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Summary

The neoise figure of a travelling-wave tube or backward-wave
amplifier is limited by electron-beam ncise, the most lmporbant
cause of which is random electron emission at the cathode., Beam-

noise theory shows that the minimum noise figure of & towehe or

bowoeao depends on (S - ), where S and TT are two parameters which

do
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remain constant on a single-velocity beam. The no:

depends on the processes in the multi~veloclty region near the sathode
which S and TT are determined. Practical work, by in

particular, has shown that (S =.7T ) can be considerably reduced by

extending the multi-velocity region using a special electrode
near the cathode. Analysis of the noise-reducing processes in

this region is difficult. A review of the seversl different

theories put forward is presented here.

gstructure and d.c. scharacteristies.

'3

ment for tube processing and operation is described,

all=-semiconductor high-power d.c. supply for a fosusing solen
Two tubes for studying beam structure using flucrescent screens werse
used. Details of a Third tube with a movable gun and noise-pick~
up cavity with associated minsrowave measuring apparatus are alsc givero

tual sathode form-

Results of investigations into the effects of vi

ation on the d.c. characteristics and beam struchture are discussed,

Unusual hysteresis effects observed in the beam current are



explained by the presence of pesitive ions. The method of measur-
ing the noise parameter S using the moving-gun tube is described.
A new method of measuring both S and TT by simply adding a second

fixed cavity to the tube is put forward.
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INTRODUCTION

Low-Neise Microwave Amplifiers

Three main types of low-noise microwave amplifier exist -~
electron tubes, masers and parametric amplifiers.

The electron tubes may be sub-divided inmto three types -
the travelling-wave tube (t.we.t.) or forward-wave amplifier,
the backward-wave amplifier (b.w.a.) and the cyclotron-wave
amplifier. All three of these employ an electron beam, bub
the cyclotron-wave amplifier differs considerably from the
other two types and will not be considered here.

The ba.woa., and t.w.t. are very similar in construction
and operation. Both use a similar type of slow-wave struct-
ure, usually a helix. In the tow.t. the electron beam
interacts with the fundamental of the wave on the helix and
this type of amplifier has a very wide bandwidth. In the
bewWoa. the beam is made to interact with a backward space
harmonic of the wave on the helix resulting in an ampli-~
fier with a relatively narrow bandwidth. The b.w.a. cang
however, be easily tuned over a wide range simply by
changing the helix voltage.

Three fundamental factors limit the terminal noise
figure of a tewot. Or boWsao These are:

a) Electron-~beam noise.
b) Loss on the slow-wave structure.

¢) Loss at the input coupling to the slow=wave structure.
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Beam noise is by far the most important of
these three socurces of noise as the other two can, in
principle, be reduced to negligible levels by careful

tube design.

Causes of Beam Noise

a) Electron-emission noise.

Noise is excited in the beam due to the random
velocity, and rate of emission, of electrons from the
cathbode. Reduction of this noise can be achieved as the
beam passes through the electron gun by sultable gun
designe
b) Cathode defects.

Defects in the cathode surface cause non~uniformity
of emission velocity across the cathode area resulting in
increased beam noise. It is found generally that the more
smooth and homogenecus the cathode surface the less noisy the
beam is. A sharply defined cathode edge is also important
for low noise. The improvement of the cathode emission
properties is mainly a technological problem of evolving
better cathode materials and application techniques.
¢) Beam-transmission defects.

Beam noisiness is increased if the beam is allowed to
intercept any structures, e.g. electrodes, or to collide with
residual gas mcleculess Interception can be eliminated by

careful design, by working to close tolerances and by using a
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strong magnetic focusing field. To avoid appreciable
residual gas it is essential that the tube should have a
high vacuutie
4) Secondarv-emission noise

Noise may be caused by secondary electrons emitted
when the primary electrons intercept some part of the
structure, usually the collector., This noise can be
mininized by suitable desgign of the collector; such as
by applying a transverse electric field to trap the second~
ary electrons.

e) Icn-oscillation noise

Noise caused by plasma oscillations of ions in the
electron beam is of a relatively low frequency but could
cause unwanted modulation of the gain of the tube, To
avoid this type of noise the formation of an ion trap in the
beam must be avoided.

The last four sources of noise listed above can be
reduced to negligible levels by suitable tube design and
careful construction, by using a strong uniform magnetic
focusing field and by providing a high vacuum. The most
important cause of beam noisiness, and the factor which limits
the attainable noise figure, is therefore random electron
emission at the cathode. The design of a low-noise tube is
mainly a problem of minimizing electron-emission noise by

the design of a suitable low-noise electron gun. It is the
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investigation of the characteristics and performance
of such a gun that is the subject of the research

project reported here.
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2.1

2.2

2:3

BASIC THEORY

Development of Noise Theory

The analysis of noise propagation along single-velocity
electron beams was developed by a number of authors1™7 in the
period 1954-~5, This work led to an expression for the
minimin neoise figure of the towe.t. and b.wea. This theory

is summarized below, the notation being that of Haus.S

Assumptions

Provided that certain assuﬁptions are made, the prop-
agation of ncise along electron beams is well understood.
The assumptions are that:

a) Electron flow is in the axial direction only and only one
ce-ordinate is used in the analysis (one~dimensional
assumption)e

b) Time-varying quantities are small compared with corres-
ponding time-average quantities (small-signal assumption).
=) All the electrons passing any beam cross-section have
the same velocity (single-velocity assumption).

These assumptions are believed to be applicable all
along the beam except in the cathode-~potential minimum
region where the spread in electron velocities is not
small compared with the average velocity. Where they are
not applicable the analysis is extremely complex.

Signal Propagation along Blectron Beams

In order to analyse the propagation of noise along an
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electron beam it is best to consider first the
propagation of a signal of discrete frequency.

The basic equstions used in the analysis are as
follows:

(a) Maxwell's equations:

curl B(?,t) = 1;%§%ﬁ(?,t) (2.1)

where ¥ = electric field
= permeability of free space

= magnetic field

LT 1Y o}

= radius vector

ct
i

time

(T denotes a vector quantity)
and curl B(?,t) = J(Z,t) + Eo§%§<?’t) (2.2)

where J = current density

€ = permittivity of free space

(.

(b) Assuming a totally z-directed (axial) electron

velocity, the force equation gives:

6v(r t) bv(? t) e

V(T )7 = 5B, (F,1) (2.3)

where v = electron velocity

e

T = electron charge/mass ratio

(¢) Under the same assumption the continuity eguation

gives:
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23(2,t) = -&p(F,t) (2.4)

where p = charge density

(d) Under the single-velocity assumption:

J(Z,t) = v(F,t)p(F,t) (2.5)
(e) From Gauss's law:
div B(Z,t) _ p(E,%) (2.6)
€

The small-signal assumption allows the electric and
magnetic fields, the charge and current densities and the
electron velocity to be split into time-average and very

much smaller time-varying parts, i.e.:

E(Z,t) = E(?) + B(?)cosut (2.7)
H(#,t) = H (F) + H(#)cosut (2.8)
p(?,t) = po(?) + p(F)coswt (2.9)
J(?,t) = JO(F) + J(?)coswt (2.10)
v(%,t) = u(®) + v(F)coset (2.11)

where ® = 21 X signal frequency

For simplicity these equations are solved first for an
infinite-parallel-plane beam, where the time-average
current density, velocity and charge density are constant
in the x and y directions. As the beam is confined to
the z-direction (e.g. by an infinite magnetic field) the
E_ ana Ey fields do not affect the beam. Making these

X

assumptions the space-charge equations are obtained:
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Jov + az(uv) = —aﬁaif (2.12)
. d .

Jud + ugyd = jep,v (2.13)

To simplify these equations the following parameters

are introduced:

Kinetic voltage modulation V = Zuv (2.14)
D.C. voltage. v, = %%‘ 2 (2.15)
Electronic propagation 'constant'g =% (2.16)
1] eP z
ion ' v S A 2,
Plasma propagation 'constant Pp u[mﬁj (2.17)
Egquations 2.12 and 2.13 become:
- v
. d s 2 o
-...__-V — 2018
J
; a A
[;pe + EE]J = J_%.r.‘;’v (2.19)

Considering a thin beam (radius < 1—), an infinite
e

number of space~charge modes exist but only the lowest order

mode couples strongly to the slow-wave structure. For this

reason a similar analysis to that worked out for the infinite-

parallel-plane beam can be applied to a thin beam. The only

difference is that & modified plasma propagation constant pq

is used related to ﬁp by:

ﬂq = pﬂp (2.20)
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where p is the plasma-frequency reduction factor, the value
of which depends on various beam operating conditions.
Details for calculating p are given by Branch and Mihran9o

The modified versions of equations 2.18 and 2.19 are

thus: 1

F + ‘V = jp.2 2Voi (2.21)
_‘?ﬁe dz| JF’q ﬁeIo ’

Belq

i aj. .
:][38 vl L ZVOV (2.22)

where 1 = a.c. current modulation
Io = d.c. current
In order to solve eguations 2.21 and 2.22 the

following parameters are introduced:

Beam characteristic impedance W = ?QFE (2.23)

(2.24)

Plasma transit angle

~6-~
1l
=
o
™

and 6= Jﬁedz (2.25)

8ye36] - jur[1e9f] (2.26)

&%[iejejl = -%E/‘eje] (2.27)
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Separating the variables we get the following

equations relating a.c. voltage and current

f_i.,}/’eje] w%ga—%bejﬂ + [ve®] <o (2.28)
—é—i-[iejej +%g%£“[ie39] + [ieje] =0 (2.29)

ag

2.4 Lossless Beam Transducers

Equations 2.26 and 2.27 are analagous to lossless
tapered transmission line equations. The r.f. power on
such a line, and the r.f. beam power, 1s given by:

P = IRe(Vi¥) (2.30)
(ﬁ denotes the complex conjugate of a complex quantity)

From equations 2.26 and 2.27 it can be proved that
%g = 0 and %%r: O showing thet the r.f. power in
the beam remains constant with change of plasma transit
angle (i.e. with distance along the beam) and with change
of beam impedance brought about by changing the d.c.
voltage or cross-sectional area of the beam. Because of
this conservation of r.f. power any region in which
the beam impedance is made to change with variation of
plasma transit angle is known as a lossless transducer.

Assuming that the electron flow is maintained
parallel to the beam axis by means of a large axial
magnetic field, the beam impedance W is altered in a

lossless transducer by changing the beam voltage V,



-1 -
using & series of electrodes at various potentials (W is
proportional to VOZB'_)o The way in which the impedance
transformation is brought about is characterized by the
relationship between W and #. This is controlled in
practice by the choice of electrode spacing and potentials.

Thfee fundamental types of lossless transducer which
give fairly simple solutions to eguations 2.28 and 2.29
are:
(a;1¥drift region where W is constant.
(b) An exponential transformer where W = W1ek¢
(W, and k are constant).
(c) A Bessel transformer where W = W2¢n
(W, and n are constant).
The exponential and Bessel transformers offer no
practical advantage over other ways of transforming
impedance. They do have the advantage, however, of
giving exact solutions to eqguations 2.28 and 2.29. For
this reason they are used as a basis for the design of
impedance transforming sections of low-noise electron
guns.
The drift region is the simplest type of transducer.
No change of impedance takes place along the beam which
is allowed to drift at constant potential. The solutions

. aw
of equations 2.28 and 2.29 with aa = 0 are particularly

simple:
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Jjrp .2 ~Jp. 2] =jp.Z
V = [V,,e Pq + Voe Pq ]e fe (2.31)

. jﬁqz 'jﬁqz R
1= W[V1e - Ve e (2.32)

These equations indicate the existence of two waves in
the beam, a 'fast wave' with a propagation constant of
(ﬁe - Bg) and a 'slow wave' with a propagation constant of

(ﬁe + ﬁq>° The phase velocities differ from the electron
B Be
ﬁe - e * Fq
As ﬁq is independent of W, the group velocity of both

respectively.

velocity by factors of eﬁ and
q

waves is equal to the electron velocity.

Analysis of Noise

The theory so far is for signals of discrete frequency.
In order to apply it to noise quantities it is necessary to
express the noise in terms of frequency-dependent voltage
and current modulation.

The magnitude of the noise at any point along the
electron beam is given by the time-dependent voltage and
current modulation V(t) and i(t) which are non-periodic,
noise being a random process. A Fourier integral
cannot be formed for a function over an infinite time
interval, hence the funtion VT(t) shown in fig.2.1 is
considered.

By letting T » o=, the PFourier integral:

w0

Vp(t) = ‘!'VT(w)ejwtdt (2.33)

- - D
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is obtained,

and the corresponding Fourier transform is:

o

1 -jwt
Vpw) = §RJ§¢(t)e 9905t (2.34)
similarly:
1 (5 st
ip(w) = §E‘(;T(t)e %3 (2.35)
—o®
N
A Vit
S
Vp(t) =0 if T <t or t < -T \(\\{\j / ggg\f
VT(t) =V(t) if -T <t < T j
5 b ¢
-T )

FIG. 2.1

Ls T is allowed to go to infinity'VT(t) and
ip(t) represent the random functions V(t) and i(t).
The Fourier transforms thus give the frequency-
S.epefldent voltage and current modulations VT(OJ) and
ip(w) in terms of the time-dependent modulation V(t)
and i(t).

The theory of signal propagation can now be applied to

noise using the quantities VT(w) and :.T(w) Just as a

signal on a beam in a drift region consists of a fast and



- 1 -
slow wave, so fast and slow nolse waveg can exist, one of
each for each of the infinite number of frequencies in the
bandwidth under consideration. There are thus an infinite
number of waves, all with differing propagation constants.
However, if noise at a single frequency only could be
observed, just one fast and one slow wave would be found.

