without disturbing the boundary con-

ditions at the edge. When the cathode emission is temperature-limited and
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the curremt density low, the potential configuration inside the beam is
determined by the beam=forming electrodes amd not by space charge. Radley
(1958) has calculated this potential configuration in the beam, and it is
apparent from his plot that a large radial component of electric field
exists. This field will produce excess transverse velocity and conse=
quently greater spiralling of the electrons in the confining magnetic
field, Thus the mean spreading radius which determines the magnitude of
interception noise will be greatly increased. The experimental values

of I;? for the two grids are within 0.4 db of the North-theory value, which
is indicative of the fact that the mean spreading radius was much larger
than the effective radius of one grid module,

That greater spiralling of electrons, and consequent increase in effec-
tive beam diameter, did exist was also evident from measurements of the
fraction of current intercepted by a circular aperture as the cathode tempera-
ture was varied. In the case of the 040" aperture, at low cathode tempera-
tures the interception was 65%; as the cathode temperature was increased to
space-charge limitation; the fractional interception dropped to 45%.
McFarlane (1958a) has observed a more extreme defocussing action in electron
guns when no confining magnetic field was used.

Although the magnitude of the effect of this d-< beam perturbation
cannot be assessed quantitatively, it is felt to be sufficiently large to

account for the higher interception noise observed in a temperature-limited

beam.
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GHAPTER 6

Conclusions

Measurements were made at a frequency 3000 mc/s of the noise smoothing
at the anode of a parallel-flow Pierce-type electron gun. Interception of
a fraction of the electron current by a& circular aperture caused little in-
crease in noise when the electron beam was confined by a strong magnetic
field of 700 gauss, Fifty percent interception produced a decrease of only
0.5 db in approximately 10 db of smoothing. A mesh grid caused decreases
in smoothing as great as 7 db for an equivalent fraction of current inter-
cepted.

It has been shown in this thesis that a theory of interception noise,
due to Beam (1955), based on the random probability of interception of
electrons; is consistent with experimental results, The interception noise
produced by various geomeirical shapes of electrodes can be calculated on
the basis of the concept of "mean spreading radius". This is essentially
the radial distance, about any point on a cross section of the electron
stream, over which the probability of random interception is uniform; it
is determined by the distribution of random transverse velocities of the
electrons. If the radius of an intercepting aperture is much larger than
the mean spreading radius, the excess noise produced is small. If current
is intercepted by a fine mesh grid, of a size such that the radius of one
small opening in the grid is less than the mean spreading radius, the inter-
ception noise is large and approaches a constant value which is identical
to that predicted by North'’s low-frequency theory.

When an electron beam is confined by a magnetic field; the mean spread-

ing radius is inversely proportional to the strength of the magnetic field.
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Measured values of interception noise decreased as the magnetic field was
increased from 150 gauss toc 700 gauss. Agreement between experimental
values of smoothing and values predicted by Beam's theory was + 1 db for

a grid intercepting 20% of the electron beam current ard for an aperture
intercepting 50% of the current. Por apertures intercepting current near
the beam edge, slightly better agreement with experiment has been obtained
by modifying Beam's theory to take into account the radial variation of
direct current density in the electron beam. The actual variation of dir-
ect éurrent density with radius was found to deviate widely from the theor-
*etical form, and is believed to account for the fact that the measured excess
noise, due tc interception near the bpam edge; was less than that predicted
by theory. -

The prepsgation of noise waves along a constant-velocity electron beam
was studied, first with cathode emission limited By space charge in the
electron gun. It was observed that interception of current excited a stand-
ing wave'of noise along the beam that had a ﬁaximum of power at the plane of
interception. The noise stamding wave due'bd_intérception was independent
of the wave due to noise of thermal origin. "The two waves of noise power
added with a phase relation determined by the spacing between gun anode and
the plane of interception. In the noise standing wave produced by grid
interception; finite minima were observed which were two orders of magnitude
higher than could be explained theoretically. This was attributed to the
radial variation of direct current density.

