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1. INTRODUCTION 

The innovation of the beam-type parametrie amplifier, the so-called Adler
Wade low noise tube 1) 2) 3), has strongly stimulated the interest in transverse 
waves on a beam focussed by an axial magnetic field. Quite a number of devices 
using these waves have since been proposed. It must be admitted, however, that 
the rather intricate nature of the devices has prevented any large scale applica
tion up to now. The object of this thesis is to study theoretically and verify 
experimentally what happens to a transverse wave signa! and what noise is 
generated if the electron beam is partly intercepted. In practice interception 
takes place in an electron gun that employs one or more narrow-aperture elec
tredes to avoid the use of a smal! diameter catbode or to improve the per
formance of the gun by some kind of collimation. Also unwanted interception 
in the amplifier electrode system may occur, which can have a deleterious effect 
upon the noise figure of the tube. 

The propagation of signals along a beam with a fini te non-zero diameter can 
be described by means of the "disc" model of Gordon 4). According to this 
model the beam may be thought of as being made up of thin discs, each con
tained within two transverse cross-sections and having no coupling. The signal 
propagation can be described in terros of four transverse waves 4)5). The am
plitude of the waves is associated with the motion of the centre of mass of the 
discs rather than directly with the motion ofthe individual electrons. Inside the 
discs the electrens execute motions with respect to this centre of mass. According 
to the laws of classical mechanics this "internal" motion and the centre-of-mass 
motion are independent provided the same electrous remain in the disc and no 
inhomogeneous external forces are exerted on the beam. 

lnterception, scattering of electrons, and spread in axial velocity destroy this 
complete separation, resulting in a lossof signa! power and a generation of noise 
in every mode of propagation. In the case of interception the number of electrens 
in each disc is reduced. If scattering occurs then the momenturn and displace
ment of some of the electrous in the disc are changed in a random way. The 
effect of an axial velocity spread is that after the beam bas been allowed to drift 
over some distance, some electrous in a given disc have been replaced by others 
from neighbouring discs. 

In all cases a displacement of the centre of mass results and its velocity is 
changed. The motion of the new centre of mass can be conveniently described 
in terms of two components. One component is simply the motion that cor
responds to the undisturbed disc motion, the other describes the perturbation. 
In all three cases the number of electrons contributing to the first component 
of the motion is reduced. Consequently the amplitude of the signals is red u eed. 
The second component, descrihing the perturbation, will show a fluctuation due 
to the internat motion of the electrons in the beam and the occurence of a 



-2 

partition noise current in case of interception or scattering. This fluctuation 
finds expression in a set of new noise waves. 

The effect of spread in axial velocity on a single wave has been investigated 
by Lea Wilson 7), Kompfner 9), and in greater detail by Gordon S). A theory 
of interception and scattering has been given by the present author 6). Here 
we shall extend the latter theory and apply the same mathematica! technique for 
the case of axial velocity spread, thereby considering all the waves simultane
ously and also their possible cross-correlation. 

2. Characterisation of the waves 

In this chapter we shall discuss the transverse waves on the beam by means 
of the ''disc" model of Gordon 4). The wave amplitude matrix and the power 
flow matrix necessary as tools in this thesis wiJl be defined. Also we shall reeall 
some physical properties of the waves. The motion of the individual electrans 
will be discussed in later chapters. 

2.1 The transverse waves 

Provided the external fields acting on the beam are constant over the beam's 
cross-section a given disc moves as a whole under the influence of these fields. 
The motion of the centre of mass can be found by the force equation: 

rt =- 'rJ [E hxB], (1) 

where E and B represent the electric field and the magnetic induction veetors; 
'rJ is the ratio of electron charge e to mass m and is a positive number; rt 

r1x + r2_:l' + raz; r1, r2 and ra are the unit veetors in the ~· y and z directions 
of the Cartesian system. In the following we shall choose the beam axis to 
coincide with the z axis of the system. The underlined quantities x, .~ and z 
denote real values of the complex quantities x, y and z we shall introduce in 
the course of this section. If we assume that, with the exception of the axially 
homogeneous magnetic induction Bo, the influence of magnetic fields can be 
neglected - which implies that the electron velocity is small compared to the 
velocity of light eq. l reduces to 

X + ?]Ex + wc} = 0, 

ji + 'I}Ey - WcX = 0, 

z + ?]Ez 0, 

(2) 

(3) 

(4) 

and wc ?]Bo, wc is called the cyclotron angular frequency. Eqs. (2) and (3) 
describe interactions with transverse fields. Eq. ( 4) describes a longitudinal 
interaction. We wiJl confine ourselves toa small-signal analysis with very nearly 
transverse fields. Therefore we can say that the longitudinal interaction will be 
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of second order. Hence z;::::,;; uot, where uo is the longitudinal drift velocity of 
the beam. 

To solve eq. (2) and (3) we introduce complex functions of time and sub
stitute, in accordance with Siegman 5) E+ t (Ex jE11), E- = ·!(Ex- jE11 ), 

A1 = tJK(x + jy),A2 = tJK(.i -jy), Aa =tiK [x+ jy- }wc(x jy)] and 
A4 = t jK [x- j} +}wc (x- jy)]. The real constant Kwill be defined in sec. 2.3 
in such a way that AiAt* represents the absolute value of the power flow. 
At* denotes the complex conjugate of the ith mode amplitude At, i= 1, 2, 
3 or 4. Since z;::::,;; uo~ we can write dAt/dt ;::::,;; ?:!Ai/ot + uo oAt/àz. Assuming 
complex solutions like At Aw exp U(wt- PtZ)] we obtain 

A10 [tir- w ( 1 :îl -?JKE-'-, 
uo \ 

(5) 

r w ; wc\) 
A2o P2 --- ( 1 --) -YJKE-, 

c uo \ w,.l 
(6) 

Aao [ra-:J -YJKE+, (7) 

A4o [r4- :1 -YJKE-. (8) 

If the beam travels in free space, i.e. E+ = E- = 0, these equations are de
coupled and the values found for Pi are real so that the solutions represent a 
set of four independent unattenuated waves. The phase velocity of the ith mode 
is given by Vpi = w/fit, the group velocity by Vgi = dw/dfit = uo. The mode A1 
has a phase velocity larger than uo if w > wc, and a negative one if w wc. 

In the literature this wave is called the "fast wave". The phase velocity of A2 
is always smaller than u0 , this wave is the "slow wave". Aa and A4 are syn
chronous waves, since their phase veloeities are equal to the beam velocity uo. 

2.2 The wave matrix 

In order to be able to treat all the waves simultaneously we use matrix 
notation and reformulate the relationship between the mode amplitudes Ai and 
the coördinates of section 2.1. Inspeetion of the elements shows that the trans
formation of the coördinates into the wave amplitudes can be given by: 

A jKNX, (9) 

A represents the column matrix with the elements At, i= I, 2, 3 and 4 re-
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spectively. X is the column matrix of the coördinates i, y, x and y, and N is 
given by 

N tr! ~ ~ ~ 1 I j -}wc Wc 

1 }wc Wc 

Let us consicter the shape assumed by the beam if a wave travels on it. The 
locus of the centre of mass of the discs is found by consideration of the trans-
verse vector r = r1x rzy. The coördinates x Re.x and v = Re.y follow 
from the inverse transformation of eq. (9); -

and N-1 
[ 

Wc w,. 0 
}wc 0 
+i +J 

-1 -1 I 

(10) 

Examination of X as a function of z at a given instant t to shows that the 
beam assumes a helical shape for any single wave travelling on it. The pitch 
of the helix is 27TVpt/ w and the radius is 

2.3 The power flow of the waves 

·· AtAt* · t 
(4wc2K2) · 

(ll) 

The electric field in a practical transverse wave coupter having an axis of 
symmetry, possesses a longitudinal component except on the axis. For instanee 
a field given by Ex Eo expj(wt f3z) and Eu 0 possesses a longitudinal 
field Ez -jf3xEo exp j( wt f3z) as a first approximation for small values of 
x as follows from Maxwell's equations. Under the influence of the axial electric 
field the axial velocity is modified. However, analysis shows that this is only a 
seeond order effect. In calculations of the phase constant of the waves it ean 
be neglected if the signa! amplitude is small. Even thcn, however, it has a 
profound influence on the power flow of the waves. The power flow has been 
calculated on this basis by a number of authors 4)5). They find 

(12) 

with Pi= l, -1, -1 and !, for i= 1, 2, 3 or 4 respectively. The waves A1 
and A 4 carry a positive energy, which implies that a positive amount of power 
is required to set up these waves. The waves A2 and A3 carry a negative energy, 
which means that energy must be extracted from the beam to generate a wave 
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of this kind. Upon substitution of eq. (11) in eq. (12) and choosing 

we find for the total power flow 

2.4. The power flow matrix 

_ (. Iow )1-
K- --' 

2 TjWc 

4 

P = :E PtAtAt*. 
i=l 

The total power flow can he rewritten in matrix form, 

P = trace A At p = At p A. 

(13) 

At represents the hermitian conjugate of A, p = diag. (1, -1,- 1,1). Haus 10) 

calls p the parity matrix. To describe the noise behaviour of the beam we 
shall use the matrix AAtp instead of Atp A; AAtp includes also the elements 
AtA*i and hence describes also the cross-correlation of the waves 10)11)12), 

(14) 

3. Noise and internat motion 

In general the electroos of the beam will have transverse veloeities due to 
the thermal emission by the cathode, and due to electric and magnetic fields 
acting as lenses in the gun. The beam will also show shot noise. As a result 
the centre of mass of a disc has a fluctuating transverse displacement vector r 
and a fluctuating velocity vector i even in the absence of signals on the beam. 
By means ofwell-known techniques these fluctuating quantities can he expanded 
in Fourier density spectra 13)14). By consiclering only a small frequency range dj 
at a time we can descri he this noise in terms of a complex signal ha ving a slowly 
varying random amplitude and phase and hence by means of the waves and 
the power flow matrix A A tp of the preceding section. 

3.1 The noise waves 

Let the transverse displacement and the velocity ofthejth electron he denoted 
by Tj and Î'j. When there areN electroos in a disc which is assumed to he very 
thin, the centre-of-mass veetors are given by 

(15) 

and 
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• 1 N • 
r=-ErJ. 

NI 
(16) 

According to the central limit theorem 15) the veetors r and i follow a normal 
distribution, provided the motions of the electrous are uncorrelated and N is 
a large number. This applies regardless of the distribution functions of TJ and iJ. 

Further it follows from this theorem that: 

(17) 

and 

----T 1 N .- T 

r2 =--I: ri2 
N t , 

(18) 

'J and ;i are the root mean square amplitudes of ri and iJ. 
The averages are taken over a long time T. The Fourier density functions 14) 

;.2 and /-2 in the freguency range dj are given by 

- 2 edf -r 
r2 = Io-ri2 , (19) 

and 

.- 2 edl-.--r 
r2 = --- r;2 

Io ·' ' 
(20) 

10 being the beam current and e the electron charge. 1n accordance with 
r = r 1x + r2y we have r 2 = xx* cos2 (arg x) + yy* cos2 (arg y) and since the 
arguments of x and y are evenly distributed we find 

r 2 = t (xx* + yy*), (21) 

and similarly 

~z = t (xx* + j _y *)~ (22) 

The noise power flow expressed by the noise matrix AA t p can be found if the 
values ofr2j and }2j are known, and ifri and ri ofthe electrous are uncorrelated, 
i.e. if xy* and similar terms are zero. Hence we obtain with the aid of eg. (9) 

(23) 

with 

Q~ l 0 -1 0 

I 
0 -1 0 1 and 82 = wc2 . 1;2}Tl} J2-r. 
1 0 -(1+82) 0 
0 -1 0 (1 +82) 



-7-

In case of a homogeneous beam with a circular cross-section ha ving a diameter D 
is given by 11) 

(24) 

T2 represents the longitudinal shot noise suppression factor that is brought 
about by the space charge. If the electron density cannot be assumed constant 
over the beam's cross-section but can be approximated by a parabolical distri
bution, so that dn(r) = 3N (l-4r2 D--2)/ D represents the number of electroos in 
the interval between r + dr and r we find, by using the same technique as bas 
been used to derive eq. (24), 

(25) 

Similarly for a hollow beam of circular cross-section ha ving a constant electron 
density between an inner diameter D1 and an outer diameter Dz we find 

(26) 

In a beam having only transversethermal veloeities characterised by the trans
verse electron temperature TJ., r/ is given by: 

.-- T 2 
Tj2 = 

m 
(27) 

For a smooth homogeneously emitting catbode TJ. equals the catbode tem
pcrature Tc. In other cases the velocity distribution is not Maxwellian and this 
results in an increase of TJ. 17). 