In common with other linear, passive networks the
relationship between current and voltage modulation at
any point along a beam undergoing a lossless transform-
ation is linear. Considering any two cross-sections of
the beam at a and b on the beam axis, the frequency-
dependent noise modulations are related by the following

matrix eguation:

wyp(W) = K wopl(w) (2.36)

where wop(w) = ’%3T@gf (2.37)
ip(w)

and  wyp(w) = .%ET(wj- (2.38)
ibT(w)

(_ denotes a matrix quantity)
In order to satisfy the condition of conservation

of power, the 2 x 2 matrix K must satisfy the equation:

~4
R (2.39)

+
K =R

where R = |0 1 (2.40)
10

o
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{ denotes the Hermitian conjugate and 1 the inverse)

By definition let:

PR
o
[
e
it

Limg [Vp(6) f (2.47)
s o

= self power density spectrum of the noise
voltage modulation.
TR Lol |2
Hw) = Jimg [ig(w) (2.42)
Y e e

= gelf power density spectrum of the nolse

current modulation.

/ - o _I% o No ‘.;g .
Olw) = LingVp(w Jip(w) (2.43)
T -0
= cross power density spectrum between noise

voltage and current modulations.

( signifies an ensemble average)

.

’"@

Then 1img WT(&UWm{wj = W (2.44)

fla oy (S v

.'l

-
1)

and from equations 2.36 and 2.39 the relationship between

Cf\
e

gy

the W matrix at a and b when the beam passes through &

lossless transducer is:

A
I, RK (2.45)

¥

{
t =

Wy R = K

o

Bguation Z2.45 shows that the trace and determinant of

the matrix W R -[® @ 1

%

1Y 49@j remain constant when the beam
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undergoes a lossless transformation.
Let Re® =TT (2.46)
Im® = A (2.47)
and BT - A9)7 = s (2.48)
Then the trace of W R is 2l and the determinant is

hd Szc

1

T

S and TU are thus two quantities which remain constant
throughout any lossless transformation.

2.6 Minimum Noise Figure of a Microwave Amplifier

To carry out calculations for an amplifier as a whole it
is more convenient to work with wave amplitudes instead of
current and voltage modulation. The amplitudes of the fast
and slow noise voltage waves in a drift region (see equations
2.31 and 2.32), normelized by multiplying by %W are used,

At a point a on the beam the relationship between the
normalized noise wave amplitudes and the voltage and current

modulation is given by equations 2.31 and 2.32 as:

fIQ») =T, YEEQA) (2.49)
where fgﬁw) = [;1T(w) (2.50)
|=2n()
and 3%: 2;27,— 1TW, (2.51)
* -1 Wa

A similar relationship exists at point b.

Defining the 2 x 2 matrix:
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= S
A= linS5a () (w (2.52)
£ T.ioon@ fI( )
From eqguations 2.44 and 2.49:

+
A=2 Ta W, T (2555)

giving the following relationships between the elements of

the é and Wa matrices:

Ay, = -j’;[%} + WY + 2TTJ (2.54)

_ o, E .3.[ ? : )
A= by = %= 5 + WP+ 234 (2:55
hyp = ;;[% £ WY - zn] (2.56)

From which the invariants S and 1T are given by:
[ 2 2]z
S = L(A,al,l + A22) - L&-,A;*zi} (2057)

IT: A11 - A.22 (2°58)

Slow-wave structure input

aBT(Loi Lbﬂ(w)

Beam  *T(W) b)) Bean
i t i ¢ tput
inpu aop (w) , bZT ((,3) outpu
&) (W )T Tb LT ()

Slow-wave structure output

FIG, 2.2
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Consider a beam-type microwave amplifier as shown in
fig.2.2. The normalized amplitudes of the fast and slow
noise waves on the beam are a1T(w) and a,n(w) at the input
to the slow-wave structure, and byp(®) and bop(®) at the
output. Similarly the incident and reflected noise waves
at the amplifier input and output are aET(w) and b3T(w),
a,p(®) and byp(w),

Under the small-~signal assumption the relationships
between the a's and b's is linear and can be represented in

matrix form by:

bp(@) = & ap(w) (2.59)

:iam(w)“ (2.60)

i

where f‘_l‘_(w)
ap(w)
a3p(w)
2]

bp(w0)] (2.61)

1}

and E.T.(w>
bop(w)
b3f}3(“’)

_:DA—T(OJ)

It can be shown that if the amplifier is lossless, G must

satisfy the condition:

erpg =p (2.62)
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where P = [1 0 0 O (2.63)

0 0 1 O

0 0 0 1

g —

Assuming thet the amplifier input and output are matched
to the source and the load respectively, b3T@0) =0 and

\:O
a&PQO) .

Then the noise at the amplifier output produced by

the beam noise within the narrow frequency band AT is:

- 2% ) %
Ny o= T [41 ayp@) * G, pan(®) [ 1| Cyrzap(@) + Gz+2a2T<w)]

XLTAT

2 2 3
= AﬂAf[)Ghﬂt Ayy + ’GAZI Ay, + G41G42 Ay + G41 GqZAZJ

from equation 2.52.

= Mﬂf[( |61 f2 * lGAz[Z)(Wa?a ¥ fv‘“%

® w a
+ (6, >9 + Gy G )W - )

a
e 20 - [0+ 2(e,48,." - 0", )BT - 597
(2.64)
from equations Z.46 - 2.43 :nd 2.54 =~ 2.56.
The noise at the amplifier output produced by the

input circuit is:

N = lim TLGZQ—Z&ZT( )']i. jaBT(w)]xAj?&f (2"65)

o T.ag;x«
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Acgording to Nyguist  the power at the amplifier

input within the freguency band af is:

1im*2*1ra2 ()8 2m(w) 4maf = KTaf (2.66)
%357 N
Tos o
where k = Boltzmann's constant
T = input circult temperature
Hence N_ = |G 7}2kTAf (0.67)
- o] L3 ] 1

The noise figure of the amplifier is given by:

N3
F=1+7F (2.68)
O

Assuming a fixed input circult temperature, N,

is constant. The noise figure is minimized by adjusting

A
fr g
- “a A
the beam paramsters Wéka and - at the slow-wave structure
8

input to give as low a value as possible for N..  This iz
schieved in practice by adjusting the gun electrode voltages
end zlso possibly the length of the drift space between the
final anode of the gun and the slow-wave structure. For
conservation of power, 5 and 11 remain constant.

For minimum Ni it is found that:

2
Ghq = Gypl

WY, = e = 2 5|5 (2.69)

G4l =[Gz

2
I N I o70)
W 2 2 2.70

S | TR I P
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From equations 2.6k and 2.67 - 2.70 the minimum noise

figure:

Frin =1+ a1 3 HIG‘MI °- (Gazlzls + (|G °. |G4212>T‘]
|.,3]
(2.72)

2
where ‘GABI is the power gain of the amplifier and G, is
the output reflection coefficient.
The maximum available power gain G is obtained when the

output reflection coefficient is zero, i.e. from equation 2.72:
2 2

Substituting equation Z.73 into 2.71:

on 1
Fin=1+ —-@(1 - EXS 1)) (2.74)

Equation 2.74 gives the lowest possible noise figure
for a tewst. Or bewea.. It is achieved by:
a) Matching the amplifier input and output to the source
and load respectively
b) Optimizing the beam operating conditions at the slow-
wave structure input by the correct adjustment of the
voltages on the transducer section of the electron gun.
The only beam parameters appearing in the expression
for F 4, are S and T{. These remain constant when the beanm
is subjected to any lossless transformation, provided that

il

the conditions stated section 2.2 apply. These conditions
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can be assumed to apply along the beam from a point just
beyond the potential minimum where the beam has been acceler-
ated to a potential of a few volts. From the cathode to
this point the velocity spread is comparable with the mean
velocity. Here the single-velocity assumption can no
longer be made and S and T do not necessarily remain constant.
The best noise figure is thus a function only of the pro-
cesses in the multi-velocity region which determine S and T
at the input to the single-velocity region. The nature of
these processes 1s obviously of prime importance and has
been the subject of much of the published work on low-noise
towot's and bew.a's. Mathematical analysis of multi-
velocity flow is difficult, often involving computer calcu-
lations, and no complete theory has yet been put forward.
Encouraging practical results have been obtained recently,
however, using an extended low-velocity region immediately
in front of the cathode. This appears to bring about a

considerable reduction in the value (S ~ M),
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3. REVIEW OF PUBLISHED WORK

3.1 Barly Work

The earliest measured t.w.t. noise figure was 11dB

reported byKompfner11 in 1947. By 1952 8.2dB had been
achieved by Peter120

Soon afterwards the theory presented in chapter 2 was
developed. However, considerable doubt still remained as

to the processes which determined S and T{ in the multi-

velocity region.
1-5,7,8

A number of authors obtained a value for F i,
by taking the potential minimum which occurs in space-~
charge limited flow as the reference plane after which
single~velocity flow could be assumed. To evaluate S and

T at that plane the following assumptions were made:

13

a) The noise current corresponded to full shot noise 7,

f.eo 12 = PLMAP = Deinf
el

hence ¥ = 7¢ (3.1)
b) The velocity modulation was that given by Rack14,
5 2 eafkT
2
ic€e v = élﬂtﬁfe = C()_{_ - TT)
2 mI
(mu)
2T | 5
where u = o = average electron velocity at the
reference plane.
and Tc = cathode temperature.
sz 2

hence & = Sroe (4 - X) (3.2)
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¢) The current and velocity fluctuations were uncorrelated,
1e€0 A = TT =0 (305)

From eguations 2.48 and 3.1-3.3:

1 1kT
8 = (39)°% = (4 - M5 (3.4)
Substituting equation 3.4 into 2.74:

T

1 B
Fpin =1+ (1 - 6)(4'° szj% (3.5)

Substituting typical values into equation 3.5:
gain G>» 1

1200°K

i

cathode temperature T0
input temperature T = 3OOOK

= 404 or 6ol+dB

Fmin

The most dubious assumption made in this calculation
was the use of full shot noise at the input to the single~
velocity region. It is well known that at low frequencies
the potential minimum has a smoothing effect on the noise
current. It seemed likely that a similar effect could
occur at high frequencies although no simple analysis was
available.

The disadvantage of having to meke ratherg severe
assumptions in order to obtain an analytical solution was
overcome by Tien and Moshman15’16 by a 'Monte Carlo’
calculation. They carried out a computer analysis using
random numbers to simulate the rate, time and velocity of

electron emission. Numerical integration was used to trace
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the individual electrons through the multi~velocity
region of a typical space-charge~limited diode. They
found that the potential minimum affected only the noise
current modulation. This varied considerably with
frequency, the corresponding minimum noise figure varying

between about 1.5dB at 2.5klc/s to 7.5dB at Lkllc/s. At

i
X

very high frequencies the noise current approached the
full=shot-noise value.

An approximate analysis of a high-frequency diode
under space-charge-limited conditions was carried out by
Siegman and Watkins1/. They calculated the response of
the potential minimum to a fluctuation in time of the
cathode emission.,  Assuming full shot noise at the cathode,
the noise at the potential mirnimum was found to be reduced
at high freguencies. At lower frequencies (about 0.7
times the plasma frequency), and at high degrees of space~
charge limitation, a maximum greater than shot noise was
predicted similar to that found by Tien and Moshamn.

Siegman, Watkins and HSieh18 used a'density function’
method!? of analysing propagation through a multi-velocity
regicn. This method also employed numerical integration.
They assumed full uncorrelated shot noise at the potential
minimum.  The multi-velocity flow beyond that point
resulted in a lowering of S by a factor of 0.7, and an

increase of TT to above 0.3 times the initial value of S
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The minimum noise figure was thus about 35dB, compared
with 6zdB if S and T hed remesined constant.

The Currie Gun

In 1958 it was proved that noise figures considersbly
lower then 65dB could, in fact, be attained when Currie and
L2t . - .
Forster™ 7 reported a figure of 3.7dB for a bew.a. Since

2221 the best figure

then further improvements have been made,
being 14B reported by Hammer and Thoma327 for a liguid-
nitrogen cooled tube.

Fig.3.1 shows the electrode arrangement of the criginal
Currie gim. An annular cathode was used, producing an
annular beam. Similar results have been obtained using a

26

conventional button cathode and & solid cylindrical beam“’ <0,

The el®trode arrangement was somewhat similar to that of Peter's

N

, 1 . .
electron gun =, & control electrode being used near the cathode.
However,whereas Peter used a negative control electrode, Currie

operated his gun with the control electrode positive with

spect to tie cathode. The resulting potential profile

)
M

r1lowed the electrons to drift at a low velocity befcere

jav]

reaching the potential minimunm. The electrons were prevented
from moving sideways by immersing the gun in a strong axial
mzgnetic field (up to 0016Wb/&2>0

ng the average beam current constant by adjusting

Tq

e

Keep

ancde 4 voltage and the control electrode voltage, Currie and

, 2 . . . . .
Forster®® observed a fairly shearp minimum in the noise figure.
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Ag the control electrode voltage was increased the beanm,
as observed on & fluorescent scresen, was found to split up
from a solid annulus to two concentric beams. The minimum
noilse figure occurred when the beam had just started to split
Upe The minimum noise figure also coincided with an abrupt
change of slope of the anode 1 against control electrode
voltage characteristic. Berghammer28 attributed this change
of slope to the '6L6 effect’ - & sudden drop and then limit-
aticn of the beam current as the current injected into the
anode 1-2 region was increased by increasing the control elect-
rode volfage. This limitation was due to the formation of
a virtual cathode in the anode 1~-2 region - a potential minimum
of zero potential where some slectrons entering the region
were truned back and others passed through, according to their
velocityo.

