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EDITOR’S PREFACE

‘The aim of these monographs is to report upon research carried
_out in electronics and applied physics. Work in these fields continues
10 expand rapidly, and it is recognised that the collation and
. dissemination of information in a usable form is of the greatest
_importance to all those actively engaged in them. The monographs
~-will be written by specialists in their own subjects, and the time
- required for publication will be kept to a minimum in order that
these accounts of new work may be made quickly and widely

o available.

" "'Wherever it is practical the monographs will be kept short in
“length to enable all those interested in electronics to find the
“"essentials necessary for their work in a condensed and concentrated

o form,

D. W. Fry

AUTHOR’S PREFACE

The phenomenon of secondary electron emission was discovered
~fifty years ago. At first only little interest was shown, but when
electronic tubes came into more general use, secondary electron
emission was also more intensively investigated. Literature on
~ this subject is of both an academic and a technological character.
.. ' In this book a survey of the physics and applications of secondary
.. ‘electron emission is given.

7 :7In the first seven chapters the physical side of secondary electron
- ‘emission is discussed. The first chapter is an introduction; the
-second treats methods and measurements. The. third and fourth

" chapters give numerical results on the secondary electron emission

. yield of both metals and metal compounds. In these chapters
some effects are discussed and their connection with the experi-

- mental technique explained. The fifth chapter deals with the
_influence of externally adsorbed foreign atoms and ions on secondary

electron emission. Chapters 6 and 7 deal with the mechanism of

xi




xii PREFACE

secondary electron emission. While it is evident that a complete
theory does not yet exist, the author has endeavoured to give a
survey comprising the various approaches to the problem. Results
of experiments of fundamental importance are also discussed.

The three final chapters deal with the application side: Chapter 8
on the application of electron multiplication, Chapter 9 on the
elimination of disturbing effects due to secondary electrons, and
Chapter 10 on “storage’ devices in which information on electrical
charges is written on an insulating surface, often by making use of
secondary electron emission.

Literature on this subject is rather extensive. In accordance
with the contents of the book the list of references is divided into
two parts, one being a chronological list of articles on the physics
of secondary electron emission, and the other comprising articles
on the application.

The author would like to express his thanks to Professor Dr.
H. B. G. Casimir, director of the Philips Research Laboratories,
for his permission to publish this book. He is much obliged to
Professor Dr. J. L. H. JoNkxER, who read the manuscript and made
several valuable suggestions. On the subjects treated in Chapter 10
he had many useful discussions with Dr. P. ScHAGEN.

Thanks are also due to the Pergamon Press for the handsome
printing of the book.

EINDHOVEN,
November 1953




1
INTRODUCTION

| 1.1. DISTINCTION BETWEEN SECONDARY ELECTRONS
OF A DIFFERENT CHARACTER

~ When electrically charged particles with sufficient kinetic energy
- hit'the surface of a solid, the latter emits electrons. These electrons
—are called secondary electrons, and the bombarding electrons are
. called primary electrons. This book surveys the phenomenon of
“secondary electron emission from different kinds of substances in
the solid state.
The phenomenon of secondary electron emission was discovered
7]by AvsTIN and STARKE [8] in 1902. AvusTIN and STARKE were
studying the reflection of cathode rays from metal surfaces and
found that the metal target was able to emit a larger number of
“electrons than it was receiving. This was proof that the primary
electrons liberated additional ones from the material itself; if
mere ‘reflection occurred, a number of secondary clectrons at the
~most equal to that of the primary electrons would have been
found.
+'Later on these phenomena were thoroughly studied by LENARD
and his co-workers. LENARD [1] proposed the following distinction
between different groups of electrons.
1. “Secondary electron radiation’; this was meant to be the
result of ejection of electrons from a substance by the impact of
. primary electrons. Ilectrons which are able to leave the substance
“were . called surface-secondary-electrons. When the substance
' under investigation has the shape of a thin plate, emission of
secondary electrons on both sides can be found, namely on the side
- “exposed to the bombardment of the primary electrons (emission on
the ‘entrance side) and also on the side through which the primary
_electrons are leaving the substance (emission on the exit side).
~This "book will mainly consider the emission of secondary elec-
‘trons on the entrance side. The emission on the exit side has never
been a subject for profound examination, although it might be of