The requirement that the electron motions are fully uncorrelated is met only 
in the region just beyond the catbode surface, so that eqs (19) and (20) do not 
apply to any other cross-section of the beam. In order to find r2 and r i we must 
have resource to the wave picture of the beam. First we calculate the waves on 
the beam excited by the catbode 16). Then we must calculate the amplitude of 
the waves in the region where we want to determine r2 and}2. Having obtained 
these waves the quantities sought are obtained with the aid of eqs (10), (22) 
and (23). 

A calculation of the transformation of the waves along the beam is possible 
in a limited number of cases only. In contrast with the foregoing, such an analysis 
is not required for an understanding of the interception phenomena we wish to 
study. Therefore we shall assume the waves to be given, at least in the region 
that is of interest to us. 

For the sake of completeness it should be mentioned that the transformation 
of the waves along a drifting beam follows from the solutions of eqs (5), (6), 
(7) and (8), all the waves beingmultiplied bytheirpropagationfactor exp [-j,8iz]. 
The effect of single electric or magnetic lenses has been described by Gordon 4) 

and by Gould and Johnson 18); combinations of lenses and drift sections pro-
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viding linear noise transformers by Wessel-Berg and Blötekjaer 11)12), deflection 
plate couplers by Smith, Suhlman and Cuccia 19)20), slow-wave structures by 
Siegman 5) and Hartand Weber 21 ), and quadrupolesections by Gordon, Gould, 
Johnson, Ashkin, Blötekjaer and Wessel-Berg 4)18)22)23). 

3.2. The internal motion 

A knowledge ofthe noise waves, i.e. ofthe centre-of-mass motion, is suflident 
to descri he the noise associated with interaction of the beam and homogeneous 
external fields. However, if there is an inconstancy in the number of electrous 
in a disc, or if there is exchange of the electrons between different discs, we need 
more information about the motion ofthe electrons, in fact their motion relative 
to the centre of mass. The transverse veetors r1 and r 1 can he split up into two 
components, so that 

(28) 

Î:j =i: TJ in· (29) 

The veetors TJ 1n and Î:t in represent the displacement and velocity of the elec
trous with respect to the centre of mass, the motion of the latter is represented 
by r and i:. By definition it follows that 

1 N 1 N 
.E Tj in 

NI 
0 and - .E rj in= 0 . 

NI 

In other words, that part of the motion of the individual electrons given by 
TJ in and fJ 1n is cross-correlated in such a way that the centre of mass of the 
disc remains always at rest. This part of the electron motion we will eaU the 
"internal" motion. If electron changes take place or if there are heterogeneous 
forces exerted on the disc this correlation is partly or in whole destroyed. As a 
consequence also the centre-of-mass motion is disturbed. 

Let us bere consider the case that the correlation is completely destroyed; 
the partly uncorre1ated case will he considered in the next chapters. The fluc
tuation of the new centre-of-mass can he found on basis of the central limit 
theorem as has been outlined in the preceding chapter. However, unless the 
process disturbs the distributions of TJ in and Î:J in to such an extent that in 

and }j2 in are modified, eq. (19) and (20) apply as they stand. Hence, if we 
substitute r21 In and in instead of respectively r2J and rjz, then r2 and 2 will 
correspond to the fluctuations of the new centre of mass. 

4. Attenuation of the original waves 

In this chapter we will discuss what happens to the original waves on the beam 
if the number of electrous in each disc is changed, or if some electrous are 
replaced by others having a different velocity and displacement 



-9 

The case of interception of electrans by electrades or by positive ions is the 
simplest one to consider, because the captured electrans do not remain in the 
system and need no further consideration. 

Scattering of electroos occurs for instanee if electrous of the beam are re
flected against the electrode causing the interception. Secondary emission and 
strongly heterogeneaus fields also cause scattering. As we shall see from the 
measurements, some scattering will always accompany interception. The cases 
of scattering and spread in axial velocity are more complicated, since the elec
trans all remain in the system and have to be accounted for. 

4.1 Interception 

Let us consider a beam carrying the waves A; the beam current is Jo (fig. la 
and lb). This beam we shall eaU the incident beam. According to eq. (10) the 
coördinates X of the centre of mass of this beam can be found from the waves 
in any region of the beam. Let us suppose that in a given region interception 
occurs; then what will remain of the original waves beyond this region, i.e. on 
the transmitted beam? 

Io 
Incident J:Jeorf --r 

Q l 
Sigrr:;IA s· ·A' I!JOO• r, 

I ,,.. A" 'f ,..,,se 

Iz 

IJ. 

I2 Jntercepted 

Signa! 8' r ' 

17 8 ~'"J}C~oO 
~It,:CNoise 

NotseB 

Fig. la). The beam is partly intercepted by an electrode. The transmitted beam can be con
sidered to consist of two partial beams, one containing scattered electrons only. 
Fig. lb). The signa! waves A give rise to attenuated signa! waves A' on the transmitted beam. 
Simultaneously the noise waves A" are generated. 
Fig. lc). The signal waves B' on the unscattered partial beam are caused by the signa! wavesB 
on the beam prior to scattering. The noise waves B" and B"' are generated by the scattering. 
C and C' represent respectively the signa! and the noise waves of the resulting beam. 

According to eqs (28) and (29), and on account of the fact that the displace
ment and velocity vector of each electron not intercepted remains the same, the 
new centre-of-mass motion is given by 

r' 
1 N' 

N' ~(r + fj in) 

and 

1 N' 

r +- Er1 In, 
N' 1 

(30) 
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I N' 
• I ..... ( • • ) 

r = N' ~ r + fJ in 

1 N' 
. ' J:' r--:- N' 

1 
fJ in, (31) 

N' is the number of electrous remairring in the discs of the transmitted beam 
of current h 

We observe that the right-hand side ofeqs (30) and (31) consists oftwo parts. 
The first term equa1s the centre-of-mass motion veetors r and r of the incident 
beam, it represents that part ofthe new centre-of-mass motion due to the motion 
of the incident beam. The second terms of eqs. (30) and (31) being sums of r1 in 

and i-1 in describe the shifts of the displacement and velocity that the centre of 
mass undergoes by the interception and due to internat motion. Consequently 
the coördinate matrix after interception consists of a sum of the coördinate 
matrix before interception X'= X and of a new matrix X". Since the centre
of-mass motion and the internal motion of a piece of drifting beam are inde
pendent, rand r are independent of r1 in and r1 in and so are X' and X", pro
vided that the interception occurs at random. Because of X' X, the waves A' 
of the transmitted beam due to the incident beam waves A can be found from 
eqs. (9), (1 0) and ( 13): 

A'= jK'NX = K'/K. NN-1 = ih/lo. A, (32) 
and 

K' }lrw/2 TJWc. 

In general the sum of veetors in the right hand side of eqs (30) and (31) will 
not be zero. This will correspond to a noise component. The noise waves A" 
due to this term we shall examine in sec. 5.1. These waves A" will be noise, 
since the electrous are intercepted in a random way and often neither r1 in nor 
i 1 in are uniform. Returning to eq. (32) we observe that the original waves A 
are attenuated by a factor (h/ lo)l and that no cross terms occur. 

In order to derive eq. (32) it has been assumed that the interception occurs 
at random. Strictly speaking, random interception takes p1ace only in case of 
capture either by a cloud of positive ions or by a fine grid. In many cases the 
interception is caused by some obstacle, like the edge of an electrode. Here, 
one is tempted to expect that the interception does not occur at random. 

To see what happens then, let us assume that really random interception 
does not take place. Consequently the sums in the right-hand sides of eqs (30) 
and (31) are not completely independent of r and i. Since we are attempting 
a small-signal analysis we can assume a linear correlation. Let the completely 
correlated part of the sums be denoted by s and s, which are linear functions 
of respectively rand i. Aceording to eqs. (30) and (31) the residual disc's centre
of-mass motion, brought about bythe motion ofthe original disc, can be written 
as r' = r s = a1r and i' = i + s a2 i. In matrix notation this becomes 
X'= diag (a2, a2, a~, ai). X. Using eqs. (9), (10) and (13) we obtain: 
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[ ., 0 0 

~ lA A'= yh/lo. ; .. , a2 0 
(33) 

0 a1 

a2-a1 0 a1 

Unlike eq. (32), eq. (33) contains cross terms. In the case of a1 a2, new syn
chronous waves (Aa, A4) completely correlated with the cyclotron waves (A1, A2) 
are generated. The amplitudes of the cyclotron waves are reduced hy a2 (h//o)t 
and those ofthe synchronous waves hy a1 (h/Io)t. For each individual case the 
factors a1 and a2 have to he calculated. 

A simple case is presented hy a homogeneous laminar-flow heam and a 
sufficiently small aperture; in this case a1 is zero, since the resulting transverse 
displacement is zero. (Since we are dealing with time dependent quantities 
(sec. 2.1) only, a possihle constant displacement is of no interest.) If the heam 
possesses no internat rotations, then ohviously a2 = 1 (since all the electrans 
have the same transverse velocity r ). 

In a laminar Brillouin-focussed heam the electrons have an internat rotation, 
with radian frequency wc/2 around the axis. If such a beam is passed through 
a narrow aperture, then a2 1 (since at one side more electrons, having a high 
velocity, are captured). Prohahly in practice these considerations do not apply, 
as actual heams are turbulent. Due to the irregular motion of the electrons the 
prohability of capture does notdepend on the presence of a signa!, and there
fore eq. (32) applies instead of the more general eq. (33). As we shall see, the 
measurements presented in sec. 7.1 provide experimental support for this point 
of view. 

4.2 Scattering 

To calculate the effects due to scattering we use the following model. Some 
electrans are selected at random from the heam. These electrans remain in the 
beam but their momenturn is changed random1y. Then the beam can be thought 
of as made up of two partial beams, as in fig. Ie. One of the beams having a 
current la contains only the unscattered electrons. The other partial beam 
carrying a current [4 is made up of scattered electrons only. Let Xa' describe 
the part of the centre-of-mass motion of the partial beam caused by the waves B 
on the beam before the scattering occurs. Since neither the displacement nor 
the velocity of the unscattered electrons is altered the matrix Xa' is equal to X, 
the original coördinate matrix according to eqs (30) and (31). The corresponding 
coördinate matrix X4' of the scattered partial beam is zero, since the electrons 
are not only separated from the beam but in addition are scattered. This beam 
carries only noise. A description of these noise waves B"' as wellas ofthe noise 
waves B" of the unscattered beam will he deferred to sec. 5.2. 
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Having thus obtained the coördinate matrices of the partial beams we must 
find the corresponding quantities for the whole system, i.e. for the new beam of 
current h The wave picture is only relevant in so far as it provides adequate 
description of both signa! propagation along the beam and interaction with 
external fields. Consequently a general solution of this problem can only be 
given if the mean axial veloeities of the two partial beams are equal and the 
spread in velocity is only small, or if the veloeities of the partial beams are 
greatly different. The first case may occur if there is elastic reflection against a 
wall, the second one applies in case of emissiou of slow secondary electrons or 
if there is an electron-generating mechanism for instanee generation by ions. 
The axial velocity enters into the considerations because many types of inter
actions require a longitudinal synchronisation condition to be satisfied. 