Hysteresis in the beam current as the control electrode
was altered was predicted by the one~dimensional analysis of
virtual cathode formation by Salzberg and Haeff2?, No such
hysteresis was observed by BerghammerZB in tests with a low-
noise electron gun. Using a similar gun in later experiments,
Eichenbaum end Hammer2© were able to induce hystersis under
certain conditions and believed it to be dependent on the

trapping of positive ions. They also observed changes in

# So~called because it was first observed in the grid-

anode region of a 6L6 beam power tube.
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the elscbron beam profile on formation of the virtual
cathode using a pinhole analyser.

It seems that there are two main featuresg of the Currie
gun which affect the beam noisiness:

) The unique potential profile produced by the positive
control electrode. This allows the electrons leaving the
cathode to drift at a low velocity for e relatively long
distance before they are accelerated,

b) The formation of a virtual cathode with the accompany-
ing changes in d.c. beam current characteristics and beam
profiles.

Measurements by various workers have shed some light on

b

he way the beam noisiness 1s changed by these effects.
Currie and Forster2? found that as the control electrode
voitage was increased (keeping the beam current constant by
sltering anode 1 voltage) the noise figure passed through a
minimum which coincided with the formation of & virbusl
cathode. Zacharius and Smullin”' used the double-cavity
apparatus developed by‘Sait052 to measure independently

the beam parameters S and‘n/S for a Currie~type low-noise
ZUlo They observed a similar minimum in the quantitity
S=TT (proportional to noise figure). They found thet it
was caused almost entirely by a change of S, TT remaining
negligibly small, Mueller55 observed a rather different

effect, He found that when the control electrode voltage
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was increased (keeping all other voltages constant)
a sudden drop in noise figure of up to 2dB took place.
This drop corresponded +to the decrease in beam current
due to the formation of a virtual cathode. He also measured
hysteresis in the noise figure corresponding to that in the
beam current.

The most revealing measurements on the Currie gun were
probably those made by Hammer %, He measured Fpin: S and 1T
over a wide range of control electrode voltages using a

moving-~helix tube., A similar dip in the noise figure to

22 was observed. The

that found by Currie and Forster
decrease in nolse figure when the control electrode voltage
was increased from a negative to a positive value was found
to be brought about by a considerable increase of TT and a slight
decrease of S, These changes indiceted that in the extended

low=velocity region beam noisiness was reduced mainly by

positive correlation between velocity and current fluctuations.

When the control electrode voltage was further increased so

that a virtual cathode formed S increased again but 7T remained
unchanged. The virtual cathode therefore had a detrimental
effect on the beam noise,

Theoretical Work on the Currie Gun

Most of the theoretical work on the noise-reducing pro-

cesses in the Currie gun has been concerned with the effects

of the low-velocity drift spece. Birdsall and Bridgesé5’36
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however, considered the effect of the virtual cathode.
They carried out compubter caleculations on slectron flow in
a diode into which electrons were injected. When the
injeeted current was sufficient for the formation of a virtual
cathode the value and position of the potential mimimum were
found to osecillate with large amplitudes. Electrons were thus
let through periodically giving rise to a modulated transmitted
current with an average value less than the injected current.
The frequency of oscillation was.near the plasma frequency
corresponding to the electron density at the potential minimum.
It seemed possible that in an electrom gun the fluctuations at
a lower frequency of a noisy injected current could be compen-
sated by such an unstable potential minimum, resulting in a less
noisy beam. Experiments to detect oscillations of the poten-
tial minimum showed these to be very much weaker than expected
from the theory.

An analysis by Berghammer37 took into account the low-
velocity drift space and the virtual cathode. He considered
a long, finite-diameter electron beam with a velocity spread
(assumed rectangular) very much greater than the electron
velocity. This condition is approximately satisfied in the
region between the cathode and the potential minimum when there
are electrons travelling in both directions due to the presence
of a virtual cathode. He found that in addition to the usual

fast and slow waves (equations 2.31 and 2.32) two reactively-



- 31 -
damped waves existed. . One of these corresponded to a
reflected wave which was excited only by discontinuities in
the propagating medium. It was assumed that only the other
wave, which hed a decreasing amplitude away from the cathode,
was excited by full shot noise. Reactive damping of this
wave was found to bring sbout a considerable reduction of beam
neise at freguencies below the plasma frequency.

Mueller and Currie’® used Siegman's density function
me@hod19 to analyse the change in S and Tl from the cathode
through an extended low-velocity drift region with a linear
potential profile (approximately true for a Currie gun).
Depending on the slope of the potential profile, S was found
to decrease with distance from the cathode and T{ to increase.
The more gradusl the slope of the potential profile the more
S and TT changed and the lower was the beam noise at the input
to the single~velocity region. Hence, in theory, consider-
able noise reduction should be possible by extending the multi-
velocity region in order to accelerate the electrons as
gradually as possible away from the cathode,

Theoretical work by‘Berghammer39 hes shown the existence

of spatial damping of the fast space-charge wave in a multi-

73

veloclty drift region by o process known as 'Landeu damping'.
with & Mexweiliazn velocity distribution,
the phase mixing of different velcclty clesses was found to
damp the fest space-charge wave. The slow wave remained un-

affected. The current modulation thus took the form of a damped
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sinusoid and approached a constant level over o distance
of several plasma wavelengths. This damping process was
observed experimentally by Caulton, Hershenov and Pascl’lkel*'O
using & movable cavity to measure current modulation on a
slowly drifting beam. A similar effect was observed by
Mihran®*! who studied beams with velocity spreads of about 10%.
It is possible that Landau damping could contribute twoards
change of beam noisiness in multi-velocity flow.
Conclusions

The Currie gun and developments of it have shown that
smoocthing of high~frequency nolse is possible by suitable gun
designe. The mechanisms which bring about the noise reduction
are not yet clearly understood. Most of the evidence, however,
points to the extended low~velocity drift region as being the
main factor which contributes towards low noise. Practical
and theoretical work indicate that both an increase of Tl from
zero at the cathode, and a reduction of S, are brought about
in such a region. The minimum obtainable noise figure which
is proportional to S=TT is thus reduced.

The effects of virtual cathode formation on beam noise are
uncertain. In general, however, experimental results seem to
indicate that the virtual cathode hus a detrimental effect by

increasing S, TT being unaffected.
5
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QUTLINE OF RESEARCH PROGRAMME

Objects of Research

The theory of electron-beam noise shows that the noise
figure of a beam-type microwave amplifier depends on condi-
tions in the multi-velocity region of the gun immediately in
front of the cathode. Currie has shown that very low noise
figures can be achieved by careful design of the electron gun.
Also optimum adjustment of the electrode voltages is necessary
to provide an extended low-velocity region in front of the
cathode, The feormation of a virtual cathode within the gun,
with the accompanying hysterisis effects and changes of beam
profile, appears to have an effect on the beam noise.

The objects of the research reported here were to investi-
gate the factors leading to the production of a low-noise
electron beam by the Currie gun. In particular the effects
of a virtual cathode and changes of beam profile were to be
studied.

D.0., Characteristics and Beam Profiles

The structure of the electron beam from a Currie gun has-
been found to show marked changes as the control electrode
voltage is varied22° The beam current characteristic shows
that a virtual cathode can form within the electron gun28 and
under certain conditions a hysteresis phenomenon has been
observedzoo‘

In order to study these effects in detail two electron



L3

- 3 -
tubes were used. They consisted of an envelope
containing a Currie~type gun and a fluorescent screen as
the collector. To observe any changes in the beam
structure along the bheam axis, the collector of the second tube
could be moved along the beam axis.

The changes of beam current and its structure were noted
for a wide variation of voltages on the control electrode and
anodes 1 and 2., Particular attention was paid to the
hysteresis effects accompanying the formation of the virtual
cathode and to the effects of positive ilons.

Noise Measurement

The beam noise parameters S and TT can be measured by
passing the beam through either a helix or two cavities.

If a helix is used343 S and TT are derived from the maximum
and minimum noise figures obtained when the distance hetween
the gun and helix is varied. If cavities are usede, the
signal from one movable cavity is sufficient to measure S.

A second movable cavity is reguired to measure TT .

Because of the limited facilities for tube construction,
it was decided to keep the noise measuring apparatus as
simple as possible to start with. A tube with a single
cavity to measure S was designed and built, together with a
radiometer microwave measuring system. Published work on
the measurement of 5 and TTBﬁ’EA‘has shovm that the formation

of a virtual cathode changes only S. Thus a single cavity
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tube should be sufficient fo observe the effect of a
virtual cathode on bean noise, Up to the time of writing
no results have been obtained from this tube.

The design of the S-measuring apparstus was such that
it could be fairly easily adapted for the measurement of
S and TT.  The modification consists of replacing the
single cavity by two cavities. Some addition to the

microwave measuring apparatus is also necessary.
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APPARATUS

Auxilary Equipment

In addition to the three electron tubes a considerable
amount of suxilary egquipment was necessary. This included
a high-vacuum system with facilities for baking tubes and for
vacuum measurement. A gpecial power supply was necessary for
the multi~electrode electron gun. Two solenoids for beam
focusing were required together with a cooling system and a
high~power current-stabilized power supply. None of this
equipment was available commercially except at a prohibitive
cost and so it had to be designed and built at the University.
This part of the research programme took a little over two
years to complete.

Vacuum System

The layout of the high-vacuum system is shown in fig.5.1,
and fig.5.2 is a photograph of the system. The components

used were as follows:=—

Backing pump Metrovac DR1

Magnetic valve Edwards D11206

Pirani gauge Pye 11013

0il diffusion pump Edwards F203

Cold trap Edwards NTM28

All-metal valve Edwards MCVL

Ion gauge Mullard EIP2

Ton gauge control unit Edwerds Model 1 control unit

and Model 1 amplifier
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A reservoir of zbout Q.25 cu.ft. capacity, and
) maﬁualshut—of%’valve, were fitted between the pumps. It
was possible to run the system for periods of up to a week
with the backing pump switched off and the diffusion pump
pumping into the reservoir,

An sll-metal bskeable valve was fitted between the
diffusion pump and the electron tube.  The rate of leakage
through the valve when closed was found to be so great that
it was not possible to maintain a high vacuum in the tube
with the diffusion pump switched of'f as was originally
intended. To try and overcome this difficulty the stainlessw
steel valve seating was replaced by one made of 0.F.H.Cs
copper. However, there was little improvement in the
closed conductance.

Vacuum measurement was by means of g Pirani gaﬁge on the
backing~pressure side of the system and an ion gauge on the
high-vecuum side. Using an Edwards Model 1 ion-current ampli-
fier it was possible to measure pressures down to 10“9mmHg.

A 6 kw. controlled oven was made which could be lowered
nver the electron tube, ion gauge, all-metal valve and the top
half of the stainless~gteel cold trap. The maximum baking
temperature was limited by the glass to 450°C. and with ligquid
nitrogen in the cold trap a vacuum of zbout 10"8mmﬁg could be
attained in the electron tube. This figure could be further

improved by disolating the electron tube and don gauge from the
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rest cof the system with the all-metel valve snd then

10mA.  Bescause of the poor closed conductance of the all-
metal valve the diffusion pump could nct be switched off during
this operation.

Small leaks on the high=-vacuum side of the system were
detected using methyl alcohol. When drawn into the system
through a leak this caused an increase in the ion gauge
pressure reading. A hypodermic syringe was used to place
one or two drops at a time on suspected areas cnd thus deter-
mine fairly sccurately the position of the lesk. The methcd
proved to be rather slow &t times because the methyl alcchol
could take up to several minutes to get into the system if
the lesk was very smalls

Note on Bakesble Vacuum Seals

Considerable difficulty was experienced with beskeable
metal vacuum seals, It was proposed originally to use
Mullard VMS series stainless-steel knife-edged sealsh?

These were to be used in the vacuum system between the cold
trap-and the metal closure valve, and for sealing the demount=
able flange of the moving-screen electron tube., . Fig.5.5% shows
the cross section of these seals. Copper washers are used as
the sealing medium sandwiched between the knife edges and the
flange faces. A slot between the knife edges provides the

necessary elasticity in the seal tc ensure gcod contact when
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the seal is baked.

In practice the seal used in the vacuum system
(knife edges 3.625" diameter) repeatedly developed a leak
after baking at 450°C. Finally, after increasing the
flange thickness from " to 1", a permanent seal was obtained
end it seems likely that the main cause of the trouble was a
slight bending of the flanges.

The-experience gained,and the considerable time wasted,
with this type of seal has shown that great care is necessary
to meke & successful leak-proof joint.  The flanges should
be thick encugh to prevent bending, and their surfaces should
be flat (perferably ground) and scratch-free. All dust must
be removed from the mating surfaces. = The bolts must be
tightened evenly using a torque wrench by exactly the right
amount (gap between knife edges reduced by 0.002" to 0.003").

The smaller seal (2.25" diameter) used on the electron
tube was also found to leak and it was decided to use an
aluminium wire sealX? instead. This proved to be very much
more satisfactory ag the assembly procedure was much less
critical. A length of 1mm diazmeter z2luminium wire was
welded to form a loop using an oxy-acetelene flame. — The
wire was clamped between the flsnge faces with sufficient
pressure to considerably distort it. - The assembly was then
baked at 420-450°C for a sufficiently long time to enable the

flanges to reach that temperature.  The bolts, of high-
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tensile steel, had a lower coefficient of expansion
than the stainless-steel flanges and further compression
of the wire took place on heagting. -~ The baking caused
partial welding of the aluminium to the flanges giving a
lesk-tight seal which could only be broken by forcing the
flanges apart, Holes were drilled and tapped in one of the
flanges for this purpose.