The theory of interception noise based on random interception of
electrons regires no assumpticns corncerning the mechanism of smoothing as

did Northés theory. That interception noise can arise from a smoothing




S5

process external to the electron gun has been demonstrated by the measure-
ments of interception noise in a temperature-limited beam, Interception

at the anode of the electron gun caused no excess noise, implying that the
beam emerging from the gun was not smoothed. Interception at a minimum of
the space-charge wave did create excess noiss. The observed values of
interception noise at the minimum of the standing wave were much higher than
predicted by theory. This has been attributed to an increase in the mean
spreading radius due to excess transverse velocity resulting from the

distorted electrostatic field in the electron gun.
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APPENDIX 1

I Evaluation of the {1 and §» Integrals,

Since Beam's published curves do not provide sufficiently precise
values of @1 and & for any choice of the variables a; r,, s analytic
expressions were derived.

Equation (2-21) may be rewritten in the form

§q = [1[1 +erf b (x - u)]J udu (a=1)

where b = a1, x = r‘a/rb o

Integration by parts yields

" R
@ = % + {325 +-h—i-;i erf bx

2 |
ag:-%»z;%?o%[i erf b (x = 1)
) 2 2 1 62 2
+ s e (- b7 x )“i‘%{/T oo 62 (e-1) (4-2)

When x is less than unity, erf b(x = 1) is negative. By rearranging,

-2 - )
X 1 ! 1
Q = {: +z=5§=_.§»eri° bx + erf b(l=x»)J +5L}oerf b(lcx?A]é
™ -
X ) R 2 x+ 1l 2 21
* Sovn e (- " x7) - 2 oUn €XP ',,° b™(1 ~ x) E (A=3)

The error function has value which differs from unity by less than 0.005
for arguement greater than 2.0. In most cases of interest b:~ 103 hence

for x <. 0.8, the only significant term in Equation (A=3} is the first.

| 1
o ol X2 1
a1 21 27 ° ZE"?f

. - 2 2 A=4
Zr X pa / pb ( )
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As x approaches unity, &3 is still equal to raz/ rb2 with small error
but the fractional interception 1 - @, must be calculated more precisely.

For example, at r, =Ty

1 1
= 1+ %7 - vE

or l - Ql = bw_v:r— (A=5)

The integral in Equation (2-22) for the 92 function cannot be calculated

exactly, However, the integrand may be approximated by the function.

bes

g
2 2| . (2=6)

(x = u)™|

exp! = % b

with an error which is less than 0.01 for all significant values of the

function, The integration may then be performed to yield,

o T -
= T X 2 2 E
= 7 § gverfﬁfﬁ, bx + erf T b (1 - x);
T exp | - b b2 3 o b 22T
T gz (o cn P (l-xToew oo ()

For b > 10 the error in neglecting the second bracket is never greater

P
~

- s s s . 2
than 5% for all significant cases, Also, in most cases - bx > 2 8o

that Qz becomes

- 1) (A-8)

It is easily shown that if r, > T R --2 1 <= Qlo It may be recalled
that
77
R, = L J/! 1+ er*f‘b(x-»uyE (1 - erf b(x - ZJ d
> 2 Syt ERE X u uau

If b{x = 1) > 2, then 1 + erf b{x - u) = 2 over the whole range of integration.
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Thus, .
"o

—~ 1T 3l X

92 et /:[_l - erf b(x - u)“_I uda

e
/flu ..
S [ J, [1 + erf b(x - u) | udu

o 1=Ql

JI Nomsrical Calculations from Theory

‘It is necessary to calculate I;Z from the equations

. %)
= Fea-I) g

and
Q@ . 1 1 | 2 ™y
= g ar, Ll + erf 7 ar_ (ra l)_

The temperature of the oxide cathode for space-charge-limited emission

was taken as 1350°k (Desrocher 1958). Thus the constant a is
=1
a = 86,7 B (meters )

where B is the magnetic field strength in gauss.