2 SECONDARY ELECTRON EMISSION

importance for technical application (see Chapter 9). On the
other hand, the emission on the entrance side has been examined
thoroughly in numerous investigations; it is very important from
a technical point of view, as it is found in all kinds of
electronic valves or tubes where its effect is indeed essential for their
operation. ]

2. “Re-diffusion” (LENARD’s ‘“‘Riickdiffusion”); the result of
thie bending of the path of an electron, caused by the penetration of
atoms, LENARD called ‘““diffusion”. When the direction of the path
was altered through more than 90°, he used the term ‘“‘Riickdiffusion”.
Upon bombardment with primary electrons these ‘“rediffused’”
electrons are found among the secondary electrons. The term
“reflected electron’ was used by LENARD for the special case of a
rediffused electron which had suffered only one collision with an
atom.

LENARD made this distinction because it was observed that
among the secondary electrons there were different groups, namely
a slow group with an energy of the order of magnitude 10 eV (this
was approximately independent of the energy of the primary
electrons) which was considered to consist of the secondary electrons,
and a group with a greater energy being the rediffused electrons.
An example of such a separation will be discussed in the next
section.

Another way to differentiate between different kinds of ‘‘secondary
electrons’” which is often encountered in the literature is the
following {5, 6]:

“true’’ secondary electrons LENARD’S secondary
radiation

(primary) electrons which have suf-
fered one or more inelastic collisions
(primary) electrons which have been
scattered elastically (without loss of

energy)

rediffused and reflected
radiation

From this one can see that the terminology used in the literature
is quite different. The expressions used by LENARD refer to the
path or orbit of the primary electrons in the substance under investi-
gation; the words elastically and inelastically refer to the loss of
© energy of the primary electrons.
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1.2. ENERGY DISTRIBUTION OF THE SECONDARY
ELECTRONS

~In this section we shall consider how it is possible to classify
‘seconda,ry electrons experimentally. The determination of their
energy distribution can be carried out by two different methods:
‘ (1) By means of a retarding electric field £, permitting the
“number of secondary electrons with an energy greater than #
to be determined.
(2) By means of a magnetic deflecting field, leading to a
determination of the number of secondary clectrons with an
energy between I and ¥ -+ dZF.

. 10
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Fig. 1.1. Energy distribution of secondary and rediffused electrons
emitted by gold; according to STEEBERGER [70]

~Infig. 1.1 an energy distribution is shown measured by STEHBERGER
~with a retarding electric field. The abscissa gives the voltage, the
~ordinate the fraction of the secondary electrons capable of over-
_coming the retarding field. When the secondary electrons are all
‘drawn to the collector (negative abscissa), the curve runs parallel
{'to the abscissa. With a small retarding voltage the curve drops
'steeply, and then continues horizontally as the voltage is further
~increased. In this drawing the method of separation of secondary
- and rediffused electrons is also shown. According to the Lenard
-school this can be carried out by extrapolating back the horizontal
section from a voltage of about 30 V, and determining the inter-.
section with the ordinate axis. When ¥V, = 2000V, 279%, of the
secondary electrons are then found to be rediffused electrons and
_the rest ‘‘secondary radiation’”.
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Fig. 1.2 shows the energy distribution of secondary electrons
emitted by copper, after FaArNsworTH [41]. Again the abscissa
gives the retarding voltage; the ordinate is the number of secondary
electrons per primary electron capable of overcoming the retarding
field. The different curves are for different values of ¥, in this case
much smaller than in fig. 1.1; .there is again a steep fall at low