Typical figures for a successful test seal were as

follows:z=
Diameter of aluminium wire 1mm
Diameter of wire ring 2.25"
Bolts 5 5/16"8.5.F. on
215" P.CoDs
Torque on bolts 301ba1It.
Flange thickness 0. 75"
Baking temperature L50°C.
Baking time 6 hours

Width of wire ring after baking 0.2"

This type of seal was also used on the moving-gun electron
tube. To reduce the strain on each bolt, the number of bolts
was increased to 12.

5¢4 Blectron Gun Power Supply

Because of their multi-~anode construction the electron
guns used required several voltages, all independently variable.

A bvackward-wave oscillator power supply, which was conveniently
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at hanl, was modified to give the following outputs:
1 2 0/P's =25V to +25V  mA )
2. 20/P's 0 to 50V 1 mA
3. 20/P's 0 to HBOV 1mA . >anode supplies

ke 2 0O/P's O to 100V 1mA

5. 2 0/P's 0 to LOOV 1mA

6. 1 0/P 100 to 1500V 50mA collector supply

All voltages are with respect to earth, the electron guns
being run with a grounded cathode.  The anode supplies were
duplicated so that voltages on the inner end outer sections of
the anodes could be varied independently. Provision was also
made for linking each inner section to the corresponding outer
one by moving one switch.

The output resistances of the anode supplies were 500 to
100081 .  This figure was considered to be good enough because
when operating correctly the anodes should draw no current.
The ripple was less than 2mV.pk-pk. on all the supplies
Solenoids

Fig.5sl shows a sectional view, and £ig.5:5is a photo-
graph of the first solenoid built for beam focusing.

Aluminium foil-was used for the three windings.  The turns
were insulated by coating the foll on one side with a C.0002"
thick epoxy resin film and beking for 1 hour at 180°C after

winding. The coils were of the following dimensions:
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Centre gcil End coils
Length Eo75" 0.875"
Inner diameter 2.875" 2.875"
Outer diameter Tah25" 7a125"
Foil thickness 0o 05mm 0.075mm
Number of turns 979 622

The end coils were positioned with their centres 4" along
the axis from @he centre of the centre coil. They were
connected as shown in fige5S.l so that the current in each end
coil was one-half that supplied to the sclencid as a wholes
The directions of the windings were such that the magnetic fields
due to the centre and end coils aided one another,

The magnetic flux density B at a point on the axis of a

coil distance d from its centre is given by:

d

| i 5

1 b+ \kl +d)" + b
B=suds(l+ d)ln

2/ a,@-‘j(l-i—d)zi-azj
i -y
b+ Jo - )2 - VY

[
+ (1 - d)lnL ey az“Jj

(5.1)
Where/“o = permeablility of free space
J = current density
21 = ¢oil length
a - = inner diameter

outer diameter

o
it



The foil thicknesses and ooll dimensicns and connections
were chosen such that the short end coils had a current
density 2.61 times that of the ceuntre coil, e flux density
characteristics (caloulated using equatiocn 5.%) were as shown
in figebHebo It can be seen that the tobal contribution from
the three coils resulted in a substantially consbant magnetic
field over the centre 6" of the solenoid, and a drop of only
10% at the ends of an 8" length., The dotted line in fig.5.6
shows for comparison the charachteristic of a single coil
ocoupying the same space as the three soils used and having
the game field strength at the centre, There is g considerably
greater drop in magrnetic Field at the ends (30% at the ends
of an 8" length)., This curve shows the advantsge of using the
three-coil systems

Fige5.6 shows that the thecretical field str ength at the
solenoid centre was 6.73 x 10®5Wb/m4 per zup of supply current,
Measurements using a ballistic galvenometer showed that the
actual field strength and distribution were within 3% of the
caleulated values as shown in fig.5.6. The measured flux
density characteristic appeared, in fact, to be slightly more
uniform over the centre portiocn ¢f the coil than the calculated
characteristic. = The reason for ihis differen@é was probably
that the centre of the poil was slightly hotter than the ends
because the ends were cooled. The winding resistance at the

centre was thus higher, and the current density lower, than ab



MEASURED FLUX

TOTAL CALCULATED FLUX

END LOILS

i

)

AME

7

FLUX DENSITY /
CENTRE Colt  (Whb/m

4 2

£
®
9,
o

CENTRE (oOlL

.L_ ..W,MG.‘,.*

AXIAL DISTANCE FROM CENTRE (mcars)

ENTRE. éom /,/ }

.
,“/, S

E’\?D
CO?»/

FIG.5.6 SOLENCID  CHARACTERISTICS




the ends.

The total solenoid resistance was 3,560, rising to L.780
at the maximum operating temperabure., Thus at the maxioum
field strength of 0.16Wb/m?(24.84) the power dissipation was
2.8kw.

The efficient cooling of such a solenoid is very important,
particularly when it is supplied from a constant current scurce
(which is necessary %o meintain a constant field). With a
constant current supply any increase of resistance due to
heating causes an incresse in the power dissipsted and further
heating. If the cocling is insfficient thermal runaway can
ocour. Using aluminium foil for the windings instead of the
conventional round section copper wire greatly eases the coocling
problems; din fect it is doubtful whether it would be possible
to dissipate 2.8kw in a wire-wound sclenocid of the size useds
With foil the thermal resistance is relatively low in the axial
direction due to the absence of any axial electrical insulation
barriers which tend to be poor heat conductors. Efficient
cooling can be achieved by circulating transformer oil around
the ends of the coils. With a wire-wound coil the thermal
regsistance would be much higher in all directions and the cenire
of the coil would tend to get very hot. Copper foil was cone-
sidered as this is more efficient than sluminium, hewving s
lower specific resistivity. However, aluminium has the

advantage of being lightewr, cheaper and much easier o obiain.
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The transformer oil was cooled in a heat exchanger. A
spiral pipe through which the oil was pumped was surrounded
by a tank through which tap water flowed. At the maximum

power dissipation the rise in the solenoid resistance indicated

a mean temperature of zbout 110°C.

The solenoid was mounted so that it could be turned independ-
ently about horizontal and vertical axes, and moved vertically
and laterally. In this way fine adjustment of the electron beam
direction was possible with a rigidly mounted tube.

A second, longer, solenoid for use with the moving-gun

electron tube was designed on similar lines by Mr. G.R. Nudd,

the specification being as follows:

Centre coil End coils
Length 12" 2.25"
Immer diameter 3" 3"
Outer diameter 9" o"
Foil thickness 0,002" 0,003
Number of turns 1365 940
Overall length 17.5"
Total resistance 2.73.0
Flux density at centre per amp 5. 77Wo/m2

Solenoid Power Supply

The solenocids required stabilized d.c. currents of up to
25A at about 3kw. It was not possible to obtain a commercial

unit to give this output, except at a prohibitive cost and it
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was therefore necessary to design and build such a power
supply.

The supply was designed to the following specification:
Stabilized d.c. output current 5~30A continuously variable,
OQutput voltage 0~135V depending on the load.

Maximum output power L.OBkw.

Semiconductors, including silicon controlled rectifiers,
were used throughout. As the circuit is particularly
interesting it is described below (see also reference L)

a) Introduction

Constant-current power supplies using d.c. machines have
6

been described by GarwinhE, Johnson and S:LngerlF s, and Garwin,

Hutchinson, Penman and Shapiro“yo

In each case the series
control element consisted of a hank of power transistors in
parallel and the current was kept constant by reducing to zero
the difference between the voltage drop across a series resistor
and a reference voltage. Brog and MilfordS and Richardstd
used a similar regulating system but obtained their d.c. supplies
from rectifier circuits. It was found that with suitable
precautions stabilities of better than 1 in 105 dould be
obtained.

A similar type of current regulator was incorpcrated in the
equipment described below. However, it was decided to use only

semiconductor components and the d.c. source consisted of a

bridge rectifier containing silicon controlled rectifiers.
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This arrangement had the advantage that the voltage across the
series transistors could be automatically limited to a safe
value by means of an additional feedback loop.
b) General Principles

A $¥ematic diagram of the final circuit design is shown
in fig.5.7. Power was supplied to the load from the a.c.
mains through a single-phase controlled bridge rectifier and a
low-pass filter5o”52. In series with the load was the series
regulator consisting of five power transistors in parallel, and
a stable reference resistor R.

The controlled bridge rectifier used two silicon controlled
rectifiers 1 and 2, and two silicon rectifiers 3 and 4 as shown.
By varying the time after the start of the half-cycle that the
trigger pulse was applied to the controlled rectifiers the mean
bridge output voltage could be varied from zero to the usual full-
wave value, Fig.5.8 shows typical output voltage waveforms and
the change of mean voltage with pulse firing angle is shown in
fig.5.9, In this application the firing angle depended on the
voltage across the series regulator and reference resistor.

One of the difficulties associated with transistors is that
the collector-emitter voltage must not exceed a specified value,
even momentarily, otherwise the transistor will be destroyed.

In the circuit shown any change in load voltage, which may have
been caused by a change in the load current or resistance, was
followed by an appropiate adjustment of the output from the

bridge so that the voltage across the series regulator and refer-
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ence resistor remained approximately constant. The voltage
across the transistors, and the power dissipated by them, were
thus kept below the specified limits while the load current and
voltage could be varied over a wide range. - The lead current
depended mainly on the base current of the transistors and was
virtually independent of the collector-emitter voltage. The
difference between the voltage across the reference resistor
V. and a stable reference voltage Vo was applied to the input
of a de.c. amplifier which supplied the base current for the
series regulator transistors.

The feedback coupling was such that any difference between
Vs and V.. caused a change in the base current, and hence in the
load current, which reduced this difference (nearly) to zeroc.

A number of precautions must be taken in the design of such
a circuit.  For example, the d.c. output from the low-pass
filter does not respond instantaneously +to a change in the firing
angle of the silicon controlled rectifiers. Conseguently the
response of the pulse generator must not be too rapid otherwise
there is a danger of low-fregquency oscillations occouring owing
to positive feedback brought about by phase shift in the filter.
It follows that if the load resistance or current is suddenly
reduced it is possible that the rated collector-emitter voltage
of the series transistors may be exceeded before a reduction
in the output voltage from the filter takes place. It is

essential, therefore, that a limiting circuit should be included
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which, when a predetermined transistor voltage is reached,
increases the load current sufficiently to transfer the excess
voltage to the load.

Another factor is that if the load is inductive, as it is
effectively with the low=-pass filter, uncontrolled half-wave
rectification may cccur under certain conditions if the firing
angle is increased to 180° (i.e. if the firing pulses are
removed) too rapidly52° Suppose silicon controlled rectifier 4
(see fige5.7) and rectifier 3 are conducting when the firing
angle is increased to 180°, At the end of the half-cycle a
forward volbage is applied to rectifier 4 which conducts and
maintains the load current path through controlled rectifier 1.
If this current is still above the minimum sustaining current ab
the end of the second half=-cycle, controlled rectifier 1 will
continue to conduct and the sequence will be repeated., This
phenomenon occurred for small externsl load impedances even with
the retarded response of the pulse generater and it is to be
expected whenever the ratio of 1a6d inductive reactance to
resistance is sufficiently high. The effect was prevented by
so designing the pulse generator that the maximum pessible firing
angle was always less than 180°, An slternative, and scmetimes
preferable, remedy is to interchange rectifier 4 and controlled
rectifier 2, although one controlled rectifier must now be trans—
former-coupled to the control circuit and it is more difficult

to produce a rectangular driving pulse.
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The above system gave the high degree of stabilization
and low ripple associated with a series transisbtor regulator,
while the problem of providing a wide range of output current znd
voltage without exceeding the voltage and power ratings of the
transistors was overcome by using a conbtrolled bridge rectifier,
A readily adjustable power output of several kilowatts was
possible with high efficiency and reliability. Slow changes
of load impedance and input voltage were corrected by the
controlled bridge rec¢tifier.  Rapid changes were corrected by
the series transistors as long as the resulting change in voltage
was not so large as to saturate the transistors or to bring the
voltage limiter into operation. Under normal circumstances
this 1imit was not exceeded,
¢) Circuit Details
The compleﬁe circuit is given in fig.5.10. The type
numbers of the semoconductors etc. are as followss
Silicon tremsistors: Ty, Ty, Tg 00465 % Brush Crystal
T75 Tgs Tyo OCLESK) CooLitds

Germanium transistors: Tz, Thﬁ T5” T6 0C72 Mullard Ltd.

T44 CTP1736 ) Brush Crystal
Tys 2N1ﬂdm.g G Ltdo
Silicon rectifiers: D1, Do, D59 Dgs D73 BRa4 8553 Brush Crystal
BR, 0Y5067 ) CooLtde
Dz, D) DD716A Joseph Lucas Ltd.

Silicon controlled rectifiers: 8,4, Sp CS31M Westinghouse

Brake and Signal Co.Ltds
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Zener diodes: Zy4, Zp, Z59 24 ZL8 Brush Crystal Co.Ltd.
Fuses: Fy, F2 Y3C0RA General Electric Co.Ltd.
Fz, F) GS300/25 ) English Electric Co.Ltd.
Fey Fg GS300/50 )

The circuit is most easily considered in three parts as
follows:
(i) High-current circuit

The high-current circuit is shown by heavy lines and com=-
prises the main input transformer, controlled bridge rectifier,
power transistor series regulator and reference resistor.

The silicon controlled rectifiers (Westinghouse CS31M),
of maximum mean current 26A and maximum peak voltage 350V, were
each mounted on a2 heat sink of surface area 5ft2 and the silicon
rectifiers (Lucas DD716A) on a common heat sink of area 505ft20
All the heat sinks were air-cooled by convection and were of
black-painted aluminiums The five power transistors (Brush
2N1147A), together with the drive transistor (Brush CTP1736),
were mounted on a common 12f42 heat sink. This allowed a
maximum total dissipation of 150V, thus limiting the continuous
collector-emitter voltage to 5V at maximum current. The
maximum peak collector-emitter voltage was 60V for both types
of transistor. =~ The high-power transistors had 0.1 emitter
resistors to ensure that each carried gpproximately the same

current.