Let us first calculate the resulting waves of a beam consisting of n partial 
beams ha ving the same velocity. The corresponding discs of the partial beams 
can be regarcled as n particles having respectively a mass mrn and displace
ment rrn. If 

n 

M = I:mm 

then the centre of mass r of the resulting beam is given by: 

n 

Mr = Emrnrm. 

The mass of the corresponding discs is proportional to the d.c. current Im in 
the partial beam. Hence 

n 

(34) 

with 
n 

I= E Tm. 

After differentiation we find: 

(35) 

Combining eq. (34) and (35) 

(36) 

In our case of two partial beams with currents la, 14, and coördinate matrices 
X'a X and X'4 = 0 we obtain by the use of eq. (36) the resulting matrix X': 

h h 
X'= -X'a =-X, 

h h 
(37) 
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and together with eq. (9) C', the signa! wave matrix of the complete system, 
is given by 

C' 
Is 
-B. 
h 

(38) 

This expression is quite similar to eq. (32), with the exception ofthe factor ls/h 
instead of (II/Io)t. Hence for the same ratio of beam currents, scattering has a 
more profound effect. If the scattered beam has a greatly different velocity, so 
that it is wholly unsynchronised and does nothave to be considered any further, 
then the same reasoning that applies in case of interception can be used. Ac
cording to sec. 4.1 we can then write 

C' = yls/lt. B. (39) 

4.2.1 A scattered beam in a Cuccia-coupler 

In intermediate cases when the velocity of the scattered partial beam is so 
different from the unscattered beam that there is neither full synchronisation 
nor that there is complete lack of synchronisation then the interaction process 
has to be taken into account. Let us do so for the case of a Cuccia-coupler. 
A Cuccia-coupler 19) consists of a pair of deflection plates placed along the 
beam over a length b. The length b is short compared to the free-space wave
length of the signa!, but several times longer than the cyclotron wavelength 
Àc 21Tuo/wc. A signa! voltage on the deflection plates causes a transverse 
electric field across the beam. If end effects are neglected this field can be con
sidered to be homogeneous. The propagation constant of the field is zero, since 
over the length that the plates extend in the axial direction, the field can be 
represented by E = Eo exp [j(wt <;1>)], neither 4> nor Eo depending on z. A 
given mode of the beam only interacts strongly with external fields if the prop
agation constant of the waves equals that of the field; as can be deduced, for 
instance, from eqs (5), (6), (7) or (8). Hence a field as set up by a Cuccia-coupler 
interacts with the fast wave, only if w ~ wc for only then is the phase constant 
/31 = {w/uo) (I wc/w) of the wave nearly zero. 

As can be calculated 20) 24) the electronic impedance of the beam between 
the deflection plates can be represented by 

8 d2 Vo (' w wc ' 
Ze ~ 1 + j ---b) , 

b2lo 3 uo 
(40) 

where d is the distance between the plates, b the length öf the plates, Vo the 
kinetic beam voltage (e Vo 1 m uo2); uo the axial electron velocity, and Jo 
the beam current. The signa! power transfer can be calculated by means of an 
equivalent circuit. Let us consider the following system (fig. 2). An external 
signa! generator Eu having an internat impedance Zu is connected in parallel 
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Fig. 2. Equivalent circuit of a loss free Cuccia-coupler loaded by two partial beams having 
electronk impedances of respectively Z1 and Z2. 

to two impedances Z1 and Zz, which represent active elements. The corre
sponding voltage sourees are denoted by E1 and Ez and are independent of Eu. 
The available power of the external generator is P u = EuEu * /4ReZu and those 
of the generators with voltage sourees E1 and are P1 = E1E1* j4ReZ1 and 
P2 E2E2*/4ReZ2. If we use, 

4 ReZu. ReZp 
(41) a ----··"--"·~---

[Zp z 12 U[ 

~ 
\Zpi 2 ReZ1 

(42) 
!Z1\ 2 ReZp ' 

Zp= 
z1z2 

(43) + Zz 
, 

we find after a simple but rather cumhersome calculation that the powers P1' 
and P2' delivered by the external generator Eu to the impedances Z1 and Z2 
are given by, 

(44) 

(45) 

The power Pu' delivered by the generators and to the external impedance 
equals 

Pu' = a{PI +a (I- ~)Pz. (46) 

In the case of the two partial beams we are consirlering here, Z 1 represents the 
electronk loading impedance of the unscattered partial beam and Z 2 that of 
the scattered one. The impedances Z1 and are given by eq. (40), provided 
that we reptace Vo, lo, uo by respectively Va, Ia, ua and V4, /4, u4; Va, V4, ua and u4 
are the respective kinetic beam voltages and velocities. According to the defini
tion of the power flow of a wave being the power required to set up the wave, 
the available power of the equivalent generator equals the power flow, the latter 
being the maximum power that can be extracted. Hence we must define the 
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voltage sourees so that B1' B1'* + B1"B1"* = E1E1*/4ReZ1 = P1 and B1"'B1"'* 

EzE2*!4ReZ2, B1' B1'* + B1" B1"* and B1"'B1"'* being the fast wave power 
flow of the unscattered and the scattered partial beam respectively. 

Consiclering only the signal on the unscattered beam, i.e. P1 B1' B' 1*, and 
using eq. (39), we can write 

(47) 

If we choose = z1J* to provide power matching, then a = l. Let US suppose 
that w very nearly equals wc, then ~ reduces to h V4j(l4 V3 + Ia V4), as fellows 
from e'l.. (42), in which the expressions for Z1 and Z2 given by eq. (40) are 
used. In the limiting case of equal partial beam velocities, i.e. Va V4 eq. (47) 
agrees with eq. (38), as it should; then 

Pu 
ifa)2 \1;: B1B1*· 

lt is important to note that the expressions ( 44), ( 45) and ( 46) can also be 
used to describe the behaviour of a coupler netwerk having smalllosses. In that 
case we represent the beam Joading impedance by Z1 Ze and Z2 camprises 
the coupling network impedance as seen from the beam and Zu the internat 
impedance ofthe cxternal souree transformed by the netwerk. Transformatiens 
like this are described extensively in the literature. 

In the case of a lossy coupling network one is often interested in the amount 
of noise power transferred from the oh mie losses of the network, given by the 
available (noise-) power Pz, to the beam, i.e. to Z1. A similar calculation as is 
done in order to derive eqs. (44) and (45) yields for this power Pz1 

P21 = a,B~ (l ~) Pz, (48) 

,B 
1Zpi 2 ·ReZu 

If the system consisting of coupler and beam is matched to the signa] generator, 
i.e. Zu Zp*, then we have a= ,B = l. 

For the sake of completeness it should perhaps be mentioned that the power 
delivered to Zz by the beam is given by 

4.3 Multive/ocity effects 

The loss of signal power and the generation of noise by a piece of drifting 
beam having spread in axial velocity has been described by Lea Wilson 7) and 
in more detail by Gordon 8), while measurements have been presented by the 
author 25). Lea Wilson and Gordon arrived at the result by consiclering one 
wave at a time. A description using the technique of the preceding sections 
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might provide more information, since it considers all the waves simultaneously. 
Therefore, and since we need the result in chapter 7 dealing with measurements 
a short description is appropriate to present here. 

Let us consider a section of drifting beam comprised between the transverse 
planes z = a and z = b (fig. 3). The amplitudes of the waves on the beam at 

Fig. 3. The signa! waves D at z = a are attenuated, due to spread in axial electron velocity 
at z b; they find expression in the waves D'. Simultaneously the noise waves D" are gen
erated. 

plane a are given by D, hence by the use of eq. (10) the coördinate matrix Xa 
at z a can be found. We can divide the beam into n partial beams. The mth 
partial beam has a current Im and a nearly uniform axial velocity Um. In anal
ogy with eqs (28) and (29), the coördinate matrix X ma of the mth partial beam 
at z = a can be written as 

Xma Xa + Xma In· (49) 

The coördinate matrix X ma in describes the motion of the centre of mass of the 
partial beam, relative to the common centre of mass. Hence in analogy with 
eq. (36) 

n lm n lm 
E- Xma = Xa + E ---Xma in = Xa. 
1 Io 1 Io 

(50) 

Having obtained the coördinate matrix Xa we must find the corresponding 
matrix x", in the plane z = b. Suppose the wave amplitudes on the mth beam 
are given by Dm, then the amplitude of the waves Dm' in the plane z = b are 
given by 

(51) 

As follows from the solutions of eqs (5), (6), (7) and (8) the wave propagation 
matrix Sm is given by 

Srn = diag (Stm), Stm exp [-},8irnL], 

L is the distance from a to b and ,Bim is the phase constant of the ith mode on 
the mth partial beam having an axial velocity um. Using eq. (9) and K Km 

we rewrite eq. (51) 
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(52) 
with 

(53) 

Um describes the transformation of the coördinates along the mth beam. From 
eqs (52) and ( 49) it follows that 

Xmb = VmXa + VmXma in· (54) 

Analogously to eq. (34) and in combination with eq. (54) the common centre
of-mass coördinate matrix xb at z = b is given by: 

n fm n fm 
Xb = 1:- VmXa + 1:- VmXma tn· 

1 lo z Io 

With the aid of eqs (8) and (53) we obtain 

with 

n [ 

D' + D" = SD + }KN 1: ~ VmXma in, 
1 /o 

n lm 
S = 1:-Sm. 

1 /o 

(55) 

(56) 

(57) 

The first term of the right-hand side of eq. (56) corresponding to D' describes 
the attenuation of the input waves D, the second term the noise introduced by 
the velocity spread. The second term we will examine more closely in sec. 5.3. 

To derive an expression forS we assume that the number of electrens in the 
mth partial beam is given by Nm =No .f(u)du where f(u) denotes the nor-

00 

malised axial velocity distribution of the electrons, i.e. ff(u)du = I. The eur
o 

rent z carried by the mth beam is given by lm =Neum; the current of the 
00 

complete beam is lo = Noe-u, u= J uf(u)du. The integration has to be carried 
0 

out over all the veloeities except the negative ones, as these belong to electrens 
that do not reach plane z = b (if we exclude reflections). In combination with 
eq. (57) can we write 

00 

J Suf(u)du 
S = }:lm Sm = 0 '-=

00 
__ _ 

I lo J uf(u)du-
(58) 

0 

Sirree the propagation constant Su of a partial beam having a velocity in the 
interval u and u + du is a complex matrix, S will also be a complex one. The 
power loss of a signa! is given by: 

D'D'tp = SDDtst. (59) 
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The diagonal termsof eq. (59) constitute equations descrihing the lossof signal 
power of the corresponding wave. They agree with those of Gordon B), how
ever, eq. (59) is slightly more general since it contains also off-diagonal terms 
descrihing lossof correlation between the waves. By a slightly different metbod 
Gordon has worked out expressions for SiSt* for a number of cases, for in
stance spread due to potential depression by space charge, due to a lens, and 
due tothermal emission. For the latter case we find after slight rearrangement 
of his result 

(60) 

Here T 11 is the longitudinal electron temperature characterizing the spread of 
the longitudinal velocity, k is Boltzmann's constant, and L is the length of the 
drifting beam. The off-diagonal terms of eq. (59) must be calculated by means 
of eq. (58). However, since they do not appear in our measurements we will 
refrain from doing this. Perhaps it should be remarked here that the calculations 
of section 4.3 do not take the synchronisation conditions of interactions into 
account. It has been tacitly assumed that the spread in axial velocity is small 
enough to provide complete interaction. Therefore, in case of a spread that is 
large in comparison with the mean velocity, care should be exercized: possibly 
the results of section 4.3 do not apply because equation (55) is then not ap
propriate. The problem to be solved is then quite similar to that encountered 
in sec. 4.2 and 4.2.1 dealing with scattering, in the case that the scattered beam 
has a different velocity. 