The aperture radius r, is a well defined value, but the beam radius ry
was difficult %o detemine since the bean diameter varied with magnetic field
strength. However, except very near the beam edge, the fraction of current
transmitted is equal to r’az/r 23 from which an effective value of r, can be
determined. Then the calculated values of 92/521 along with the experimental
value of I?z (zero-interception smoothing) were used to calculate 1;2 o

For small amount of interception near the beam edge; the effective beam

diameter is again determined by the measured value of the transmission factor

91, but not in so simple a menner as above. In these cases, the value of
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92 for a particular value of 91 was read directly from the curves of 92

versus 1 = Q. shown in Pig. 4 - 1. Here Qz has been modified for the non-

1
uniform current-density distribution of Equation (2-25).,

In the case of the grids, an effective radius for each of the small
beams associated with one grid opening may also be calculated from measured

values of cwrrent interception, The effective radius of the hexagonal

holes in the flat grid is

_ =4
ra = l°78 x 10 7 meters

When a grid is tilted;, the open areas looking in the direction of electron
flow have the shape of flattened hexagons. An effective radius was taken
as that of a circle having equal area. Since the angle of tilt was not
known sufficientlj accurately to permit a geometrical calculation, the effec-
tive area was calculated from experimental values of transmitted current.

Let each of the small holes in the flat grid have copen area A Then

fo

fraction of current _ Nf Af _ 0.78

transmitted Apeam

where Nf is the number of holes in the beam ares Abeam° For the tilted

grid,
N &% = 0.5
A»beam

The angle of tilt was known sufficiently accurately to calculate the increase

in the number of holes, That is

N

—3’: = 1006

Ng
Therefore,

A - o.62
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And hence the ratio of effective radii is

T
at
C———— = 007
g 9

Finally,

r = 1.4 x 1074

o meters for tilted grid.
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APPENDIX 2

The Problem of Non-Unity Slope

As has been mentioned in Chapter 4, noise power was observed tc be
proportional to Ion(n «. 1) for temperature-limited emissicn. Various
solutions of the Electronic equation (Hutter 1952, 1953) have been
examined in order to determine whether non-unity slopes could be attri-
Buted to an intrinsic variation of noise power not directly proportional
to d-c¢ beam current. The particular solution which results when the
potential configuration in the electron gun region is determined by space
charge leads to the Llewellyn-Peterson (1944) egquations. In the true
infinite beam case, for small gpace charge (temperature-limited emission)
the potential variation is linear with distance coordinate z. In actual
fact, in the Pierce type gun, the potential configuration for small space
charge is determined by the shaped electrodes and varies at zh/3° The
electronic equation must then be solved for this potential variation,

Radley (1958) has shown the potential in the beam is a function of
radius as well as longitudinal distance z; but for simplicity, this will
be ignored. It should also be noted that near the cathode the electron
velocity is not single valued as assumed by the electronic equation.

Since the potential variaticn imposed by the shapsd electrodes is

identical to that in a beam with full space-charge, the d-¢ velccity u,

as a function of transit time T is: (Llewellyn 1941),

Ll o.e g o2
u, = 5 e, I, 5 e uy (&=9)

where J; is the d-c¢ curremt density for full space-charge limited emis-

sion and u, is the initial velocity at the cathode. Y, is taken egual




by

kT

to the r.m.s. thermal velocity =

For a finite electron beam, the Electronic Equation as derived by

Parzen (1952) is

2 2
% 1 [d“oaep"o f=0 (A-10)
dr? u, are me,

where: Y =J u, exp (#3wT), J being the amplitude of the a-c current modula-
tiong
Jo is the actual direct-current density; .p is the plasma reduction

factor.

Let

Then

For values of'Jo in the temperature=limited region, %% ~ 10°39 and since
c
p2 has maximum value unity, the temm gg} p2 is negligible over the whole range
Jo
of T . Thus (A - 10) may be written,
2
d2Y d ug
u, —s - Y=0 -
° 472 dre (a - 1)
A first integration gives,
at dug -
u 337 = = C, a constant (A = 12)

The equation for the a-c velocity is,

P O %\_l_i_g,y) T

JuwJ u o dT
o o

Hence,
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At the cathode we have the initial conditions T = 0, v = Vs U = u
Therefore .
Cp =, u, v, (A-13)
or .
u - -
v = 3 o . joT (A-14)
v, a

Thus the gun region acts as a simple "velocity jump® as far as a-c velocity
is concerned. (Hutter 19533 Watkins 1953)

Equation (A-12) may be written

W2 dwe) g
T

o} 1

X c/d%-c /_,__dr___
u, 1/ ug i (kT2+ua)2

01[ r_ ., L. -lf

Ku
a
2y
where & = ka
Now, ‘
Jw e T
u
o
N , N ) - T
wJo v T 1, -1 Jw
= \-: 8 T
J 02 + J——%—y [m—é— +vg.-tanﬁ1
At the cathode T = (0, J = Jaa Therefore
. -JwT Juwo T 1 -1 -juT (A-16)
J.‘ J, e + 7 BT T tan ng" v e

The input conditions at the cathode are assumed to be full shot noise and

the Rack velocity fluctuation. (Rack 1938).