The Oo1Ll reference resistor was constructed of eureka wire.
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The maximum change of resistance on switching on to maximum
current was Oe2%.
High-speed high-rupturing-capacity fuses (English Electric
type GS) protected the circuit against current overload. A
resistor=-capacitor surge suppressor was necessary across the

transformer primary to limit supply or itransformer voltage

transients which may have damaged the rectifier592°

(ii) Silicon controlled rectifier control circuit.

The stabilized voltages needed for both control circuits
were obtained from three 8=9V Zener reference dicdes (219 Z2,
23) connected in series. The silicon controlled rectifier
control circuit consisted of a rectangular-wave pulse
generator which produced positive pulses, the leading edges of
which could be delayed by between 0° and 160” from the beginning
of each half-cycle.  To ensure that the controlled rectifier
current had time to rise to the minimum sustaining level the pulses
were made to last until the end of the half-cycle.

Transistors T, and TB formed a mounostable switching circuit.
At the end of each half-cycle capacitor C4 was discharged through
the diode Dy so that T, was cut off and T3 conducted. Cy then
charged at a rate determined by the time-constant C4R4.  Switching
began as soon as T, started te conduct and was accelerated by the
increase in the current through R4 caused by the decrease in the
collector current of T3o After switching T, conducted, T3 was

cut off and T4 provided the necessary drive to fire the contrclled
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rectifiers. T5 and T6 were used as switches to epply the
pulses alternsgtely to the two silicon controlled rectifiers.,

The firing angle was varied by altering the amount by
which Cy had: to charge before switching occurred, by changing
the voltage at the junction of C, and 02, which in turn was
controlled by the voltage across the series regulator. The
time~constant CZRZ was sufficiently long to ensure stébility
under all operating conditions., The sensitivity wes such that
the firing angle changed from maximum to minimum with & decreasse
of 2V in the voltage across the series regulator. The voltage
across the series regulator was adjusted to between 6 and 7V
by the potentiometer Rhf Slight adjustments could be made if
necessary when operating conditions were changed by means of the
external control Rjo

The relay ensured theat when the a.c. supply was switched
on the firing angle was a maximum (preset by the potentiometer Rﬁ)o
Switching on the relay brought the unit into normal operation.
(iii) Series regulator control circuit.

The series regulator control circuit used a long-tailed
pair input stage (T7 and TS)’ The emitter-follower current
amplifier (T9 and T1O) supplied the necessary current to the
series regulator.  The difference between the base voltages of
T7 and T8 was small at any load current. The latter therefore
adjusted itself so that the voltage across the 0.1l reference

resistor (T7 base voltage) was very nearly equal to the reference
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voltage (T8 base voltage). Changes of load current were
brought about by varying the reference voltage between 0.5 and 3V
by coarse and fine controls Ry and R7 respectively.

The 8-9V Zener diode %) limited the collector-emitter voltage
of the series regulator transistors should the load resistance or
current be suddenly reduced. If the voltage across the series
regulator increased sufficiently for the T,;4 base-collector
voltage to equal or exceed the Z# Zener voltage, Zh_conducted
and reduced the dynamic impedance of the series regulator to a
fraction of an ohm.  Any further increase in voltage then
appeared across the load.

d) Performance
The following tests were carried out using a resistive load:
(i) Load resistance change.

A suitsble load resistance was connected and the output control
was adjusted to give the maximum output of 30A at 435V. Without
making any adjustments to the power supply the load resistance
was gradually reduced to zero, The maximum change of load
current was found to be less than 0.05%. This test was repeated
at other, lower, load currents with the same result. The time
of response to a step-function change in load resistance was
1 millisecond.

(ii) Mains voltage change.
A 10% reduction of mains voltage caused a reduction in the

load current of about 0.1% at all load currents.
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(iii) Drift.

rbes after initial switehing on

During the first 10 mi

there was a lead current increase of 1%. There was a
further increase of about 0.1% in the next 20 minutes,

remained stable o within

after which the lead curre:
0.06%.
(iv) Ripple.
Figoehaeil shows how the maximum ¥y.mes. ripple current

varied with lead current.  The maximm ripple was 0.1% and

ceccurred at a current At the maximum output current

of 30A the ripple was C.08%,

o

(v) Efficiency and 1

of efficiency and input

Pigohodd also shows typical

rrent at constk values of lead

power fachor s

volbage. The maximumn
pewer.  The dinpub pow
e85 and 0.38s
e) Conclusions.

The tests deseribed sbove show that the performance of the

fastory.  After an initial warming-

power supply was very sabi
up period the output current remained constant to about 0.05%.
The initial drift was due mainly to temperature changes in the
Zener reference diocdes and to a lesser extent in the reference
resistor, If necessary the stability could be greatly improved

by obtaining the reference voliage from s mercury or shtandard
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reference resistor. The ripple could

ain, and by screening

g

be reduced 1
the chokes and transformers to reduce the effects of leakage

£ the low-pass filter could be eased

flux, The requir

supply, since the amount

£ ripple would be decreased and its frequency increased.

Howsver, a three-phass itransformer and an additional rectifier

more complicated.
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electrede surrounding an annmular aperture through which the

beam passed. The centre elecirodes were supported by a

tre of the beam forming a

=
ot
o
D
i}
g
ot

cervamic pillar throug

‘Christmas Tree! structure. A1 the clestrodes were

connected to separate externsl pins except in the moving-gun

tube whers the limited number of siiding contacts made it
necessary to link each inmner electrode to the corresponding

outer one.

Under normal c¢persting conditions the heaters were run

‘ation was carried out by increasing

at TV, 2A, Cathode act
the heater voltage graduslly up tc 8V and holding it at that

figure for 1 minute. Care was taken tc ensurse that at no

time during the activation procedurs did th ‘essure rise

0
By

P

above QQ@%mmﬁgg

Tube 1

kS 2% i iy
£.15) was lent by the Mullard

This tube (figs.
Research Laborstferes. I% was used for preliminary studies of
the d.c. characteristics and beam profiles while the second tube
was being prepared. 1t consisted of a sealed-off glass
envelope containing an electiron gurn and 8 collector positioned
8 inches from the final anode of the gun. The collector
consisted of a glass screen with & conducting coating of %tin
oxide on which was deposited a layer of carbon. The carbon
glowed red at points of high current density giving a visual

picture of the beam current distribubtion. The sensitivity
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of the carbon was such fhet a bean current of about Lmph
was necessary to get a oclsar imege on thescreen, working
at a collector voltage of 1500V (the maximum available from

the power supply).

Tube 2

This tube (figs. 5.6 and 5.17) alsc contained an electron

gun and fluorescent-screen collector, In order to study any
axial variations in the besm structure, the screen could be
moved axislly = distance of wp te 6 inches from the final anode

of the gun.  Mevement of fie screer was by the acstion of an

e

exbernal magnet on a piece of rop attached to the screens

i

sereen by holding it over the

The carbon was deposited cn
smokey flame from & wax taper. In order to get better sensifti~
vity a thinner costing was derosited then in ture At &
collector voltage of 1500V & clear imege was obtaired with a beam
current of about 1.5mA. This fTigure is typical of the operating
beam current when the gon = vsed in 2 bvackward-wave smplifier,

The tube was made with a removable metal flange at one end
for easy removal of the electron gun.,  Ap sluminivm wire seal
was used (see section 5.3%)s A conducting coating of aluminium
was appliei to the internal surface of the glass epvelope using
conventional evaepcoratiocn techrnigues,  This was connected to an
external pin.

Although provisicn was made to seal this tube off, in fact

i

it was left permanently cemnected fo the wvacuum system and
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continuously pumped. It was thus possible to control the
pressure and study the effects of pressure on the beam
characteristics.

This tube had to be rebullt several times due to trouble
with the glasswork. The experience gained with the construction
of this tube showed that with the limited facilities for carrying
out glasswork at the University it would be best, in future, tc

keep glass structures asz simple and rcbust as possible.

Tube 2

a) Description
Construction of this tube is complete but up to the time of

writing ne results had been obtained from it. The tube was

ror beam and at the

lectron beam structure.
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To measurs ncoize the 15 movable an axial distance

sy through which the

beam passes. to be used as the

sollector tc observe ths beam profils.

Fig.5.18 is a sectionsl view, and fig.5.19 is a photograph
of the tube, it is &améun%ablej being in two sectlons joined
by flanges and an aluminium wire seal. Glass parts are as
simple as pcssibles Most of the complex structures are made
of ‘stainless steel joined by argon arc welding.

It was decided that it would be easier to move the electron

gun rather than the cavity because of the difficulty of making
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Movement of the

1iding coe-axial ¢

ng vacuum seals by

ha

un is achieved w

ce shown in Fig.5.20, A conical stainless-
ateel rod is mounted flexibily inko the wall of the vacuum

bellows. The Pree end

envelope by means of

_, .

Journal

of the bellows is screwed
Titted into a rotor which can be turned sbout a vertical axise.

ig dnelined at 109 to the wvertical

The axis of

the free end

and the axis of the rod is held

of the bellows being pushed

position. When tne rotor

not the rod) turns abo
0% to the
round in a

rod cannct turn about

Because it is
its own axis. tetwaen the outer and inner

t not the rod

of the ball to burn,
and the position of the
small end of the rod

inches and engages between

shown in fig.5.20. The rack

the %eeth of
is pushed forward (.25 inches for every revolutbticn of the robore
This mechanism thus transforms roitary motion outside the vacuum

The electron gun, attached

envelope to lin

to the rack, can be moved 10 lnches along the tube axis by
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ions to the gun anocdes are by means

fixed stalnless-steel

{earthed) is through the

The cavity, and also the

are at beam potential,
the tube as possible, is
potential difference bhetween

system. The connection

scale on the rack

coating of

glass tube,

conductor of the ao-ax’

b) Cavity,

The re-ern

A distrene mandrel

cavity as shown in FigoeBho2t{a). Copper was chemically deposited
on its surface using the 'Sel-Rex Lectroless? process.®  Once

a conducting film had been formed the mandrel was transferred to
a copper-plating bath.,  Sufficient copper was deposited to allow

the final outside size as shown in fig.5.21(d) to be obtained by

gven coaving of copper the

machining. Toc ensure a fad

% Sel - Rex(U.K. ) Ltd.,
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mandrel was rotated in the plating ath and its position
relative to the axis of rotation was occasionally changed.

s for the electron beam and co-

D

After machining to size, hol

distrene mandrel was then

]

axial ocutput were made. Th
dissclved in boiling trichloretheylene, leaving a hellow
cavity with a smooth internal surface and with no joins in
the walls. Figso, 5.22 and 5.23 show the cavity before and
after machining.

It was decided to make the resonant frequency as near as
possible to 3Gco/s, this being a typical operating freguency of a

backward-wave amplifier containing the type of electron gun

under test. The cavity dimensior
curves given by Morenc.”~ A re-entrant cavity consists

of co-axial transmission line

essentially of a short

at one end and with a capacitive

terminated with s shori-ci
load at the other. It was expected that the relatively large
hole for the electron beam would reduce this capacitive load
and give a higher rescnant freguency than that calculated using
the design curves where g negligibly small hole was assumed.
Because of the uncertainty of the resonant frequency, a test
cavity was initially made having the dimensions shown in fige5.24(a),
According to the design curves the resonant frequency was 2.66G¢/s.
Megsurement showsed the actual figure to be 2. 70@@/95 less of an

increase than was expected. A correction derived from these

ot
i

two figures was applied to the calculations of the dimensions
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FIG.5.23 CAVITY AFTER MACHINING
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= 63 ~
of the second cavity. The size for a theorebical rescnant

wn in Fige5.24{t).

. . o/ ;
frequency of 3.00Go/s worked out

v was, in fact, 3.00G¢/s.

The measursd value for this cax
The power from the cavity is taken out through the vacuum

envelope by means of a short length of BOL copper co-axial

line containing a matched glass/metal vacuum sealo This was

ronics Research Labeoratory

supplied by the Services Elec

Bradges.  The gaviby is

esy of Mr. T

through the sour

ing the apparatus

Hor volbage and the

TR

oscilloscope x - plates were swept ab 50¢/s and the y - plates

scope trace thus

3
oy
[0
@
[
foke
g,...J
[
&

were

: power reflected from the cavity

&5 the klvstron freguency was swept across the mode.  Resonance

~iatic due to absorbhion

soupling loop was

of power by the
adjusted to give the sharpest dip with total absorvtion of

power at resonance. The wavemster was used to measure the

resonant freguencys

A triple-stub co-axial tuner was connected as close as

possible to the cavity Lo provide rapid external correction

Qe s of the gavity. The method used was that

is derived from the change of
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V.S W. R, with freguency. First it is necessary to determine
whether the cavity is svercoupled or undercoupled. If a

“he detuned short-circuit position

voltage maximum occurs at
it is overcoupled, and & voitage minimum indicabtes under-
coupling. The detuned short-circult is the position of the
voltage minimum with the cavity detuned (in this case passing
a piese of metal through the hele in the cavity detuned it

adequately). The V.8.W.R., against frequency characteristic

(5.2)
(5.3)
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is the resonant Treguency.

fy and T, are frequencies at which the V.S.W.R, ry is:
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By this means the §_ of the cavity was found to be 2900
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measuring the noise cutput power of the cavity. The components

are as Follows:
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Ploorescent rnoise source Bendix TD38 tube in Mid-

Century MC10/32 mount.
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e Assceiates MA170
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d the University.

is a2 radiometer

\\\\\ eam and a reference noise source

are such that when

the | and vice-versa.
The sigral from the cavity and the attenuabed signal from the

measuring system. The difference

1noise source are

between these two signals is indicaied by the magniftude of the

30c/s square wave at the measuring system output. The power from
the cavity can be determined from the amount of attenuation of the
noise source necessary tc reduce this 30¢/s output to zero.

of 15,27dB above thermal noise

The noise
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%S A and is specilally

at the normal ope

designed for use under pulsed conditions. The power supply

55,

bed by Beam and Hughes

The noise tube is switched on and off using a square-wave pulse

generator which also supplies the voelbage to anode 1 of the

electron gun., When the noise tube is on, the beam is switched

of f by reducing smode 1 voltage to zero. When the noise tube is

offy, the gun works normally, ancde 1 veltage being sebt by altering

e height

A 10dB direstional coupler is used to feed the signals from

se anto the applifying section of

the cavity and the nolise

n

the apparatus, The superhetserodyne system has a single-ended
orwstal mixer and a klystron as the lecal oscillator., The
© a pre-amplifier with a 5Mc/s

30Mc/s dof. ampl:

bandwidth and a2 gain of 4O4B, followed & by an emplifier of 20Mc/s

bandwidth with a It was found necessary fo insert

an sgttenuator of 304B betwsen the smplifiers to stop them

Figo5.28(a) shows the type of signal to be expected at the

it where, for example, the contribution from

the noise source is greater than that from the cavity. The
feature of interest in this waveform is the difference between

the mean noise amplitudes due to the eletron beam and the noise

f...lf
o

source., Tha

It 1is then

signal to give the w
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RESULIS

D.C. Characteristics

The d.c. characteristics of the electron guns of tubes 1
and 2 were almost identical, The results cbtained using these
two tubes are therefore grouped together.