5. The generation of noise 

Having thus in the previous sections derived the expressions for the attenua
tion of the original waves we shall here derive the expressions for the noise 
waves generated. Before the interception or scattering occurs, the internal 
motion of the electrons is balanced, that is to say their individual motions are 
correlated in such a way that there does not result any motion of the beam's 
centre-of-mass. This balanceis upset tosome extent during the process involved, 
as we have seen from the second termsof the right-hand side of eqs (30), (31) 
and (55). 

5.1 Noise generaled by interception 

In section 4.1 we have calculated the waves A' of the transmitted beam which 
are due to the waves A on the incident beam. Here we will calculate the power 
flow of the waves A" that are likewise associated with the interception. 

Let us subdivide the beam of current Io into a large number of beamlets n, 
the mth beamlet carries a current Im. The elements of the matrix Xm of a par
ticular disc in the mth beamlet are the coördinates of the centre-of-mass of this 
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disc with respect to the centre-of-mass of the conesponding disc in the complete 
beam. According to this definition of the internal coördinates, eq. (36) reads: 

0 
n lm 
E Xm, 
1 Io 

or 

(61) 

The first term of eq. (61) corresponds to the r.m.s. fluctuation of the centre of 
mass when there is no correlation between the motions of the beamlets. We 
can calculate this term by using the technique described in sec. 3. i. Let this 
result in a matrix xxt. The average contribution of each beamlet to xxt can 
be found from 

xxt (62) 

The bar denotes the average over all the beamlets. U pon combination of eqs (61) 
and (62) and after averaging we find 

(63) 

According to eq. (36) the coördinate matrix of the transmitted beam can be 
written as 

n' n' I I 
EJ:mhxxt 

[ 2 
m h , 

I l 0 
m-:j:h 

n' being the number of transmitted beamlets ha ving a total beam current of h; 
Im and I" are not changed by the interception. A veraging yields 

X"X"t 
1m2 

) 
1 Imih ' 

n' ( 
2 

XmXm t - (n'2 - n')( XmXh t) . 
h ' h . 

(64) 

Provided that interception occurs at random, we can say that the averages in the 
right-hand side of eq. (64) are equal to those of eqs (62) and (63). The require
ment of random interception is probably met in practice, since practical beams 
are turbulent and all electrons of the beam have eq ual probability of being 
captured. Substitution of eq. (62) and (63) yields 

J,2n'' n' 1· 
X"X"t = 

0 
-- ( 1 - -- ) xxt . 

h 2 n · n -1 

Remembering that XXt refers to internal coördinates of the incident beam and 
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D2 
1 T.' 

Do2 c • 
(75) 

The quantity Do denotes the diameter of the cathode area emitting the electrans 
wbich arrive in tbe cross-section of diameter D1 under consideration. lt bas been 
tacitly assumed tbat no otber electrons, for instanee secondary ones are present 
in the beam. As bas been shown by Wessel-Berg and Blötekjaer 27), T;n is only 
equal to T1 if tbere are no non-thermal rotations present. Non-thermal rota
tions can he caused by heterogeneaus fields, for instance, on account of lenses 
or of expansion of the beam by i ts own space charge in the axial homogeneaus 
magnetic field. ft seems impossible to present a general ex.pression for T;n in 
case of a practical and turbulent beam. Howevcr, we can perhaps find an ap
proach by consictering a laminar Brillouin beam 28). Also we sball try to obtain 
an expression for tbe maximum tempcrature to be cxpected in case of a turbulent 
beam. 

Tn case of a laminar flow, and if thermal veloeities arenottaken into account 
the transverse velocity of an electron is given by i· i in ( wc/2) r1 in 28). Let us 
assume that thermal veloeitics are present, and tbat the following assumptions 
hold. Tbe velocity distribution of tbc electroos is a normal distribution ha ving 
a spread given by TJ. and an average velocity of in = a wcf2. Here a dcnotcs 
the distance of thc electron to tbe disc centrc-of-mass. Hcnce thc probability 
distribution of the numbcr of electroos with a velocity in lying between v and 
v + dv can be written 

n(v)dt• 
2 2

exp 
7TU 

. dt·. (76) 

with 

(77) 
m 

The number of electroos comprised within the annulet between pand p dp 
is given by 

8 pdp 
dn(p) = D

2 
N, (78) 

wbere N is the total number of electrans in the disc. lf we assume that the 
velocity and the displacement of the electroos is uncorrelated, the rnean square 
velocity in can he found by 

D/2 ·: oo 

i·2i in = --~=( pdp ./,· v2 exp -l(ll_ ___ û)cP/~~~1· dv 
D2 J 27Ta2 • 2a 2 

0 "' 00 

2k: mw 2D2 
-( (T-'- c ) . 
m J. 64 

(79) 
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The integral can be found with the aid of an integral table 29). From eq. (79) 
and eq. (67) we obtain 

(80) 

From this result we see that the internat temperature consists of a thermal and 
a non-thermal part. The non-thermalpart agrees with the result of Wessel-Berg 
and Blötekjaer 27) obtained for a zero-temperature laminar-flow Brillouin beam. 
Putting numbers into (77) we find for a beam of D = 0.4 mm, wc = 2r.fc and 
fc 550 Mcjs for the non-thermalpart T1n- TJ. = 1970 cK, hence the con
tribution of rotations proves to be considerable. As has been remarked before, 
practical beams are turbulent and laminar Brillouin flow is never attained. We 
shall now derive an expression for the maximum temperature to be expected in 
the case of a beam possessing uniform density. It has been shown both theoret
ically 26)30) and by experiment 31)32)33) that the internat motion of a beam 
ha ving a uniform density is composed of two rotations, with radian frequencies 
wr- and w~. 

l TJlo 
wp = 1 eouoA 

(81) 

Here eo is the dielectric constant of vacuum, Jo the d.c. beam current, uo the 
axial electron velocity, and A the beam's cross-section area. 

The internat displacement vector of an electron can be written as fJ 

r+ exp [jw+t] r. exp [jw-t]; r+ and r._ are complex veetors independent oft. To 
calculate the internat temperature we must know the distributions ofr+ and r-. 
In general these distributions are not given. However, we can ascertain for our
selves that quite high temperatures are possible by consiclering the limiting case, 
wp ~ 0, i.e. no space-charge in the beam. Then w+ ~ wc and w- ~ 0, which 
implies that the electron rotates with the frequency wc around r-, i.e. around 
some point which may be off the beam axis. The displacement is then given 
by TJ ~ r- f_;_ exp [jwct]. The maximum velocity of the electrans comprised 
within the annulet between Pm and Pm + dpm is [(pm + R)/2) wc since (pm R/2) 
is the maximum value of r + ( otherwise the electron would not always remain 
in the beam). If we assume that all the electrans have their corresponding 
maximum velocity we obtain, analogously to the derivation of eq. (80) for the 
internal temperature of a homogeneaus beam 

17 mwc2D2 

T;. + 96 k (82) 







-26-

both the beam diameter and the square ofthe rotation frequency. Expansion of 
the unscattered partial beam, however, has no influence on the result; its centre
of-mass motion is unaffected. If the interception considered is being followed 
by another one or if the interception extends over a distance that is large com
pared to the ripple wavelength 26) of the beam then of course the increase in 
Tin must find expression in the generated noise. 

5.2.3 Combination of the waves 

The problems associated with the calculation of the waves on the complete 
beam have been discussed in secs 4.2 and 4.2.1. Therefore we can be brief here. 
In case that both partial beams have approximately equal axial velocity eq. (36) 
applies. Rearranging eq. (36) and using eq. (9) we obtain for the noise power 
flow of the complete beam 

C"C"tp la B"B"t h p !!_ B'"B"'tp . 
h 

(90) 

Let the internat temperature ofthe unscattered beam be given by Tin a and that 
of the scattered beam by Tin 4· Then upon substitution of eq. (83) and (87) in 
eq. (90) we find 

(91) 

If the scattered beam has an axial velocity so much different from that of the 
unscattered beam that it completely falls out of synchronism, eq. (83) applies 
directly, and hence 

C"C"tp 
w 14 
-- - QaTin 3 kdf. 
wch 

(92) 

In an intermediate case, a general expression cannot be given. For the special 
case of a fast wave and a Cuccia-coupler we find with the aid of eq. (46) 

5.3 Noise due to multivelocity effects 

The noise waves D" due to spread in axial velocity can be calculated by ex
amination of the second term of the right hand side of eq. (56) (due to the dif
ferent phase shifts the sum of the internal coördinates X ma in is not equal to 
zero after the electrons have been allowed to drift over some length). Rather 
than doing this, we shall try to arrive at the result by simple reasoning. 

Let us assume that at the cross-section a the transverse electron motion is 
random. The power flow of the noise waves Da at a that are associated with 
the centre-of-mass motions of the discs is given (eq. (23)) by 
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(94) 

in which Q and T1n are given by eqs (24) and (27). If we neglect electron
electron interaction in a section of drifting beam, no correlation of the electron 
motion will built up. Therefore at the cross-section b at some axial distance 
from a the power flow Do of the noise waves must equal that at a, which is 
expressed by eq. (94). However, from eq. (59) it follows that the waves Da at 
a are attenuated by S after having travelled from a to b. Consequently we can 
write 

and hence the noise power flow of the waves D" is given by: 

D"D"tp 
w 

kT1n (Q- SQSt) dj. (95) 
Wc 

The diagonal terms agree with the expressions derived by Gordon 8), except 
for a minor difference in the case of synchronous waves. In the latter case we 
must substitute for the synchronous wave noise temperature of Gordon, that 
of Wessel-Berg and Blötekjaer 11) in order to obtain complete agreement. 

The internat temperature and 82 in Q are independent of z since the 
beam does not expand and we neglect ripple. Tin should be determined in ac
cordance with the considerations of sec. 5.1.2 and 82 in Q with those of 5.1.1 
and 5.1.2. It is important to note that 82 does not contain a partition noise 
term as the velocity of a given electron is constant and therefore it will always 
remain in the same partial beam. 

6. Experimental verification with a fast wave 

In this chapter we shall discuss the experiments performed with fast waves 
in order to verify the theory presented in the preceding chapters 4 and 5. The 
measurements were performed with the aid of electron beam tubes incorporating 
Cuccia-couplers 19). A discussion of experiments invalving synchronous waves 
will be presented in chapter 7. 

6.1. Fast wave tube 

An exploded view of a tube used for interception measurements with fast 
waves is shown in fig. 4. This tube is a modified experimentallow-noise quadru
pale amplifier 3). Between the input coupler and the quadrupale section a 
movable vane having a number of holes punched into it, and a second signa! 
coupler are inserted. The vane is suspended by means of a pivot joint and is 
weighted at the other end. This enables us, by rotating the tube around an axis 
parallel to the beam, to adjust the position of the vane relative to the beam, the 
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Q.~adrupole 
amplifying section 

··-second coupter 

Fig. 4. Exploded view of a tube used for interception measurements. The moveable vane can 
be made to penetrate into the beam by rotation of the tube parallel to the beam. The înset 
shows the connections of tbc quadrupole. 

beam axis being horizontaL Any desired amount of interception can be secured 
by permitting the edge of a particular hole to penetrate more or less deeply 
into the beam. (Zero interception, of course, can only be obtained if the diam
eter of the hole is larger than the beam diameter). To minimize reflection of 
electrans at the vane its surface is covered with a spongy layer of chromium. 
(In one tube (109) as discussed in sec. 6.2.2 other materials have been tried.) 