That is vl
1= 201 Af
a o
Ve (h-me Heoar

m IO
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Multiplying Equation (A-16) by the beam area yields the current fluctua-

tion, Then the noise power is proportional to,

2 L2 oIy _T L oe-lT 2 732
n T, 7 AN S SRR S G Va
T o= -ly _ 1
At the anode Ji 1, so that tan T >

With some rearranging,

2. 2 - . 2
2 = W)~ 1,7 1 1 it e kT¢
h ° 2e Io Lf o+ L u +«7§E§E’ 2:] 0.86 m I ot

0o a -

The second term in the brackets is larger than the first, so that approximately,

— 2 2
12 = 2eI A " 0086 11 @T) kTQ Ze I Af
n ) 32 mu u 0
: a o
. _ 1 2
Substituting ch = 7 m",
i 2 2 u
n _ 0,86 2 a
=T =1+ =T WT) 5 (a-17)

Since there is no temm in the right hand side of Equation (A-17) that varies
with a-¢ current Io’ unity slope is predicted for the shot noise assymptote.

A cavity, measuring noise at the anode of the gun, responds also to the
a=-c velocity of Equation (A-14). However; it can be shown (Kornelsen 1957),
that if the cavity gap is narrow; the power contributed by the a-=¢ velocity
is insignificant compared to the power due to the a-c¢ current. This is true
~ of the cﬁvity used in these experiments.

The foregoing simplified theory neglects possible effects due to the
multivelocity nature of the electrons flow near the cathode and to the higher

order modes of propagation that exist in a finite beam. Further; the
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radial component of the d-c electric field in the gun has been neglected.
This is known from experimental measurements to cause considerable spread-
ing of the electron beam for temperature-limited emission, That is, the
beam radius is known to be large for small beam currents and to decrease
as beam current increases towards space-charge limitation.

The power coupled from the beam to the -avity is proportional to a factor

M2 which varies with beam radiusr,. This is given by (Warnecke and Guenard

b
1951),
6p
I (ep)/=2
W - 2
IO(Qc)
where
- Wy = Wre
% " 5 % T 5

r, being the radius of the cavity hole. Il and Io are modified Bessel

functions., For a change in beam radius, the fractional variation in M2 is

a o dey | e’ 2 et
Mz gb 8 3 'E uooo—
p
drp 6p
r, 2 (a-18)

since eb is of the order of unity or less, Thus the percent variation in
power is of the same order as the percent variation in beam radius. This
effect is larger for lower gun voltages (uo smaller and hence eb larger)
which is in agreement with the observed variation of slope with gun voltage.
A detailed examination of the experimental evidence was at best incon-
clusive, and at worst, contrary to this hypothesis. In these experiments,

the diameter of the beam transmitted through the cavity could be maintained

constant by the use of the .OLO" aperture, but still non-unity slopes were
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measured. There was no significant difference among the slopes measured
for 3 different sized apertures. One could postulate a drastic change in
the radial current density distribution with beam current, but this effect
should be negligible for the .OLO" aperture.

Further, within the accuracy of measurement of interception current,
the fractional interception was constant over the straight-line portion of
the smoothing curve and began to decrease just at the point where the smooth-
ing curve breaks from a straight line,

Another effect that was investigated was the change in beam diameter due
to scalloping. If the length or position of the scallop waves were to change
with beam current, it would change the effective beam diameter seen by the
cavity. Measurements showed that the scallop wavelength was equal to the
theoretical '"cyclotron" wavelength over a wide range of curremt, and that
shift in the position of the scallop pattern with current was negligible.

As further evidence, slopes measured for dif ferent magnetic field strengths

showed no significant variaticn.
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APPENDIX 3

Some Space-Charge Wave Calculations

I Matching across a plane of interception

We wish to examine the effect of current interception on the noise
space=charge wave that existed in the beam before %nterceptiono That is,
we exclude the added noise due to interception.