The following symbols are used for electrode voltages etc.
(see fig.3.1 for electrode arrangement). All voltages are

quoted with respect to the cathode.

Control electrode vcltage Vc The inner section
Anode 1 voltage V1 i eash electrode
Anode 2 voltage Vo was linked to the
Anode 3 veltage VB cerresponding
Anode L veltage VA, outer section
D.C. beam current Iy,

Magnetic focusing field strength B

Only Vs Vy and V, affected Iy, under normal operating
conditions. Anodes 3 and L form the transgéoer for optimum
adjustment of the beam parameters for minimum noise when the
gun is used in ¢ low-noise amplifier. In the measurements of
the d.c. characteristics the vcltages on these electrodes were
set at typical values of V5 = 50V and‘Va = 200V,

Figs. 6.1 and 6.2 show how I, vaeried with changes of V ,
Vy and Voo To plot fig.€.1, V, was held constant at a typical
value of 10V. Similarly in fig.6.2, V4, was held at 10V,

It can be seen that two distinct modes of operation existed,
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the dotted line indicating the transition between these
modes. Fig.6.1 shows that in mode 1 (to the left of the dotted
line) I, increased as either V, or Vy were increased. Fige6.2
shows that V, had no effect on Iy, In mode 2 an increase of
either V4 or Vp increased I, as indicated in figs. 6.1 and 6.2

respectively.  Increasing V, caused I} to decrease near the

transition point from one mode to the next. At higher values

of Vg, Iy, was virtually independent of V.

Beam Profiles

Figs. 6.3 and 6.4 are a series of photographs of the
electron-bean profiles as seen on the fluorescent-screen
collector, The bright areas indicate a high current density.
These photographs show how the beam profile changed in the
transition region from one mode of operation to the other as
V. was increased. V4 and Vp were held constant at 30V and
14V respectively for fig. 6.3, and at 15V and 25V for fige.6.l.

Fig.6.3 shows the transition most clearly. In mode 1, at
relatively low vélues of V., the current density was fairly
uniform over the whole cathode surface as shown in figc6s3(a)u
The brightness of the image increased as I, was increased.

The transition into mode 2 tock the form of a fairly sudden
reduction of current in the centre of the annulus only (i.e., mid~
way between the outer and inner edges). As V. was increased,
the dark area caused by this current reduction spread rapidly

round the ammulus. Various stages in this transition are shown
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in fig.6.3(b)~(d). Fige6.3(e) and (f) show that in mode 2
there was little change in the beam structure as VQ was
further increased, except for a slight blurring of the image
on the screen which can just be seen in fig.6.3(f). The
reduced current in the centré of the annulus gave the beam the
appearance of two concentric beams when operating in mode 2.
In fig.6.3 the ‘outer' beam is much more prominent than the
Vinner'beam.

In fig.6.4 conditions were such that the transition from
cone mode to the other occurred at a higher wvalue of V@Q
Consequently the current density was higher at the edges of the
annulus than in the centre when operating in mode 41, as shown
in figo6.4(a) and (b). The transition to mode 2 was again
caused by a reduction of current in the cenbtre of the annulus

only (figs.6.4(c) and (d)). This change is not as clear as in
"ig.6.3 because 6f the bright edges of the annulus in mode 1.
There was little change in the beam affer transition tc mods 2
as shown in figs.6.4(e) and (f).

Movement of the flucrescent screen along the beam axis showed
no change in the beam structure or dimensions under all opersting
conditions. All the beam profile changes observed therefore

took place within the gun itself as expected.

6.3 Hysteresis Effects

g..fa
o]
et
£
Lo}

Under certain conditions hysteresis was observed

beam current. Fig.6.5, an oscilloscope trace of the I, against
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Vo characteristic obtained by sweeping V. at 50@/59 shows
this effect when Vo was adjusted to give a fairly high maximum
value of Iy When V., was increased the transition into mode 2
was delayed beyond the point at which the transition back into
mode 1 occurred when V, was decreased again. Ib therefore rose
to a higher maximum value when Vo was increased than when it was
decreased and the I, against V, characteristic thus described a
hysteresis loop. The delay, and hence the size of the loop,
appeared to depend greatly on the speed at which VG was changed.
If V, was changed at the rate of a few seconds per cycle, hysteresis
could be induced at about 3mA beam current compared with 8md in
fige6.50

Explanation of D.C. Characteristics and Beam Profiles

Berghammer28 first suggested the explanation of these
characteristics by the '6L6 effect’. He made an analogy between
the anode 1 ~ 2 region of the low-noise electron gun and the grid-
anode region of the 6L6 beam power tube. In this ftube limitation
of the anode current is found to occur due to the formation of a
virtual cathode.

Virtual cathode formation has been analysed in detail by
Salzberg and Haeff29, assuming an infinite one-dimensional
electron beam. Because of this assumption the salculation
is not directly applicable to the low-noise elegtron gun. It
does give a good picture, however, of the type of processes

involved in virtual cathode formation, and a summary of the
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results of the analysis is presented here.
Consider a region of infinite extent in two directions
bounded by two parallel ideal grids in the third direction.
These grids, through which all electrons can pass, have potentlals
of V, and YY and are a distance a apart. Electrons from a

7

cathode at zero potential are injected into the regicn through

=

grid x. Electron flow is normal to the grids.
Suppose, for example, that V, = jya In the zbsence of
any injected current the potential distribution in the region

is constant as shown in fig.b.6a.

g T Y

% a i

As the injected current density Jy is increased, the potential
between the two grids is depressed by the effects of spase sharge
as shown in fig.6.6b and c. As the minimum potential is greater
than zeroc all the eleotrdﬁs entering the region pass through i%

mode of

i

and the transmitted current Jy is equal %o Jxe Thi

operation correspends to the linear portion of the .

%‘--f

against Jy, curve, fig.6.7a=d.
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decreases to zero and some of %the ¢

towards the cathode (the slower ones, as:

L]
]

o

spread). The space charge becom

potent: ¥
region besause
minimem shifts
shown in fig.b.6e. 1In this position an apprecizble numbsr of
electrons are Surned back and the transmitis

of

Jy drops abruptly as shown in figobo.7d=8o

Jy shifts the potential minimum further tweards grid x witl

slight decrease of JyS as shown in fig.b.7a=f,

A rather different sequence of events take

0

rx

s decreased again. Instead of oh

§~'a

Jv,follows a smooth curve as shown

o
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minimum moves away from grid x until it is mid-way between
x and y in the position shown in fig.6.6g. Here Iy = I,
and when J, is further decreased the potential minimum increases
suddenly to the value shown in fig.6.6h. The original

J, = Jy curve (fig.6.7h~a) is then followed.

y
A hysteresis effect in the Jy against J, characteristic

is thus predicted due to two theoretically possible solutions

for Jy over a range of Jy values. Which solution is applicable

appears to depend on whether J, is being increased or decreased.
Mathematically the linesr part of the characteristic, where

all injected electrons are transmitted (fig.6.7a~d), is given

by the expression:

Ix = Jy (6.1)

The maximum transmitted current density (fig.6.7d) is given

by:
2] 1 p
Jy(max) = K {Vx B (6.2)
%
' 1
2% [26]%
where K = 3%[-&] (6.3)

and €, = permittivity of free space

e ,
= electron charge/mass ratio

[}

The curved part of the characteristic, where Jy.is limited
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by returning electrons (figo6c7fwh), is given by:

3
iz _ (4 1 2
T "% 27, R (6.4)
b'e KV, (JX -~ dJdy)

o

From equation 6.4, if the injected current is high compared

with the transmitted current:

2 3/2
= KV (6.5)

This eguation is identical %o Child‘s Law, showing that for
high degrees of space-charge limitation the potentisl minimum
behaves like a space-cherge limited thermionic cathode for
changes of Vyo Thus the term ‘virtual cathode’® is used for
a potential minimum which transmits only a fraction of the
electrons reaching it.

Figs.6.8 and 6.9 are plotted from eguations 6.1 -~ 6.4

and show how the J., against J. characteristisc varies when V
¥ x x

o

is changed (fig.6.8) and when Vy iz chenged (Fige6.9)5
from the sharp peaks figs. 6.8 and 6.9 bear a2 resemblance to the
measured characteristics shown in figs. 6.1 and 6.2. The
similarity of these curves indicates that the formeation of a
virtual cathode is the cause of the observed beam currsent
limiting.

Referring to the measured characteristics, mode 1 corres-
ponds to the state where the current is insufficient to form a
virtual cathode, Thus all electrons leaving the cathode

region and reaching ancde 1 pass through the anode 1 - 2 region
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to the beam. Figs. 6.1 and 6.2 show that the beam current
depends on both V4 and V , but not on V,, anode 2 being too
remote from the cathode. At positive values of V, the beam
profiles show that the emitted current density is higher at the
edges of the annulus than at the centre, due to the proximity
of the control electrode to the cathode edges,

The transition from mode 1 to mede 2 is due to the form-
ation of a virtual cathode. The strong dependence of Iy on
both V4 an&'Vz indicates that the virtual cathode is situated
between anodes 1 and 2. The beam profiles show that the
decrease of the mean beam current accompanying virtual cathode
formation is due mainly to a reduction of current in the centre
of the annuluss = The uneven current distribution makes it
difficult to compare closely the theoretical and measured curves.
However, the observed increase of I with an increase of either
V1 or V2 is consistent with the theorstigal curves, Conditions
inthe centre of the annulus appear to be closest to the ideal
one~dimensional assumption which predicbhs a gradual decresse of
current density as V, is increased. At the edges of the annulus
conditions are very different from the one-dimensional assumption.
Using a pinhole analyser, Eichenbaum and Hammerjo found that no
virtual cathode limitation occurred at the edges. It seems
likely, therefore, that the incresse of current at the edges of
the annulus balances any decrease at the centre and results in

an almost constant mean beam current when ¥, is increased after

virtual cathode formation0
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The slight blurring of the edges of the observed beam
profile when V, is increased is probably due to an increase cf
current density at the extreﬁe‘edges of the annulus sufficilent
to cause noticeable space-charge repulsion of the electrons.
Acceleration of the electrons away frem the virtual cathode
towards the edges of the beam as suggested by Atkinson?! could
also contribute towards blurring of the imasge at high degrees
of space=charge limitation.

Explanation of Hysteresis

The hysteresis predicted by the one-dimensional analysis
would seem, at first sight, to explain the observed effects.
However, it does not explain why the size of the hysteresis
loop varies with the rate of change of the injected current.

The beam prcfiles show that the actusl current density is far
from uniform across the annulus and the one-dimensional analysis
should be applied only with extreme caution,  Eichenbaum and
HammerjO suggested that the finite nature of the actual beam
meant that no hysteresis should occur. - No thecretical proof
was given, however, snd an attempt by the author to work out
the theory of virtual cathode formation in a finite beam was
unsuccessfuls Eichenbaum and Hammer beleived the observed
hysteresis to be an ion effect, In order to dnvestigate further
this idea the following’experiments were carried out using tubs 2.
The pressure in the tube was varied and the effect on the

hysteresis was as shown in the oscilloscope traces of £ig.6.10,



(a)  PRESSURE =10 mm Hg

(b)  PRESSURE = 10" mm Hgq

FIG.6.10
HYSTERESIS LOOP
V,=25V, V,=20V
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These were obtained by sweeping V, st 50¢/ 5. It can be seen
that at a pressure of 1Ow6mmHg the hysteresis loop was consider-
ably larger than at 1Om7mmHg, indicating that residual gas is
almost certainly a major factor contributing to hysteresis.

The tube was next operated with the control electrode pulsed
with various forms of triangular wave and the hysteresis in the
beam current observed. When the waveform shown in fig.5.11(a)
was applied it was found that at low pulse repitition freguencies
the hysteresis loop was much larger than at high freguencies.
Oscilloscope traces of hysteresis loops observed at 10c¢/s, 100¢/s
and 1kc/s are shown in fig.6.12(a), (b) and (c) respectively.

At freguencics above about 1kc/s no hysteresis was observed.