The insertion of the second coupler enables us to take off or to bring on a 
signa! immediately after interception. The use of this coupter will be described 
in sec. 6.2.1 in greater detail. 

Amplification in this tube can he accomplished by a quadrupolar electric field 
within the quadrupale section set up by an external pump generator. This pump 
generator has a frequency wg = 2wc and supplies the energy needed for the 
amplification. During passage of the beam through this field the fast wave signa! 
( and noise) of frequency wis amplified, and simultaneously an idler of frequency 
w~ 2wc - w is generated. As a consequence of the fact that a "signa!" of 
frequency wt will give rise to an "idler" of frequency w, noise on the beam of 
frequency wt will also contribute to the noise output at frequency w. If the 
amplification is large enough, the amplitudes of signa! and idler are nearly 
equal 3). For instance, in the case of a power gain of 10 db they differ only by 
about 10 percent. To understand the main operation ofthe tube let us consider 
fig. 5. For the moment we assume that the vane is placed in such a position that 
no interception occurs. The second coupler is detuned to such an extent that 
energy exchange with the signa! on the beam is prevented. 

The beam as it emerges from the gun carries a fast noise wave A1(w) of 
frequency w and also A 1(w;) of frequency w;. (The other noise waves in the 
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Fig. 5. Block diagram of the operation of the tube (fig. 4). Coupling only takes place with the 
fast waves A1(w) and A1(w;) ofrespectively frequency and Wi = 2 wc- w. 

modes A2, A3 and A4 are of no interest in this tube, since neither the couplers 
nor the amplifying section provide fint-order coupling tothese modes.) Unless 
the input coupler is not properly loaded, nearly all the fast wave noise power of 
frequencies w and wi is extracted by the input coupler. Measurements show that 
less than 0.1 percent (attenuation more than 30 db) ofthe fast noise wave power 
will survive. Simultaneously the input coupler excites a fast signal wave and 
also a new set of fast noise waves on the beam. 

The latter noise waves are caused by the noise sourees contained within the 
signal generator and by the thermal noise of the coupler system losses. The 
coupler system comprises a matching network to provide power matching of 
the Cuccia-coupler and the signal generator. The network consists of an ad
justable balun 34) connected to the Cuccia-coupler by a short length of 300 Q 

twin line. The balun matches the coupler to a 50 Q coaxial cable providing the 
conneetion with the signal generator. After amplification in the quadrupale 
section the signal and the noise are taken from the beam by the output coupler. 
The output coupler system is identical to the input coupler system. 

If now the vaneis allowed to penetra te more or less deeply into the beam then 
the picture of the tube opera ti on does not change substantially; only the waves 
on the beam emerging from the input coupler are attenuated and new noise 
waves are generated, as has been described in the previous sections 4 and 5. 

For completeness' sake it should be mentioned that the principal dimensions 
of the tube of fig. 4 are as follows: Each Cuccia-coupler has an axiallength of 
11 mm, a plate width of 3 mm and a spacing of 0·8 mm, the d.c. coupler voltage 
with respect to the cathode is 6 V. The axiallength ofthe quadrupale is 11 mm, 
the cross-section of the quadrupale is rectangular, the spacing of the opposite 
plates is 2 mm and the d.c. voltage about 5·3 V with respect to the cathode. 
A scale drawing of the electron gun is shown in fig. 6 ~ 3). The first anode is 
made of iron and shields the cathöde magnetically. The temperature Tc of the 
L-cathode employed is Tc= 1420 oK. Depending upon the gun voltages the 
beam diameter is 0·4 to 0· 5 mm. Typical beam current and gun voltages are: 
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Fig. 6. A scale drawing of the electrode arrangement of the gun employed in th(tubes. 

Jo = 29 !iA (fig. 8), Val = 6 V, Va2 130 V, V as 40 V, Va4 0 V, Va5 = 
10 V and Vas 6 V. 

6.2 Measurement of the attenuation 

The attenuation due to interception can be found from the measurement of 
the insertion gain of the tube as a function of the interception ratio h/lo. The 
current / 0 represents the incident and h the transmitted current, as in sec. 4.1, 
fig. 1. Here we shall define insertion gain to be the ratio of available signal out
put power to available signal input power. The insertion gain can be measured 
by standard methods 35) with a signal generator, a sensitive receiver and a 
calibrated attenuator. 

During these measurements we switch off the pump generator in order to 
avoid difficulties caused by beam defocussing effects 32) 33) and the occurrence 
of the idler signal. For each value of the interception ratio both the input and 
output coupler have been matched carefully to provide maximum signal trans
mission. The second coupter is still detuned. Since w is approximately equal 
to wc, loss of signal power due to a spread in the axial electron veloeities is 
negligible (eqs (59) and (60); S1S1* 1), so that the overall insertion gain of 
the tube, complete with its input and output coupter matching networks, can 
be written as 

(96) 

gel, gc3 and gv repcesent the insertion gains of respectively the input system, 
the output system and the intercepting vane. The quantities gel, gc3 and gv are 
smaller than one since thcy actually constitute a loss. 
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We are particularly interested in gv, since gv equals the factor to which the 
fast wave power is reduced on account of interception. From our measurements 
we obtain g as a function of lt/lo. To determine gt• we must also know gel 
and gca. The determination of gc1 and gca wiJl be discussed first of all. 

6.2.1 Determination of gca 

The insertion gain of a coupler depends upon the beam current passing 
through the coupler. A deercase of current corresponds toa deercase of insertion 
gain because the electronic beam impcdanee (eq. 40) increases and hence net
work losses have a more profound influence. This can be deduced from eqs. 42 
and 46 thereby indentifying ~ with gel or gca respectively, a is always unity 
since the couplers are kept in matched condition. Let us examine gca in the first 
place. We observe that the current lt which flows through both the input coupler 
and the output coupler, undergoes drastic changes as a consequence of the 
interception. Therefore gc3 will vary also. 

ln order todetermine the variation of gca a measurement ofthe insertion gain 
gc2 . gca was performed with the second coupler now used as the input of the 
tube shown in fig. 4. The insertion gain of the second coupler is denoted by gez. 
The beam current ft ftows through both the second and the output coupler. 
Therefore, and since the couplers and their matching networks are made iden
tical, gc2 = gca holds toa good degree of approximation, so thatgca ygczgca. 
Results are shown in fig. 7. We observe that only in the case of large interception 
a large departure from the zero interception value does occur. 

As a check, the measurement of gc3 is also performed in a different way. The 
insertion gain of the tube is measured again but now with the first instead of the 
second coupler as the input coupler. The second coupter is detuned. The vane 
is placed in such a position that no interception occurs and hence the tube 
insertion loss, eq. 95, is given by gc1 . gca. Now the beam current is reduced 
from the value /o to a value h by lowering the catbode temperature. 

The insertion loss gc1gca is measured as a function of h/lo. Since input and 
output coupler are made equal we can say that g03 •= gei/gcs· Results arealso 
plotted in fig. 7. We see that there is good agreement between the values of gca 
deterrnined by quite different methods. 

6.2.2 Deterrnination of gel 

Let us now consider the behaviour of gel· Since the current /o flowing through 
the input coupter is nearly constant, we might expect gc1 to be also nearly 
constant during the rneasurements. This gel equals the zero interception value 
of gca since both the input and output coupler are identical. We obtain gc1 0·84 
as follows from fig. 7 at h/Io = l. To establish the fact that gc1 is nearly con
stant, we shall consider the rnechanism causing the varia ti ons of gc1 and estimate 
the errors associated with these variations. 
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Fig. 7. The overall insertion gain g and output coupter gain gc3 as a function of h//o. 

Notwithstanding the fact that the vane has been covered with a material of 
poor reflecting capacity, such as spongy chromium, some backward reflection 
of electrous inevitably occurs. In a two-fold way this affects a reduction of gel· 

In the first place the signal energy to be supplied to the beam by the coupler 
fields is divided over the incident beam /o and the reflected beam Ir travelling 
towards the gun. In the second place the electrous refiected back into the gun 
might upset the gun adjustment, resulting in a decrease of /o and thus causing 
an additional decrease of gel· 

First we shall determine the Ioss of signa! on account of reflection. A Cuccia
coupler is insensitive to the direction of flow of the beam. This property enables 
us to identify the incident and the refiected beams with respectively the un
scattered and the scattered partial beams and to use the corresponding formulae 
presented insection 4.2.1. From eq. (44) it follows that ~ equals the factor by 
which gel is reduced on account of refiection since in eq. (44) ~is equal to the 
ratio of signal power P1 on the incident beam and the available signa! power P u 

(a = 1 as the coupler is matched). 
The electronic impedances Z1 and Zz of, respectively, the incident and the 

reflected beam follow from eq. (40). To calculate Z2; lo is substituted by Ir. 
The absolute. values of the axial veloeities of the beams can be assumed to be 



-33 

equal, as owing to their low impact energy (about 4 eV) the electrons will be 
mainly elastically retlected. Having thus obtained Zt and we find, using 
eq. (42) 

Io 

lo -+- Ir 
(96) 

Provided the retlection coefficient s is small we can say Ir ~ sh where 12 is the 
intercepted current. To insertsome numerical values in eq. (97), let us assume 
that full interception takes place with a vane of uncontaminated silver. Then 39) 

s = O·l, h 0·9 Io and ' ~ 0·9 which means that ten percent of the input 
power is lost by the retlection. In practice this reduction will be much smaller 
since in many cases s is smaller and full interception does not occur. 

We must now consider the second souree of reduction of gel i.e. the reduction 
of Io due to deterioration of the gun adjustment by reflected electrons. Since 
input and output couplers are identical in construction we can, in order to 
determine the reduction, use fig. 7 directly, provided we identify the reduced 
beam current with h and read ge1 insteadof g03. For example, suppose that lo 
is reduced by 20%. corresponding to h/lo 0.8, then (fig. 7) we see that gel 

will be reduced by only 2 percent. In the actual case, with the vane covered with 
spongy chromium, Io determined from the sum of h + 12 is constant within 
8 percent, as may be seen from fig. 8 (tube 88), so that gc1 can be considered 
virtually constant during the measurements. 

In order to see whether some influence of the vane coating could be detected, 
a tube incorporating a vane carrying a number of small washers covered with 
different materials was constructed (tube 109). The matcrials tried were gold, 
silver, constantan, spongy chromium, and soot. The diameter of each washer 
is 3 mm, it has a hole of 0·8 mm and a thickness of 0·03 mm. Figure 8 shows 
/o measured with tube 109 as a function of h/10. 

With the soot coating /o appears to be reduced by only 8 percent. Therefore 
gei can be considered a constant in this case. With the other matcrials the beam 
current is reduced by 12 and 20 percent at respectively hllo = 0·5 and h/lo = O·l. 
A current reduction of 20 percent corresponds to 2 percent reduction of gc1 
(using fig. 7). Asswning s 0·1 the cortesponding reductions on account of 
retlection are respectively 4 and 8 percent. This results in an overall reduction 
of 6 percent at intermediate interception and at large interception (h/10 = 0·1) 
of 10 percent. 

6.2.3 Determination of gv 

The values of gv of tube 88 calculated from the measured values of g using 
the values of gc3 of fig. 7 are indicated in fig. 9 thereby assuming ge1 constant. 
The corresponding values of gv of tube 109 are shown in fig. 10, here also ge1 
is assumed const1.1 . With exception of soot the values of gv in fig. 10 are 
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Fig. 8. The beam current Io h + /2 as a function of h/Io. 

possibly 6 percent too low at intermediate values of interception and 10 per
cent at large interception. However, application ofthe correction doesnotalter 
the picture presented by fig. 10 appreciably. Therefore and since we do not 
know e for the various materials the correction is not applied. 