In the unintercepted beam; the a=c current amd veloeity as a function

of distance are

i, () = i,cos0; - C—)‘*-L %—l v, sin @, (A-19)
‘ ql o
W, u
) - Yl o ‘
v, (zl) v, cos @l J == 5 i sin el
ol
Wq121 . .
where el = m o The subscript 1 is used to derote
[e}

quantities before interception., ia and v, are the initial excitations

at a plane z) = 0 and are assumed unccrrelated. Let

Zz. = I:? 2 I, AfF

‘Now, ?ql = p wpl

where $\~2 - = Lol
. pl R U

Thus we have

i] W Z .2 2
EE—T;I—Z?r 530 gszO = VY, sin 91 + I; cos 91

0o

= o

2 2 2 2 ‘
= I; + K vg I: = K vy bt 2
3 ¥ 5 cos -xazl (4-20)
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Similarly,
2 2 -
K vo = ———=—-——&E L K - L - K va cos 4mzi (A-21)
1 2 2 1

In the case of interception by a mesh grid, the beam diameter is un-
changed. Therefore p, and hence K; are the same on both sides of the plane
‘of interception. Suppose the plane of interception is located at z, - L.

It has been argued in Chapter 2 that;

2 i 12
2e I, X3 - 2e I, AF e
L L
Also —
2 2
vl - = V2 -
L L
Write Bquation (A-20) in the form
2
i .
1 Ln 2y
- 4+ B, €08 e————=
20 Iol oF Al 1 }“ql

After interception the plasma wavelength will be
2 vy 21 ug g M
N, = - A / Eo B Vo
92 p “’p:E p ° I

The normslized current wave after interception will have the fomm,

i
2 - br 2
-ée—IOET A2 + B“,2 cos (Tz_ * G)
Q

where 2, is measured from the plane of interception.

‘Matching the current and velocity at the plane of interception yields,

4nL -
AloBlcosr— AzoBzeose
ql
L
AlnBl coar A2-32 cos €
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Therefore | Lt

2e 1 Lf

O | ke
Y mmﬂ

. bl
= Bl cos P
gl

When L is varied as in the experiment described in Chapter 5, Section III,

the variation in noise power will be the same as for the unintercepted beam.

IT The Space-Charge Wave due to Interception Noise alone.
(1) The contribution of added velocity fluctions: We now consider the
space=charge wave excited by the interception-produced current and velocity

fluctuations which are given by

2 2y So . ‘
= - f
17 (1 1',‘ ) = 2e I, Af
1
L ) 2
' ) "
v? - [ K¢ 9:1 :I;E Of
om0 Yoz
2
We may neglect I? compared with 1. The current space charge wave is,
22 .2 2 w | YY) 2 2 2
i, = i cos® 6, + ((Tz .2_) v; sin"e,
) 42 Yo i 4

2
i 2 2 ~
Y R 2 W kT 19}
T 102 F Qﬂf cos 92 + ( ) (-—92) sin™ @

&7
)
o
'.-In
jo ]
%
=
g
)
B
&
[o]

[
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For gun voltage = 700 volts and cathode temperature T, = 2300°K,
S.W.R —~— 3 X 10

(ii) Propagation of higher order modes: The foregoing theory deals
essentially with the fundamental, or first order, mode of propagation in a
finite electron beam. Since the higher order modes propagate with wave-
lengths different from that of the fundamental mode, they will contribute
finite power at the minima of the noise standing wave where the amplitude
of the fundamental mode goes to zero.

The noise current density is given by (Hahn 1939; Ramo 1939)

n u
P ¢}

J(r, z) = zn:An I (Tn r) cos(p_ w 2
‘;A'I'here Tn is the radial propagation factor for the n'th mode, and Py —_—
is the plasma frequency reduction factor for the n'th mode.
When the conducting wall surrounding the beam is infinitely remote
(a distance equal to a few times the beam diameter is sufficient), ‘Tn
is the nt*th root of the equation specifying the boundary conditions:

J1 (T K h)
T n _l._é_n_ﬁb;. = B r _1%@5_11)
n Jo 'Tn Ty e b Ko Be ry

where B =

oﬁ 1€

In the case of interception by a mesh grid, noise current density is
excited uniformly over the beam cross section. Then at z = 0, J(r, 0) is
a constant A say, which may be expanded in terms of an orfthoginal set of N
modes subject to the boundary comdition specified above. Sneddon (1951)

shows that the proper series is
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2 .
- 2 T J Jo (Tn 1) z
J(r z) = =Nn_...5 ag?cé..gm C’OS(P (._‘_?,pm. )
! r'b2 Zn Tp2+ G2 J (T, 1) Mnooug

K TR)
where G = =.l=_§§‘&.._h)
ﬁ}e Ko Be b

and J is the finite Hankel transform

7~Tp
T = ' = I"b
J ﬁJo(an) r dr A E Jy (T, r,)

If the current density is integrated across the beam, the current is

given by 6 5
A(TH‘QQ W 2

2. my2 %P0 Ty
n (anb) +(Gry) o

i(z) = A mr°

The mode amplitudes are given in the following table.

Mode number A(Q rbéTn 'b)z amplitude at
Hn# Pn (T )" + (G fb)? first minimum
‘ 00547 0,980, 0
2 0.217 000219 0.0178
3 0.127 0.002¢ 0,002,
4 0,089 000007 ' -

Thus 98% of the current is excited in the first mode and the standing-
wave ratio (power) at the first minimum is

ScWeRoe &~ 2 X 103

Consider the effect of radial variation of cavity coupling. The cavity

coupling factor is proportional to

I, (B, 1)
I, (Bere)

where r, is the radius of the cavity aperture, When this factor is taken
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into account; the amplitude of the n'th anode is given by

, Tn T
—n_ 2 Beh(nrp)

LY S I (Be re) K3 (Be rp) (Tn )2 + (B I’b)z

The amplitude of the first mcde is reduced to 0,686 while the amplitudes
of higher modes are not changed significantly. This reduces the S.W.R.
slightly, but it is still two orders of magnitude higher than that observed

experimentally.
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AFVENDIX &

The current density in an eiectron beam confined by a magnetic field
may be calculated by a method similar to that uzed by Cutier and Hines
(1955) to calculate thermal velocity spreading in converging elsctron guns,

As in Chepter II, atiantion i= fooussed on all those electrons whicn

v

execute spirals about a given line in the electron beam, The intersection

a

of this line with a plane perpendicular to the beam is indicated as P

n

[

Figure A=2 In the absencs of the magne<ic field, the electirons associatsd
with P would have come from an equivalent point P on the cathode. Becauss
of the magnetic field they are spread over a much larger area and scme will
contribute tc the current density at P, The *the current density at P is
a result of contributions from ail peints P’ on the cathode surface.

The radial distribution of electrons about B’ is given by (Bquation 2-18)

; -

%%g = 2&2 EXT L_a 32 pZJ pdp

Or; in terms of cartesian cocrdinates centred gt P

ANy s
3 .
L e & explo a® x + i dxd
Ng? s . ( y ) i y
If JQ is the cvwrent density at the cathede surface, the current associated

with P' is

I# = ax’ dy’ = e Np, dx  dy

Then the current at P is
; 2'
d%}ﬁ J, ax’ h’g, mmr a(x + ¥y} | dx ay
T
The curremt density at P is
ey = e g 2 exp[ca
dxdy e m -




beam | _-~ o
centre

nominal
beam
edge

FIGURE A-2
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This equation must be integrated over the total cathode surface. Referring
to Fig. A-2; the limits of integration are R = 0 to R = Tys 6 =0t 6= 2n,
Cutler and Hines have carried out this integration numerically. 1In cartes-
ian coordinates;, the integration may be carried out if the following approx-
imation is made. For strong magnetic fields; a iS large and the distribu-
tion about Pg is sharply peaked. The only significant contributions to the
current at P are from points P! very close to P. The nomg.ml. beam edge; i.e.
the cathode edge; may be approximated by a ;tr\'aight line perpendicular to r.
The limits of integration in the cartesian system xp, yg are then:: yv = =00
toy' =40, x' = oo tox' = m.
Now, xv = rex
g
y =7
Therefore the integral becomes,

2 A 2,2 2
Jp(r) I, :—; [ / exp E; a“ (x° ¢+ y )] dx dy

@ S om

or

J—JL:L = %[l+erf a(rb—r).]
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