If the waveform was changed to that shown in fig.6.11(b) or (c),
with the same rise-time as before, there was a slight reduction

in the hysteresis. There was a slight incresse in the hysteresis
with the waveform shown in fig.6.11(d), again with the same rise-
time. It does seem, however, that the most important feature of
the waveform affecting hysteresis is the rate at which V, is
changed.

It was not possible to induce hysteresis if V4 was less than
about 15V or Ib less than about 3 mA. It was found that
if the d.c. level of the waveform was altered so as to increase

the maximum and minimum value of V., during the cycle the

size of the hysteresis looy .nevroassd, Also,

is occurred, the value of I in the virtual cathode




FIG.6.11 WAVEFORMS APPLIED To W
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a) V. PULSED
AT 10C[S

b) V. PULSED
AT 100C/[S

\

¢) V. PULSED
AT 1KC[S

FIG.6.12  HYSTERESIS LOOP V,=32V, V,=32V
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mode was slightly greater (about 10%) than when it was removed
by increasing the rate of change of VC.

These observations indicate that hysteresis occurs under
the following conditions:

(a) V4 greater than about 15V.

(b) I, greater than sbout 3mA,

(¢) Pressure higher than about 10~ /mmHg.

(d) Slow rate of increase and decrease of Vsm

(e) Maximum or minimum V, during cycle fairly high.

The absence of hysteresis under very high vacuum ccn&itions
shows that the one-dimensional anslysis of virtual cathode form=—
ation is not directly applicable to the finite-~beam case and that
the observed hysteresis is almost certainly an ion effect. The
theory can be used with great care, however, to obtain socme idea
of the movement of the potential minimum in the centre of the
annulus where the situation appears to be closest to the ideal
one-dimensional case., Comparing the theoretical and measured
curves it would seem that, in the absence of ions, as the current
injected into the anode 1 -~ 2 region is increased by increasing

V., the potential minimum is depressed more and more. When the

c?
potential minimum reaches cathode potential the virtual cathode is
formed.. Further increase of the injected current results in first
a decrease, and then a levelling off, of the transmitted current

as the potential minimum shifts towards anode 1. Exactly the

reverse happens when V, is decreased.
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If gas molecules are present in the tube some of these are
ionized by electrons having a potential higher than the ionization
potential of the molecules (about 14V). Ions formed at a lower
potential than V, on the opposite side of anode 1 %o the cathode
are unsble to move past anode 1 and are trapped at the potential
minimum. For ions to be trapped in this Way‘V@ must, of course,
be greater than the ionization potention.

Consider agein an increase of V.. If this is slow encugh,
and the pressure in the tube is high encugh, sufficient ions will
be formed to neutralize partially the space charge. The potentisl
minimum thus reaches zero voltage, bringing about the formation of
the virtual cathode at a higher value of injected current than in
the ion-free case, The formation of the virtual cathode is
accompanied by a sudden reduction of transmitted current to z valus

only slightly higher than in the ion-free case indicating that the

ion=neutralization effect is much less than before the virtual

o
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cathode formed. The most likely cause of this sudd
depression of the potential between the ouber and inner sectiocns

of anode 1. This potential is gradually depressed as the injected
current is increased allowing some icns to drain out of the region.
As soon as the potential minimum reaches zeroc a regenerative
process sets ine. The electrons returning from the virtual cathode
cause further reduction of the potential at anode 1 and more ions
drain out of the region. The space~charge neutralization is

reduced and the number of returning electrons increases. The
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reduction of transmitted current is thus as rapid as the ions can
drain out of the potential minimum regiocn.
Because of the sparsity of ions, when V., is reduced agein the

I, chearacteristic follows a path «lose to the ion-free one. The

maximum beam current is thercfore very much less than when V, is
being increased. Hence when V. is pulsed with & triangular wave
of sufficiently low freqguency the beam current follows a hysteresis
loopac There seems no obvious resson why an increase in the meaﬁ
level of V, should increase the hysteresis effect.

Calculations of the approximate time scales involved in ion
formation end drainage suppert the sbove explanation of hysteresis
in the beam current.

To ensble the time taken for lon formation to be calculated
it 1s necessary to meke some fairly drastic assumptions.

From reference 29 the infinite-beam theory gives the value

of the potential minimum V3, by the expressions:

Pl

4

] 1 1

- . L
/o Z FEPI-) - z
K% = Vpin ) (Vg + 2Vpsn )

s (0E -7 57 e oy %)} (6.6)

N min v min

At the maximum value of Jy given by equation 6.2, and

for the special case of V, = Vs
, 1
Voin = 3V (€.7)

According to the infinite-beam theory, therefore, for
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equal anode 1 and 2 voltages, the virtual cathode forms when
1

the voltage minimum is 7 of the anode voltages.

For the analysis of ion formation the much simplified

model shown in fig.6.13 is used.

v

FIG’c 6013

Anodes 1 and 2 are considered to be at the same potential
V1o The potential distribution between the anodes and
potential minimum is taken to be linear, The reduction of
the potential minimum V, with increase in current I is also
assumed tc be linear. Using the infinite-beam theory as
a basis, the virtual cathode is considered t¢ be formed when

In addition the velocity spread is assumed to

Obvicusly these assumptions are only approximate, but
“they have to be made otherwise the calculations are
impossibly complex, The resulting calculations are sufficient
te give the order of magnitude of the time factor invelved

in ion formation.
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Firstly, the number of electrons present in the region
at the maximum ién—free transmitted current is found. The
additional number of electrons present at some higher current
is then found and the time taken for sufficient lons to be
formed to neutralize the charge of these additional electrons
is calculated.
a) Number of electrons between anodes at maximum ion-free
current (i.e. immediately prior to virtual cathode formation).
Consider a point distance x from the potential minimum.
With the above assumptions the potential at this point is
given by:

7 T ‘2 gx
Vo=V (Vg - V) (6.8)

1
e L
The electron velocity v = (2Vﬁ)2 (6.9)

If the maximum ion-free current is I, when V = %V19
then the number of electrons in a short length dx is:
I
1dx
dN1 :-e—r (6910)

From equations 6.8-6,10:

T, - L
1 o 3ix 2
an, = _5-L2§V‘ (7 + «-%—5-‘)] x (6.11)
O
2L, 1% 1-%
M ml2 |1 3x |72
and N, =7 57} (Eg + -EJ dx (6.12)
1 \)a/2

. 2
By making the substitution x =*§tan<i5 the solution
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to equation 6.12 is found to be:

4

1
Y8 iz
Ny = ”"{“"é“{é"v—" (6‘,13)

b) Number of electrons with ions present.
If partial space-charge neutralization due to ions occurs
so that the maximum transmitted current becomes Io(> I4),

then the number of electrons becomes:

1
Ly 212%r my 2 ,
Ny = "‘5“*5‘{;37; (6.14)

¢) Number of ions formed.

The current is increased linearly, hence at time t:
t
I=7I7 (6.15)

where tpiis the time at which the virtual cathode forms.

The potential minimum at time t is:

V= Vy {1 - i———zJ (6.16)

An approximate expression for the number of ions formed
per electron in length dx when V £ 2Vjis:
Ky (V - V)P

where P = gas pressure

v,
i

gas ionization potential.
K1 = a constant according to the gas (see reference 56)

Hence, in time dt the number of ions formed is:
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Ay = ——(V - V,)arat (6.17)

From equations 6.8 and 6.15=6.17:

J

K, PI.V v,
_ 1 21 3‘t ZEXE - .._J:
N, = ————-——e,61 [1 At L 1) T, tdxdt (6.18)

Tons are formed only when V > Vo, hence integration

is carried out in two stages:
a

(1) V; > V; limits are x = 0 and 3

L
t:Oand’jt11m‘{f

a i a
5 Tzl = 1 and 5

(ii) Vy < V4 limits are x

v
3t ,2x i

A
j{tdxdf (6.19)
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Evaluation of this integral gives:

2
2K, PI V, % V. v,
T2 1 1 i
N5 SR S — {1 - vﬂ I>5 + h{‘rJ (6.20)

The ions formed neutralize the effect of the additional
electrons present when the higher current flows.

Hence N3 = Np - Ny (6.21)

i.e. from equations 6,13, 6.14 and 6.20:

2m7 2 I - L
t1 = 18{’5\7—] V,, o V." (6.22)
1 1} {5 . 1J
1

KPI VM - . -
1 I21{ v v,

Taking the hysterisis loop shown in figo6,12(b) as an

gxample the following values are substituted into equation

6.22:
% = 1076x10110/§g
vy = 32V
I, = 12mA
I, = 16mA

X, =25 ions/electron/m/V/mmHg pressure for oxygen and
nitrogen (from reference 56)
P = 10"6mmﬁg
V; = 14V for oxygen and nitrogen

These figures give t; = 1.6msec

This figure compares favourably with fig.6.12(b) where

the time from the start of the cycle to the formation of the
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virtual cathode is 3msec. this agreement of measured and
calculated values to within an order of magnitude supports
the above explanation of neutralization of space charge by
ion formation.

For an estimate of the time taken for ion drainage consider
an accelerating potential of, say, 1V.

The time taken for an ion of mass M to move from rest
through a distance a, under the effect of an accelerating
potential V, is given by:

2a12M z

tr = | T5v
a

(6.23)

Substituting typical values into equation 6.23:
a4 = 4mm (length between anodes 1 and 2)

N
= 2,6x10 times the mass of an electron m (for nitrogen)

M
Va =1V

e 11

7 = 1.76x10 C/kg

t2 = ZO%ﬁsec

This figure is the maximum time taken by an ion to move
out of the anode 1 = 2 region if the accelerating potential
is 1 volt. In fact this potential is likely to be higher
and the ions will drain out more rapidly. Ion drainage
can therefore occur in a time relatively short compared with
the rest of the hysteresis-~loop cycle. It could, therefore,

~account for the formation of the virtual cathode with the

accompanying rapid reduction cf transmitted current.
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Atkinson?! studied the effects of positive ions on an
electron beam in a drift tube with a longitudimal magnetic
field of 0,050 to 0,085 Wo/m? and at a pressure of about
1O°’6mmHg° The results were similar to those described above,
When the beam was pulsed rapidly (at about 10ke/s) to eliminate
the effects of positive ions only a very small hysteresis loop
was observed in the beam current. At a pulse repgtition
frequency of 100¢/s, which allowed sufficient time for ions to
be formed, a large hysteresis loop was observed. The higher
beam current when positive ions were present was undoubbtedly
due to the partial neutralization of space charge by the positive
ions. The formation of the virtual cathode was believed by
Atkinson to be due to instability in the beam current brought
about by electrostatic two-stream interaction between the
electron beam and the ions.

Oscillations and Noise in Beam Current

Fig.6.14(a) is an oscilloscope trace of apparent oscillations
in the beam current which occurred under certain conditions. If
V. was carefully decreased from a value corresponding to the
virtual cathode mode, I appeared to break into oscillations of
up to 2mA pk-pk. PFig.6.14(b) shows these oscillations in
relation to the hysteresis loop.

No discrete frequency of oscillation could be detected on the
oscilloscope. Using a receiver a signal was detected over the

whole of the band 15ke/s to 30Mc/s (the limits of the receiver
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used). It can therefore be assumed that the oscillations were
of random frequency, in fact noise.

The noise occurs just as conditions are changing from the
virtual-cathode to the non-virtual-cathode mode. The rather
irregular Ib against VQ characteristic in this region (partic-
ularly clear in fig.6.10), and the beam profiles of fig.6.3,
indicate that the change from one mode to the other does not
occur over the whole annulus at once, presumably because of

uneven emission or a slight misalignment of the gun. The
noise appears to be due to a rapid change into and out of the
virtual-cathode mode over only part of the beam area, When a
virtual cathode exists over only a section of the annulus it is
possible that an unstable condition could be set up at the division
between the areas where the two different modes exist, Ions
are trapped at a potential minimum but tend to drain out of the
region when a virtual cathode is formed. It seems possible
that the position of the division between these areas oscillates
in a random manner due to ion formation and drainage, causing
a variation of the meaﬁ beam current,

It is obvious that such noise could have a serious effect
on tube performance by causing noisy modulation of the gain.

It is doubtful whether such noise, if caused by ions, extended
into the microwave region. To prevent such undesirable effects
occurring'unevenpcathode emission should be avoided, all gun

parts should be carefully aligned and the tube should have a
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high vacuum.

Relaxation oscillations observed by‘Cutler58 and Sutherland”®?
appear to be of a similar nature. Cutler observed these
oscillations in a magnetically-focused t.w.t. electron beam and
Sutherland in a klystron beam. They were thought to be triggered
by positive ions and, unlike the observations reported here, were
of discrete frequencies ranging from 10¢/s to 100ke/s under certain
conditions. Cutler found that the oscillations did not affect
the beam noise but did cause unwanted modulation of the gain,

Gun Characteristics at Normal Beam Currents

The - hysteresis and oscillation phenomena described above
were found to occur at beam currents higher than the normal
operating values of 0.5 to 2mA. They would not therefore
normally affect the operation of a tube using the type of electron
gun under examination.

Figse. 6015 and 6.16 are typical isc-current curves for normal
operating beam currents of 0.5 to 2.0mA. These were plotted by
adjusting V, and V4 to give constant values of Ib? with V2 held
constant. These curves show how the operating conditions near
the cathode could be changed without change of mean beam current.
One of these curves would be followed when adjusting the noise
figure of a tube to a minimum without change of other operating
parameters. In addition, the voltages on the transducer
section of the gun would have to be optimized but these voltages

would have no effect on the beam current.
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At high values of V, the radial electric field near the cathode
was greater, and the electron density at the beam edge higher,

making the magnetic field more essential for beam stability.