6.3 Interpretation of attenuation measurements 

When we consider a fast wave with w ~ wc, the power-flow in case of inter
ception not accompanied by scattering can, according to eq. (32) and eq. (65), 
be given by 

(98) 

Since the ratio of transmitted power flow B1B1 * to incident power flow A 1A1 * 
equals h/lo, we have gv = h/Io. Therefore, if there is no scattering, the meas
ured val u es of gv should all be on a straight line representing gv h/ lo, since 
gv is plotted against h/Io. An average experimental curve, the broken line in 
fig. 9, is found lying somewhat below the expected one, the maximum dis-
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crepancy being about 20 percent. This indicates that although the reduction 
of gv due to interception can be largely explained by interception alone, some 
scattering must be present. Since the electron impact energy is very low, we 
can assume that the scattered electrons are mainly elastically refiected. Conse
quently the relation (38) applies, as in this case the scattered electrons have on 
the average the same axial velocity as the other electronsin the beam. Combi
nation of eqs (38), (91) and (96) yields for the power-flow 

and 

(97) 

Consequently we have gv = h/Io (/3/h)2. Since we know h/Io we can calculate 
the amount of scattering given by (J3/h)2• For instance, (fig. 9) at h/lo 0·8 
about 10 percent of h is scattered. 

Some support for the assumption that scattering is present is provided by 
measurements of the beam diameter by orbit resonance 32) 33). These measure
ments 6) indicate that the beam is defocussed by the interception. Also it is 
well known in electron opties that a gun having a limiting aperture in one 
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Fig. 9. Insertion gain g,, of the vane as a function of h/lo. Vane material spongychromium. 
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Fig. 11. Noise tigure F as a function ot Q (I -- g,,) g,.- 1• Spongy chromium vane. 

temperature is defined as usual in terms of the available noise power P av by 
the re lation P av kT bdf 

Due to imperfect noise extraction a residual noise wave with an equivalent 
temperature Tr remains on the beam. The input coupler is matched by the net
work to a 50 Q load of temperature The thermal noise of this load impresses 
a fast noise wave of temperature gel Tc on the beam, where gel, the coupler 
loss, is equal to 0·84 3% (0·75 db). 

U pon identifying gc1 with 'of eq. (48) we find that the thermal noise of the 
coupler losses is responsible for another fast wave having a temperature 
gel . (1 gei) . Tt; Tt is the temperature of the coupler. The coup Ier is assumed 
to be uniform of temperature. In combination with eq. (99) we find that the 
power flow at the input of the quadrupale is given by 

Ct Ct*= k {gv [Tr +getTo gel (I··- gel) Tl] (I gv) T;n'} dj). (100) 

lf no noise were generated in the tube and by the coupler losses (i.e. Tr = T1 0) 
the power flow would be given by 

(I 01) 
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Remembering that w """ wc """ wt we note that eqs (98) and (99) describe the 
power flow in both the signa! and the idler channels. Consequently, provided 
the measuring receiver is sensitive at w only, (and not at wi) the double channel 
noise tigure is given by 13)38) 

with 

Tr T1 1 - gv T;n' Q T;n' 
F= 1 +~~-+(I-gel)-+~---= Fa+-- (102) 

gc1Ta Ta gvgcl Ta gel Ta 

1 -g1, 
Q=-~ 

gv 

The first term Fa of the right-hand equation represents the zero interception 
noise figure, whereas the second describes the increase due to interception. In 
practice T1 """ Ta = 290 °K. From a direct measurement of the output noise 
equivalent temperature 13) of the tube we can also determine T;n'. In this case 
no pump power is applied to the quadrupole and herree possible errors due to 
defocussing and second order coupling are eliminated. However, the method 
proves to be more tedious, sirree we must account, by means of gc3, for the 
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Fig. 12. Noise figure F as a function of Q; here Iarger values of Q are alsoi ndicated (fig. 1 1). 
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If the temperatures T;n 3 of the unscattered partial beam and T;n 4 of the 
scattered partial beam are equal to T1n 1, the internal temperature of the in
cident beam, then T;n' = T;n 1, eq. (97). We may expect this to be the case at 
low values of fJ, i.e. at low interception, since then the beam is not strongly 
disturbed. In fact, initially the measured values of F follow a straight line, 
figs 11 and 12. The slope of the line corresponds to T1n' 2100 oK 10 %). 
With Iarger values of Q a departure occurs, indicating an increase of T;n'. This 
is to be expected, since at the vane expansion occurs which causes extra rotations 
and an increase in temperature (cf. sec. 5.2.2) of the scattered beam. Probably 
another effect may also play a role: The electroos reftected back into the gun 
by the vane alter the focussing conditions of the gun and thereby increase the 
non-thermal rotations and hence increase T;n', i.e. T;n 1 and T1n 2 as well as 
T1n 3· Fig. 15 shows the values of T;n' obtained from the measured output 
noise. The average value T1n' 2280 °K agrees reasonably well with T1n' 

found from figs 11 and 12. 
According to fig. 13, F as measured with different vane materials initially 

follows a straight line also. However, the slope of the line and hence T;n' is 
different for different materials. Possibly this is caused by the backward reftected 
electroos upsetting the gun adjustment resulting in modifications of T;n'. 

The focussing voltages of the electron gun have not been selected to provide 
a minimum value of T1n' but rather to minimize the noise figure at zero inter
ception which is not directly related to T1n'· Therefore, depending upon the 
details of the reftection and the gun focussing conditions, T';n can either be 
raised or lowered. 

Comparison of T'1n measured with different materials and T;n' in the case 
of soot, having the least reftection, shows that both cases occur. For instance; 
T1n' = 2140 °K in the case of silver, and T;n' 3600 oK in the case of con
stantan, (1·5 mm hole) are respectively lower and higher than T1n' 2870 °K 
obtained with a soot covering. With other matcrials the deviations encountered 
are much smaller. 

The largest amount of scattering takes place with a silver covering (fig. I 0). 
A large scattering in conjunction with an increase of T;n 4 due to beam ex
pansion (sec. 5.2.2) gives rise to larger deviations ofthe locus of Ffrom a straight 
line. Fig. 13 shows that although the effect is not very distinct, this indeed 
hap pens. 

In the case of spongy chromium (tube 109) T;n' = 2870 °K, which is rather 
high in comparison with the results obtained in the case of tube 88 ha ving also 
a spongy chromium covered vane. However, the gun of tube 109 is not a very 
good one, its beam current appears to be lower and its noise figure higher 
(Fo 2) then the corresponding quantities of tube 88. 

Fig. 16 gives T;n', as determined from the output noise of tube 123, in which 
the vaneis covered with spongy chromium and has a hole of I mm diameter. 
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Two different focussing conditions of the gun are used. (Tube 88 did notpermit 
this experiment, since a1 and a6 have been interconnected.) The lower curve of 
fig. 16 corresponds to a gun setting with voltages as have been mentioned in 
section 6.1. The upper curve is obtained with a slightly different set of voltages: 
Val= 6·4 V, Vaz = 147 V, Va3 = 44 V, Va4 = 0 V, Va5 = 11·2 V and 
Va6 = 6 V. We observe that T;n' indeed depends strongly upon the gun focus
sing. This fact provides some support for the hypothesis that electrons reflected 
back into the gun modify T;n', since they alter the focussing conditions. Also 
it can be clearly seen from fig. 16 that T;n' increases with increasing interception, 
i.e. with lower valnes of h/!0 • The temperature T;n' ~ 2100 °K found from the 
lower curve of fig. 15 in the region of 0·5 ~ h/lo ~ 1 agrees very well with 
the values of T;n' obtained with the aid of tube 88; this is to be expected since 
both vane and gun adjustment are the same in both cases. 

7. Experimental verification with synchronous waves 

The previous experiments invo1ved exclusively fast waves, we now shall 
consider some measurements involving synchronous waves as well. The main 
design of the tube used is shown in fig. 17. To impress a synchronous wave on 
the beam a combination of a Cuccia-coupler and a quadrupole system is em
ployed. 

Except for the pumping frequency being wc insteadof 2 wc the quadrupole 
is identical to the one used to obtain amplification, sec. 6.2.3. According to 
theories presented by a number of authors 22)23)18) the waves are not amplified 
in this case but instead a periodic transformation of a signa! into an "idler" 
wave and vice versa takes place. 

Fig. 17. Exploded view of the tube used for the synchronous wave measurements. 
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The axial dependenee of the transformation is sinusoidal and its axial period 
depends upon the pumping field strength, cyclotron frequency and electron 
velocity. In our case the signal wave is a fast wave and according to the theory 
the "idler" is a synchronous wave. The synchronous wave is a positive energy 
wave if w < wc and a negative energy wave if w > wc. (By chance during these 
measurements the magnetic field was negative, for a positive field we would 
have a positive energy wave for w > wc and a negative one for w < wc)- Con
sequently we can study either one of the synchronous waves by a proper choice 
of the signal frequency. Since we use Cuccia-couplers, w ~ wc and therefore 
wi = jw- wel is a rather low frequency. Hence the propagation constants 
(33 = {34 = wï/uo are small, so that attenuation due to multivelocity effects will 
be negligible. Let us insert numerical values in eq. (60); with L = 2.10-3 m 
being the spacing between the quadrupoles, T11 ~ 2500 °K 25), u0 = 11·9.105 

mjsec (Vb ~ 4 V), j~ = 550 Mcjs, Ji = 20 Mcjs we obtain S3S3* > 0·999 
resulting in a negligible loss. 

The main operation can be understood from fig. 18. The input coupler removes 
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Fig. 18. Block diagram of the operation of the tube shown in fig. 17. Input and output Cuccia
couplers interact only with a fast wave of frequency w, and not with wi = i wc w[ the latter 
frequency being rather low. The quadrupales convert the fast wave into a synchronous wave 
and vice versa. 

fast-wave beam noise and impresses a fast wave on the beam. During passage of 
the first quadrupale the fast wave is converted into a synchronous wave, and 
synchronous wave noise into fast wave noise. lf interception at the vane occurs, 
both waves are attenuated and new noise in both modes is introduced. By the 
second quadrupale the synchronous wave is converted into a fast wave, and 
finally it is taken off by the output coupler. The synchronous wave due to the 
fast wave at the input of the second quadrupale remains undetected by the 
output coupler. 

The tube is adjusted as follows: First of all the gun and the Cuccia-couplers 
are adjusted to provide maximum signal transmission; the overall insertion gain 
is about 0·7 times. No interception at the vane should occur during the tube 
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adjustment. Then pump power is applied to the fint quadrupale and its ampli
tude is increased until the output signal disappears. Very large attenuations can 
be obtained in this way. Ho wever, beam defocussing and associated errors which 
are likely to occur in the measurements put an upper limit to the useful attenua
tion obtainable. Having adjusted the fields in the first quadrupole, we apply a 
pump signal originating from the same generator to the second quadrupale also 
and adjust its amplitude and phase to restore the signal transmission. 

lt is interesting to note that at the same time the second quadrupale restores 
the signal, it refocusses the beam, so that almost no beam current is lost. This 
can probably be explained as follows; A quadrupale field is known to provide 
focussing of the beam in one transverse direction and to defocus it in the other; 
this causes the beam to assume a twisted ribbon-like shape which is restored 
to a cylindrical one by the second quadrupole. For instance, to provide an 
attenuation of 16·5 db by means of the first quadrupale alone the beam current 
decreases from 26 to 12 [LA; after adjustment of the second quadrupale the 
signal transmission proved to be only 0·7 db worse and the collector current 
rose to 24 [LA, so that only 2 [LA were lost. The adjustment used during the 
measurements, providing a signalloss of 13 db, results in a beam current loss 
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Fig. 19. Insertion gain of a positive-energy synchronous wave versus h/lo, spongy chromium 
vane, for different hole diameters. 
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of only I fLA. A signalloss of 13 db means that except for about 5% all the fast 
wave power is converted into synchronous wave power and vice versa. When 
both quadrupales were put into operation a reduction of 10% of the overall 
insertion gain was observed. Results of the measurements of gv, the insertion 
gain of the vane in the case of a positive energy synchronous wave, are shown 
in figs 19 and 20. Negative energy synchronous wave measurements are shown 
in fig. 21. 

Fig. 20. Insertion gain of a positive-energy synchronous wave versus h/lo, spongy chromium 
vane. 

7.1 Interpretation of the attenuation measurements 

First we shall discuss the insertion gain measurements. Eqs (22) and (38) 
predict the same attenuation for the same amount of interception for every 
single wave. Comparison of figs ( 19), (20) and (21) with fig. 9 shows that this 
is indeed the case forthefast cyclotron and both the synchronous waves within 
a few percent. lmplicitly this provides experimental support for the assumption 
that the probability of electron capture does notdepend upon the signa!. This 
point is stressedeven more when we consider in fig. 19 the insertion gain caused 
by the 0· 3 mm hole. Here we see that gv is not very much lower than the value 
measured with the larger holes. On the basis of the laminar flow model one 
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Fig. 21. Insertion ga in of a negative-energy synchronous wave versus h/lo, spongy chromium 
vane. 

would rather expect gv to be very low, since in this case the hole diameter of. 
0· 3 mm is much smaller than the beam diameter, the latter being 0·4 to 0·5 mm. 
Probably the fact that actually they are somewhat lower might be explained by 
an accidental contamination of the 0· 3 mm hole. Ex perimental support for this 
point of view that contamination is present is provided by measurements with 
thistubeand with the fast cyclotron wave. The fast wave measurements (tube 127) 
with the 0·3 mm hole are also shown in fig. 19 and we observe that the same 
deviation occurs. In fig. 9 with tube 88 such an effect is not observed. 

7.2 The synchronous wave noise 

The relationship between the tube output noise temperature Tout measured 
at the output coupler and the noise generated by the interception can be cal
culated as follows: Let the beam carry a fast wave of temperature Ta and a 
synchronous wave of temperature Ts when it enters the first quadrupole. The 
completeness of the conversions by the quadrupole is given by the insertion 
gain gq; a complete conversion results in gq = 1 and in our case, as 5 percent 
is not converted, gq 0·95. Consequently the first quadrupole output consists 
of a fast wave having Tb' gqTs -I- (I - gq) T/J and of a synchronous wave 
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of Ts' = gqTv (1 gq) T8 • According to eqs (32), (38), (65) and (91) the tem
peratures of the fast and synchronous waves beyond the vane are given re
spectively by Tv" gvTv' (1- gv) Tin' and Ts'' gvTs' -'- (1- gv) Tin", 

and 

T. " In 

Tin' is given by eq. (99). 

(104) 

The temperature Tv"' of the fast wave which is presented to the output 
coupter is Tv"' = gqTs'' ~ (1 gq) Tv" and the output noise temperature 
Tout gcaTb"' ~ (I gea) To, where gca represents the output coupler's in
sertion gain. Thus the relationship of Tout and Tint" bas been established, and 
if we know Tb, T8 , gq, gv and gca, we can calculate Tin" frorn the measured 
values of Tout· (Note that, sirree we consider only ternperatures as "seen" at 
w, the above equations do not contain the ratio wil w.) 

The measurements are done with tube 1.27 and tube 133. Tube 127 did not 
allow measurernents at f = 570 Mc/s owing to parasitic coupling ofthe quad
rupales and the couplers. Therefore, with tube 127 only measurements on the 

14000f----~-----+----+----4--0~ 
Ti~· (Of(J 

1
12000 

Ok---~--~7---~---7~~ 
0 0·2 0-4· 0·6 0·8 1 

_r,; 
Io 

Fig. 22. T1n" as measured both with positive and negative energy synchronous waves. 
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positive energy synchronous wave were done. The temperatures Tb and T;n' 

are measured as described in sec. 6.4, while Ts is determined from the output 
noise if only a single quadrupole is in operation. In the latter case the syn
chronous noise wave is converted into a fast wave which appears at the output. 
Having obtained these temperatures we can find T; 11". Results are indicated 
in fig. 22. 

7.3 lnterpretation of the noise measurements 

We shall now consicter the noise measurements. A very accurate discus
sion of the values of T1n" (fig. 22) is impossible since we do not know the exact 
beam diameters and the current density distributions over the cross-sections of 
the incident. the unscattered and the scattered partial beams. To estimate the 
value of T1n" to be expected we use the expression T;n" (I --+ o2) T 111 ', as 
given in eqs (102) and (68). The space-charge Stippression factor rz is about 
0·6, as has been measured by the usual metbod of comparing the beam's shot 
current with that of a saturated diode 13). The values of <')2 and TJn" obtained 
with T1n' 2200 oK (sec. 6.5) and r2 0·6 are shown in table I. Since the 
current distribution of the beam will be something between a homogeneous 
and a parabolical distribution both distributions have been considered in the 
table. 

TABLEI 

Current distribution D I0-3 m ö2 T;n" oK 

Homogeneous 0·4 2·88 7200 

" 
0·5 3·56 10000 

Parabolical 0·4 0·91 4200 

" 
0·5 1·27 5000 

Inspeetion of fig. 22 and comparison with table I shows that, at low inter
ception, T;n" measured with the negative energy wave (tube 133) is indeed of 
the right order of magnitude. However, T1n" measured with a positive energy 
wave (tubes 127 and 133, I mm hole) is considerably higher. We shall discuss 
this discrepancy in greater detail in section 7.3.1. 

From fig. 22 we see that T;n" first increases with increasing interception and 
then decreases. This can be explained by consideration of T1n" (1 82) T 111' 

and o2 mw/·T2D2f16 kT;u' (eq. 68) and where T1n ~Tin'. From fig. 16 it 
follows that Tïn' initially remains constant and then rises with larger values of 
interception. Increasing interception (fig. 22) results in an increase of r2 to
wards 1 due to the partition noise. With smal! interception DZ is probably 
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not very much reduced and therefore the increase of T 2 results in an increase 
of Tin". Ultimately, at larger interception the deercase of D2 prevails over the 
increase of T 2 and also over the increase of Tin', so that an overall deercase of 
Tin" results. The effect of a reduction of D is clearly illustrated by the values 
of Tin" measured with the 0·3 mm hole, which are lower than any Tin"measured 
with the same interception and larger holes. 

7.3.1 Temperature difference of the synchronous waves 

We shall now explain why Tin" of the positive energy wave is higher than 
that of the negative energy wave. Repeated measurements using slightly dif
ferent sets of gun voltages showed the difference to be consistentand the figures 
presented the lowest obtainable. Moreover, it has been measured that Ts, being 
the temperature of the synchronous waves emerging from the gun, also shows 
this effect. The positive energy wave has Ts """• 5300 oK which is larger than 
Ts R::> 3600 oK for the negative energy wave. 

As has been verified by connecting the pumping oscillator directly to the 
receiver input the difference could not be caused by the noise side-bands of the 
oscillator. (The receiver bandwidth is 0·1 Mc/s and the separation of the signa! 
frequency and pump frequency either 15 or 20 Mc/s.) Also, noise "spilled" by 
a space-charge wave or by higher harmonies waves would have been a possibility 
if there was a sufficiently strong longitudinal field component 22)4°). Because 
infinite phase velocity couplers are used and since the beam has been centered 
carefully such a field is not present. 

However, earlier in this chapter it has been mentioned that the beam is 
defocussed by the pumping field in the first quadrupale and refocussed by 
that in the second one. Although the amplitude of the pumping field has been 
reduced to such an extent that interception on account of defocussing is preven
ted, probably the electrons still acquire a coherent motion in the first quadru
pole. This motion is not yet erased by the turbulency of the beam when the 
beam enters into the second quadrupole and therefore certainly not at the 
vane. (Otherwise a refocussing by the second quadrupole-field would have 
been impossible.) Consequently, with respect to this new motion, the assump

tion that xy* 7 and similar terms occurring in Q (eq. 23) and also in Q1, Q3 
and Q4, which refer to the internat motion, are zero is incorrect. Moreover the 
interception cannot be considered to be completely at random as the vane inter
cepis the outer electrons first of all. 

However, with respect to the original motions the assumptions are probably 
still correct. Insection 7.1 it was found that the probability of capture does not 
depend upon the signal. Actually this doesnotprove that the interception occurs 
completely at random, as it only says that the electrans in the proximity of the 
edge ofthe vane have almost equal probability of being captured. However, any 
coherent internal motion, as for instanee caused by the lenses of the gun \Vill be 
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erased by the turbulency of the beam by the time the beam hits the vane. The 
distance of the vane from the gun is 28 mm whereas the distance from the first 
quadrupale is only 1 mm, corresponding respectively to 14 and 0·5 cyclotron 
wave1engths. 

Let us consider what happens with the temperature of the waves if iy*T and 
si mi lar terms of Q are unequa1 to zero. By writing out the expression N X xtNt 
the diagonal termsof Q divided by ±.P'+-.Y.f*r are found to be 

(qu, q22, q33, q,H) = 

(1 8', 1+8',-l-82-8' 8" S"',J 

with 

(105) 

7 

8" 

From eq. (105) it follows that if 8' 8" 0 the temperatures of respectively 
the negative and the positive energy synchronous noise wave are different since 
then :q33i # lq44l. Simi1arly the temperatures of respectively the fast and the 
slow cyclotron wave are unequal if S' 0 since then lqni cl" lq22i· 

It should bJ noted that the off-diagonal terros as well as the diagonal terms 
of Q do change in case of correlation. Consequently also the corre1ation of the 
cyclotron and the synchronous waves is affected. As we do not need the result 
we shall not discuss the off-diagonal terms here. 

Unfortunately we do not know the motion of the electrans of the beam 
emerging from the quadrupale to allow a calculation of S' and S" directly. 
However, we can find an approach by consirlering the following rather special 
case. Let us assume that the quadrupale field causes a number of electrons to 
rotate with frequency wr around the beam axis. We shall first consider these 
electrons only. The frequency wr depends upon the spacc-charge ccnditions of 
the beam, sec. 5.1.2, eq. (81). This implies (fig. 23) that if we specify x we also 
specify j• wrx and similarly x and y are related by x = Since the 
coördinates x and y are independent all cross-corre!ation terms except those 
invalving x and y or y and x are zero. Let us write x exp [j.p], _v !y I 
exp U<P2}, x = lxl exp [j,P3] and y IYI exp [j.p4}. Assuming symmetry and 
since -i -wry and Y = wr_x- we find that IY I = wr'x! = wriY! 
<?4 ± <1>1 ±: 2m1r and <?3 = <?2 (2n +· I )1r, n and m are integers. Inserting 
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we obtain q44 = 9·24 and T;n ro = 9900 °K. If wr = w+ we obtain q44 = 151 
and T;n ro = 220 oK. U pon substitution into eq. (109) we find: 

nh 
Tin" pos Tiu" neg+ e- -

~ Nlo 
Tin" neg 

(110) 
---··---

with c ~= 9·2 x 104 and e = 3·3 X 104 if wr = w+ and wr = w- respectively. 
From fig. (22) with h/lo = 0·8 (1 mm hole) it follows that T;n" pos/T;n"neg = 
2·96. According to eq. (110) this corresponds to en/ N = 1·08 x 104 yielding 
n/N = 0·12 and n/N = 0·33 if w, = w+ and w, = w- respectively. Let us use 
this partic ui ar value of en/ N and calculate the ratio of the temperature for other 
values of h/10 • Thc results are shown in Table IT. (We consider only measure
ments in the range 0·8 ?: h/10 ?: 0·2 because these are more accurate than 
those outside this range). 