Fige6:20 shows the effects of poor emission on the bean

¢
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structure. The heaters were normally operated at 7V. If,
in the case of tube 2, this voltage was reduced tc 6.3V, the

stortion shown in fig¢692O(a) was ohserved when the beam was
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split due to high Ve (compare with figz.6.17(e)). This
distortion was enhanced at reduced magnetic fields as shown in
fig.6.20(b) and (c¢) (compare with fig.6.19(a) and [b)). Ho
distortion cccurred at lower values of Ve when the beam consisted

of & solid annulus.

The shapes of the disturbances were similar to the vortex
formations observed in thin hollow beams by Kyhl and Webster6o”61o
They show that a localized increase of charge density in the beam
gives rise to circumferential components of electric field which
are oppositely directed on either side of the disturbance. The
magnetic focusing field brings about radial movement of the
electrons, outwards on one side of the disturbance and inwards
on the other side as shown in fig.6.21(a). The smooth curvature
of the thin beam thus develops into an S-curve as shown in
fig.6.21(b) and then into the type of vortex formation observed
(fig.6.21(c)). Vortices are more likely to form with thin
beams and at high current densities. Such conditions existed
in the type of gun under test with a high value of Ve which
produced a split beam.

The vortices were caused by uneven emission at the reduced
heater voltage. Emission over parts of the cathode was probably
temperature limited, giving rise to patches of reduced current
density which initiated the process described above. Movement
of the fluorescent screen showed that no change in the shape or

size of the vortices took place beyond the final ancde of the
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electron gun. It seems, therefore, that the formation of the
vortices took place within the gun itself.

It is not clear what effect vortex formations have on
beam noise. Khyl and WebsterfO remark that a direct contri-
bution to microwave beam noise is unlikely. It is obviocus,
however, that if the disturbances develop to such an extent
that beam interception occurs the noise figure of the tube is
increased. If, as suspected, the vortices are initiated by
temperature-limited emission over part of the cathode, a beam
in which these disturbances occur would anywsy be noisyo
Formation of these disturbances can be minimized by avoiding
non-uniform emission, and from fig.6.19 it can be seen that
beam distortion is reduced by using a strong magnetic focusing

field.
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MEASUREMENT OF NOISE PARAMETERS S AND TT

Measurement of S

No results were obtained from the S-measuring tube up
to the time of writing. However it seemed likely that the
tube would be successful and the microwave apparatus worked
satisfactorily.

To obtain relative measurements of S the electron gun
is moved along the beam axis and the cavity output plotted
as a function of gun position. The final anode of the
electron gun, the cavity and the conducting coating on the
inside of the tube are all held at the same voltage so that
the beam is essantially in a drift space. The cavity is
excited by the beam current and its output current I, is

proportional to the beam current. Hence from equation 2.32:

e“Jﬁq%Je”JﬁeZ (7.1)

Jﬁqz
I1 = K1 aqe + az

where K1 is a constant
a, and a, are the normalized wave amplitudes

(see section 2.6)

The microwave apparatus measures power from the cavity

i3 2
Py which is proportional to 511; s hence:

238, -23p,2
_ H 92 : 2 - 3* q E q
P, = Kz{]a1i + iazi + a8, e + a, ane }

(7.2)

where K2 is a constant.

From equation 2.52:
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. 2K 2
Ay = ling|ay (7.3)
Mo om :
2n 2
A22 = lim%*lazf (702-}-)
T»-Do
. 2% *
A12 = 11m§”aja2 (795)
T oo
2R TTE
Aoy = 1jm§ﬁaﬁ%a2 (7.6)
= T»wc*

Substituting these equations into equation 7.2:

2Jf = -2JR =

k — . \ A
Pq = KB[A?T + A22 + A1 e + Ay

X%

whare K, 18 a constant.

3

The variation of B with z is therefore sinusoidal as

shovn in fie.7.1.
Py
A PN MO I ‘f
SN
, / 4K |ay o]
/ / ,
/ // A
)
/
Ky(hyy + App) FIG. 7.1
) % :,—--Z

Knowing Kzl Aol and X3(4yy + App), 5,7 can be found

usging equation 2.57:

. 2 ‘ )
K58 = Bs ((Aa 1t Bop) = A | (7.8)
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Relative values of S can thus be measured for various
beam operating conditions. Of particular interest is the effect
of virtual cathode formation on S, and it is hoped to study
the change of S when the beam-current hysteresis loop is
traversed. Little is known of the way a virtual cathode
affects beam noise and there have been no reports to date
onr the effects of hysteresis on th; noise parameters S and
TU. If possible the change of S with vortex formation will
be studied but, as vortices form only in a beam from a poorly
emitting cathode and at reduced magnetic focusing fields,
a considerable increase in 3 is to be expected.

Principle of Measurement of7{

A new method of measuring Il using cavities has been
devised620 As explained below it i1s thought to have advantages
over the method of Sait032 and that proposed by Okoshi639
and requires the following modifications to the equipment.
The S-measuring tube is altered by replacing the single cavity
by two cavities a fixed distanée apart. The signals from
the two cavities are fed into the microwave measuring apparatus
via a magic tee with an attenuator at cavity 1 output and
a phase shifter at cavity 2 output, as shown in fig.7.2.
Cavity 1 is nearer the electron gun.

To obtain relative measurements of 77, KBS is first measured

as detailed in section 7.1, using only cavity 1. From the

variation of the cavity output with distance the plasma
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propagation constant ﬁq can be found as shown in fig.7.1.
If az is the distance between the cavitiss, the attenuator

in cavity 1 output is set to:

L = COSp Az (7.9)

and the phase shifter in cavity 2 output is set to:

V= posz + W (7.10)

Referring to Saito's Worksz, the output currents from

cavity 1 and cavity 2 are:

-Jp z} ~Jpe?
0 Pq le e 1)

‘{ Jﬁq !:eJFql’aZ o= Q’Zsinﬁ z;z:{
Jﬁqz[ ’% a2

A
i

? ewjﬁe(z + AZ)

“J/’

+ aye - 3231
where Z is the gap shunt impedance of cavity 1 normaliged
with respect to the beam impedance° If measurements are
taken at the resonant frequency of the cavities over a narrow
bandwidth, Z can be considered to be resistive and therefore
real.

The output current from the magic tee is:

i =JAL.2Z
LI, + :tze‘]‘L = jK,’{[eH (2 - 1) + aZ(Z + 1)]sin!gqgaz}e e

(7.12)
The power measured by the microwave apparatus P, is

proportional to:
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32
a:+{
LI1 + IZe

7

i.e. P, = Z{W(z - 1)2 + ;;F(z + 1)2

23,z —— -23Byd] o 5
+{éﬁa2xe EIN aﬁkaze H (Zz" =~ 1)(sin Bqh?
(7.13)

From equations 7.3-7.6, equation 7.13 becomes:

2 2
P, = KB[AH(Z = 1)+ A (2 + 1)

2ja. =
+ A, .e Fq + A

12 21©

”Z(jﬁqz} (Z2

- 1) siniquz
(7.14)

The variation of Pp with z is therefore sinusoidal as

shown in fig.7.3.
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2 2] . 2
KE[AH(Z = 1)+ Ay(Z + 1) ]sinpqaz
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From the S and T measurements (figs. 7.1 and 7.3) we
kriow the following quantities:

D = K3|Aqo| (7.15)

X -4
AT\ o
| /

FIG. 7.3
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E = KE(A11 + A22) (7.16)

LS|
{

2 . 2
= KE}A12](Z - 1)31n/@qu (7.17)

2 2] ... 2,
= K3 A11(Z - 1) + A22(Z +1) ]51n ByAt (7.18)

[ep)
i

From values D and F, Z can be found:

1

F 1 2

s ﬁ i Dsin2 AZ (7.19>
Pq
Ay

From values E and G the ratio-z;; can be found:
A (Z + 1)25in%ﬁqu - %
— = (7.20)

=g

N 2 2
22 % -(z -1) sinﬁq;\z

A1
Knowing KB(A11 + A22) and K“;, KBTYcan be found from
2

equation 2,58

Ay
_ -1
KT = K, (A A f” (7.21)
A A T Y A, re
it
22

The above derivation does not consider thermal noise
produced by the cavities or the finite bandwidth of the .
measuring system. When these effects are taken into account
the method remains essentially the same although some additional
terms are required in equations 7.7 and 7.1k4.

Using these methods, relative values of both S and 1T
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can be measured for various beam opérating conditions.

A number of precautions must be observed, in particular
the choice of cavity spacing. From fig7.3 it can be seen
that the amplitude of the P2 against z sine wave and its mean
level depend on sinZFqu. Ideally, for ease éf measurement,
these values should be as large as possible i.e. sz should

be as near as possible to - (% of the plasma wavelength )q}

2f
making sin%gqaz 1, Howevgr, if some reduction of the signal
input to the measuring system can be tolerated, measurements
can be made over a range of plasma wavelengths with a fixed az.
If, for example, a drop of 75% in sinzﬁqaz is permissible,
kq can range between 2.44z and 12az giving a variation over
a range of 5:1. This range should be quite sufficient for
normal investigations involving change of beam operating
parameters.

A further reason for taking S measurements with a single-
cavity tube before building the double-cavity T-measuring
apparatus is that S measurements give a good idea of the sort
of plasma wavelengths to be expected and enable the two cavities
to be spaced for good sensitivity over as wide a range of
operating conditions as possible when measuring .

The limitation described above is the only disadvantage
this system has over that of SaitoBz, where the two cavities
were independently movable enabling full sensitivity to be

obtained regardless of the value of Aq. Moving both cavities
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involves considerable additional complications. It almost
certainly means using sliding vacuum seals making baking of
the tube impossible and a high vacuum difficult to attain,
On the other hand, the system described by Okoshi63, where
no moving parts were used, is simple mechanically but very
inflexible as far as change of operating conditions is concerned.
With such a system measurements can be made at only one value
of Xq determined by the cavity spacing. Also adjustment
of the transducer section of the electron gun is critical.
It is believed that the method of measuring S and Tl presented
here is a good compromise between simplicity of apparatus
and versatility of operation

Measurements of both S and TN give the full picture of
noise on the electron beam. Equation 2.74 shows that the
noise figure of a tube using the electron beam under examination
depends on the value (S - T). It should therefore be possible
to predict the effect on this figure of varying beam operating

conditions.
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CONCLUSTIONS

It has been pointed out in this thesis that if the necessary
care and precautions are taken in the design and construction
of low-neise t.w.t’s and b.w.a's to minimirze other sources
of noise, the fundamental limitation on the fterminal noise
figure is noise on the electron beam due to random emission
at the cathode, Making a tube with a very low noise figure
is, therefore, mainly a problem of producing an electron gun
in which the effect on the beam of random emission is as small
as possible.
The theory of noise propagation along slectron beams
shows that the minimum possible noise figure of a t.w.ts
or b.W.a. depends directly on the magnitude of the quantity
(s - T0). S and i1 are two noise parameters which remain constant
along a beam in which the velocity spread is small compared
with the mean velocity, i.e. in & beam which has been accelerated
by a potential of more than a few volts. The value of 3
and T in the single-velccity portion of a beam is determined
by the processes in the multi-velocity region immediately
in front of the cathode. It is this region which is of prime
importance in the study of low-noise electron guns.
Mathematical analysis of a multi-velocity region is not
straightforward. In the various proposed theories either
severe approximations have been made or numerical calculatiens

have been carried out using computers. It is generally agreed
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that a lewering of the quantity (S - 1T) below the full-shot-
noise value takes place in a multi-velecity region.

This reduction of noise is confirmed in practice by the
performance of the type of electren gun developed by Currie.
This gun incorperates a control electrode near the cathede
which extends the low-velocity region and, it is believed,
brings about a reduction of (S -~ ).  Another feature of
the gun is the formation of a wirtual cathede which causes
some rather unusual d.c. beam characteristics and which is
accompanied by changes in the beam siructure. The effect
of wirtual cathods formation on beam noise 18 not clear,

In this thesis the results of investigaticns into the
effect of virtual cathode formation on the beam structure
and the beam current characteristics of a Currie gun are reported.
Two tubes with fluorescent-screen collectors were used.

The change of beam current with variation of electrode voltages
showed that the virtual cathode formed between anodes 1 and 2.
Formation of the virtual cathode was accompanied by a reduction
of current in the centre of the annulus only, s8¢ that the

solid annulus appeared to split into twe concentric beams.

When the control electrode voltage was swept at a relatively
low frequency (< ﬂkc/s) hysteresis was observed in the beam
current under certain conditions, due to an apparent reluctance

of the virtual cathode to form. This effect is believed

te be caused by the formation and trapping of positive ions
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which delayed the formation of the virtual cathode by neutral-
izing the space charge. The sudden reduction of current
when the virtual cathode formed is thought to be caused by
rapid ion drainage from the virtual cathode region, These
ideas are supported by approximate calculations of ion formation
and drainage times.

Other unusual effects observed were noise in the beanm
current and distortion of the beam structure by vortices.
The main cause of both these effects is believed to be poor
emission.

The unusual characteristics of the Currie gun are of
real interest only if they affect in some way the operation
of a microwave tube. It is evident that the noise observed
in the beam current could cause modulation of the gain, and
vortex distg%%nces, if large enough, could bring about inter-
ception of the electron beam. To eliminate these undesirable
effects the usual precautions of ensuring good emission,
accurate gun alignment and a high vacuum must be observed.

0f particular interest is the effect of a virtual cathode
and hysteresis on electron beam noise. A tube built for studying
these effects is described, together with the microwave measuring
apparatus. However, up to the time of writing no results
have been obtained. The tube has a movable electron gun and
a single cavity to pick up the noise on the beam enabling

the noise parameter S to be measured.
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A new method of measuring both S and 7T is proposed which
has certain advantages over other methods. Only a simple
modification of the S-measuring tube is necessary consisting

of the addition of a second fixed cavity.
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