TABLE Il 

h/lo 
T;n" neg Tin" pos/T;n" neg 

OK 
calculated I measured 

0·8 4400 2·96 2·96 
0·6 6000 2·08 2·14 
0·4 7000 1·62 1·55 
0·2 6400 1·34 1·40 

According to table II the calculated values of T;n" pos/T;n" neg agree very well 
with those determined from the measurements in fig. 22 (I mm hole). 

Therefore we can conclude that the difference of the internal temperatures 
of the synchronous waves can adequately be explained by the presence of a 
ribbon shaped partial beam. The physical appearance of the actual beam cor
responding to this model will be a beam having a more or less elliptical cross
section with a concentration of electrans near the ends of the major axis. 

As further independent data are not available and sincc the available quadru
pale theory only prediets that under space-charge conditions the internal motion 
is hardly affected, we cannot determine whether the ribbon beam rotates with 
w+ or w-. This point could have been settled by a measurement of the difference 
of the internal temperature of the cyclotron waves. According to eq. (106) this 
difference is given by 2 h n T;n r Io-1N- 1, the slow cyclotron wave having thc 
highest temperature. The maximum temperature difference being 49 oK and 
1000 cK in the case of a rotation at respectively the frequency w- and w+. 

U nfortunately, at present no slow cyclotron wave couplers which are sufficiently 
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free from side-effects, such as coupling tothefast synchronous and to the space
charge waves, are available. 

Finally we shall explain qualitatively the difference observed in Ts, the tem
pcrature of the synchronous waves emerging from the gun, their ratio being 
about 1·5. In the gunthereis a region in which the beam is strongly decelerated 
(Va·t OV). In this region the spread in axial velocity is not negligible causing 
an attenuation of the original synchronous noise waves (sec. 4.3) and a gene
ration of new synchronous noise waves (sec. 5.3). Although the temperatures 
of the original synchronous waves starting from the catbode are equal, a cor
relation in the electron motion causes a difference in temperature of the new 
synchronous wave. Probably this correlation builds up as follows. A minor 
mechanica] misalignment of the gun electrades or a small non-uniformity of the 
catbode surface causes the beam to have a non-eireular cross-section or to have 
an off-centered density distribution. (We effectively use a spot of only 0.25 mm 
of the catbode surface, see :fig. 6). Consequently, in similarity with the ribbon 
beam a number of electrans show a correlation of their x and y displacement. 
In order to obtain Brillouin focussing the catbode of the gun is shielded by the 
:first anode which is made of iron. lmmediately beyond this anode the electrons 
will perform concentric rotations with the frequency !wc. The subsequent beam 
expansion will increase the rota ti on frequency to a value w+ given by eq. (81 ). 
In the case of the ribbon beam we have seen that if the rotations occur at the 
frequency w+ the number of electrons having x and y correlation need to be 
only small. As here the temperature ratio observed is much smaller than that 
caused by the ribbon beam at h/Io 0·8, we can be rathersure that the effects 
mentioned actually are responsible for the temperature difference. 

8. Conclusions 

We can conclude that the theory prediets correctly the attenuation on account 
of interception and scattering of the fast cyclotron and both synchronous waves. 
The noise generated inthefast cyclotron and negative energy synchronous mode 
is satisfactorily accounted for by the theory. The noise generated in the positive 
energy synchronous mode was found to be much larger than expected by the 
simpte theory. The discrepancy could be adequately accounted for by the 
presence of a correlation of the displacement and also of the displacement and 
the velocity of the internal electron motion. 
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Samenvatting 

Op een door een axiaal en homogeen magneetveld gefocusseerde electronen
bundel kunnen zich vier transversale onafhankelijke en ongedempte golven 
voortplanten. De bundeldiameter is klein gedacht ten opzichte van de inhomo
geniteit van de erop werkende velden. Het onderwerp van dit proefschrift is na 
te gaan wat er met deze golven gebeurt, en hoeveel ruis er opgewekt wordt als 
de bundel gedeeltelijk onderschept of verstrooid wordt. Zijdelings is er ook 
onderzocht wat er gebeurt als de bundel een spreiding in axiale electronen 
snelheid heeft. 

De niet oneindig dunne bundel wordt gedacht als te zijn opgebouwd uit een 
groot aantal dunne en niet met elkaar gekoppelde transversale schijfjes. Het 
verband tussen de amplitudes van de golven en de transversale verplaatsings· 
en snelheidscoordinaten van het zwaartepunt van de schijfjes ten opzichte van 
de rusttoestand, blijkt eenvoudig in een matrix vergelijking uit te drukken te 
zijn. Behalve dat de electronen in een schijfje hun bijdrage aan de zwaartepunts
beweging van dat schijfje leveren kunnen ze ten opzichte van dit zwaartepunt 
nog bewegingen uitvoeren, de interne beweging genaamd. Zwaartepunts en 
interne beweging zijn slechts onafhankelijk wanneer dezelfde electronen deel 
blijven uitmaken van hetzelfde schijfje en wanneer er tevens geen inhomogene 
krachten op het schijfje worden uitgeoefend. 

In de hoofdstukken 2 en 3 worden de bovengenoemde begrippen besproken 
en voor zover nodig uitgebreid en in een geschikte wiskundige vorm gebracht. 

Treedt er onderschepping op, dan wordt het aantal electronen in de schijfjes 
verminderd, bij verstrooiing wordt de plaats en de snelheid van sommige elec
tronen op een willekeurige manier veranderd, en door axiale snelheidsspreiding 
zullen sommige electronen uittreden en door anderen vervangen worden. Tij
dens deze processen zijn de zwaartepuntsbeweging en de interne beweging niet 
meer onafhankelijk. De beweging van het nieuwe zwaartepunt kan men gesplitst 
denken in een component afkomstig van de oorspronkelijke beweging en een 
component veroorzaakt door de interne beweging. 

In hoofdstuk 4 wordt de verzwakking van de golven tengevolge van deze 
processen onderzocht. Het blijkt daarbij belangrijk te zijn dat de kans dat een 
electron aan het proces deelneemt niet van de amplitude of faze van de golven 
afhangt. Zelfs gedurende het proces treedt dan geen koppeling van de golven op, 
en de component van de zwaartepuntsbeweging als gevolg van de oorspronke
lijke beweging is onafhankelijk van de component voortkomende uit de interne 
beweging. De laatste component stelt dan de bij deze processen opgewekte ruis 
voor die onderzocht is in hoofdstuk 5. Tussen de aldus ontstane ruisgolven 
blijkt correlatie te bestaan. Bij het afleiden van de ruisformules is aangenomen 
dat de kans voor alle electronen om aan het proces deel te nemen ongeveer 
gelijk is, en dat er geen correlatie bestaat tussen de transversale snelheid en de 
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plaats van de electronenten opzichte van het zwaartepunt. Omdat in de praktijk 
de bundels turbulent zijn is deze aanname redelijk. 

De meetresultaten verkregen met behulp van de zogenaamde snelle cyclotron 
golf blijken goed in overeenstemming met de theorie te zijn. De experimenten 
zijn gedaan met een electronenbuis waarin de koppeling met uitsluitend de 
snelle cyclotrongolf tot stand wordt gebracht met deflectieplaatkoppelingen. 
Tussen de ingangs- en de uitgangskoppeling bevindt zich een draaibaar vaantje 
dat meer of minder ver in de bundel gebracht kan worden en aldus een regel
bare onderschepping veroorzaakt. Om de nauwkeurigheid van de metingen te 
kunnen verhogen is er een kwadrupool-versterkersysteem tussen het vaantje en 
de uitgangskoppeling aangebracht. Hoewel het vaantje met een reflectiearm 
materiaal is bedekt is gebleken dat er altijd wat verstrooiing gelijktijdig met de 
onderschepping plaats vindt. Beide effecten moesten dus gelijktijdig worden 
onderzocht. 

De metingen besproken in hoofdstuk 7 hebben betrekking op de beide syn
chrone golven. Eerst wordt het signaal met een deflectieplaatkoppeling als een 
snelle cyclotrongolf op de bundel gebracht en dan met een kwadrupool systeem 
omgezet in een synchrone golf. Een tweede kwadrupool systeem zet de synchrone 
golflater weer om in een snelle cyclotrongolf die met een deflectieplaatkoppeling 
uitgekoppeld kan worden. Het draaibare vaantje dat de onderschepping veroor
zaakt zit tussen de beide kwadrupolen. Door de signaalfrequentie hoger oflager 
dan de frequentie van het kwadrupoolveld te kiezen kan men aldus met de ene 
of met de andere synchrone golf koppelen. De resultaten zijn in overeenstem
ming met de eenvoudige theorie behalve, dat de ruis van de synchrone golf met 
de positieve energie stroom veel hoger is dan die van de golf met negatieve 
energiestroom. Dit is te wijten aan concentrische rotaties van electronen om 
de as en aan een inhomogene stroomdichtheid. Ten aanzien van deze rotaties 
kan men de onderschepping niet willekeurig noemen en ook zijn de plaats 
en snelheid van de electronen gecorreleerd. Brengt men deze effecten in reke
ning, dan is de overstemming met de experimentele resultaten zeer goed. 
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De gewoonlijk voor thermische stralingsdetectoren aangegeven onderste grens 
voor de nog te meten stralingsenergiestroom is noch een practische, noch een 
principiële onderste grens. 

(J. M. W. Milatz en H. A. van der Velden, Physica 10, 
368-380. 1943) 

11 

Wanneer men het warmtecontact van een thermische stralingsdetector verkleint 
dan neemt zijn tijdconstante toe. Meestal wordt de detector dan onbruikbaar 
traag. De bruikbaarheid voor metingen van met tamelijk hoge frequentie on
derbroken straling hoeft hier echter niet onder te lijden. 

III 

De nog meetbare stralingsenergiestroom van een thermische detector kan wor
den verkleind door het selectief maken van de detector voor die straling. Het is 
echter niet zinvol dergelijke berekeningen uit te voeren zondertevenshet conduc
tie- en eventueel convectie-warmtegeleidingsvermogen in de berekening te 
betrekken. Dit met het oog op de tijdconstante van het systeem en op de ruis 
gepaard gaande met de omzetting van de temperatuursverhoging van de detector 
in een waarneembare grootheid. 

(E. H. Putley, Jnfrared Physics 4, 1-8, 1964) 

IV 

Als uitgangspunt voor studies betreffende verhitting van een plasma is het plas
ma gevormd in een electronenbundel-plasma ontlading even interessant als dat 
gevormd door de "C Stellarator". Het is bovendien veel goedkoper. 

V 

Afgezien van de vraag of zonwering binnen of buiten het raam moet hangen, 
is het nuttig de binnenzijde van goed reflecterend materiaal zoals aluminium te 
maken, en de buitenzijde liefst wit te schilderen. 

(A. S. Bis hop, Physics Today, March, 19-26, 1964) 



VI 

Het is wel mogelijk om door bundelexpansie afkoeling van de snelle cyclotron
golf te krijgen mits de bundel voldoende laminair is. 

(T. Wessel-Berg en K. Blötckjaer "Microwaves" voor
dracht IVe Int. congres over microgolfbuizen in Scheveningen 
Sept. 1962) 

VTJ 

Voor het ontruisen van parametrische versterkers met een electronenbundel 
kan met voordeel gebruik gemaakt worden van een halfgeleider diode. 

VIII 

Let men op de afwezigheid van neiging tot spontane blokkering van schijfrem
men, dan is het argument dat schijfremmen op de voorwielen behoren onjuist 
en geheel te zien als reclameargument. 

IX 

Het zou het aantal ernstige verkeersongelukken kunnen verminderen als bij de 
rijproef ook geëist werd dat de candidaat, rijdend met tamelijk hoge snelheid, de 
wagen in zo kort mogelijke tijd tot stilstand kan brengen, liefst met enig begrip 
over de te verwachten instabiliteiten. 