" retarding voltages, but this continues nearly rectilinearly with

increasing voltage. As the retarding voltage approaches the value

1490

s
{p 120

T -

080

060

040NN

N
e MERNSSS=SSmEN
ol I 1T 11

o 20 40 60 80 100 20v
Retarding voltage —
No ¥

-

Fig. 1.2. Energy distribution of secondary electrons emitted by copper;
according to FARNSWORTH [41]

of ¥V, a further steep fall occurs; the only electrons now able to
reach the collector are elastically reflected primaries. .
Unlike fig. 1.1 then, fig. 1.2 fails to show a separation into slow . i
and fast electrons. Such a separation is not generally possible
with slower primary electrons. An exact separation would be
possible only if the orbits of the electrons in the substance could be
observed, but this cannot be realized. It was suggested by -
STEHBERGER that the slow fraction consists only of ‘“‘secondary -
radiation’” and the faster part of rediffused electrons.
It is however possible to distinguish inelastically scattered
primary electrons from the others. This can be done by measuring
the energy distribution with the aid of a magnetic deflection method
(RupsERG [79, 103)). In fig. 1.3 the distribution curve is shown for-
a silver target; the ordinate is the number of electrons with an
energy between F and £ + d&, the abscissa the energy in eV. The
curve shows four maxima.
The abscissa of the broad high maximum, marked S, is nearly
independent of the energy of the primary electrons and is therefore
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: c‘aused by the “true secondary electrons”. The maximum marked
R originates from the elastically scattered primary electrons. The
. distance between the maxima U and R is independent of the
energy of the primary electrons. The maxima U are evidently
caused by primary electrons which have lost a certain amount of
' energy, i.e. have been elastically scattered. It is of course possible

(at

i)

50
<+———— fhergy(eV)

- 'Fig. 1.3. Ehergy distribution of secondary electrons emitted by silver;
according to RubpBERG [79, 103]

| that the number of these electrons is greater, but it is not possible
to recognize them as such. The section of the curve parallel to the
abscissa consists presumably of a mixture of “true” secondary
- electrons with inelastically scattered primary electrons or, to use
LENARD’s terminology, of ‘“‘secondary radiation” and rediffused
~.electrons.

'V 13. YIELD OF SECONDARY ELECTRON EMISSION

From the examples discussed in the previous paragraphs it will have
become obvious that only the elastically reflected primary electrons
can be separated with certainty. Fig. 1.2 shows that the elastic
. reflection decreases with increasing energy of the primary electrons;
eg.at V, =20V 409, of the “total” secondary electrons consist
of elastically reflected electrons, but this percentage drops below
10 for primary electrons with an energy of 100 eV.

As far as the inelastic scattering is concerned, it seems reasonable
to assume with McKay [6] that all electrons with an energy greater

e
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than 50 eV have been scattered, either inelastically or elastically.
In Chapter 3 we shall give a further survey of the number of these
electrons emitted by different substances, calculated on this basis.
We shall repeat here that such a separation can only be carried out
properly for ¥, > 2000 V.

In the region ¥, << 2000 V the slow electrons i.e. true secondary

_electrons, are the larger fraction of the total secondary electron

current. This has no doubt been the reason why many authors
have fallen into the habit of calling all emitted electrons secondary
electrons, and have thus tacitly assumed that all emitted electrons
are liberated by the action of the impinging primary electrons.
This assumption is of course incorrect, but it is useful when the aim
is to find gross effects; e.g. if the question arises which substances
are able to emit very many or very few secondary electrons, it is
practical to define the yield of secondary emission as the proportion
d of the total emitted secondary electron current to the primary electron
current. This definition will be followed also in this book. If,
however, measurements are carried out with slow primary electrons
or if small effects are traced, one always has to take into account
that the supposition mentioned above is not strictly correct, that
is to say, that the total secondary current always contains both
elastically and inelastically scattered electrons. This fact has been
neglected in some cases.

Only in a few cases will it be necessary to consider the following
correction:

In order to get the most correct value for the true secondary emission
coefficient, it is reasonable to make corrections when using either very
slow primary electrons (~ 10¢V) or high energy primary electrons
(several kV). In the former case the coefficient of elastic scattering is
important, and from a physical point of view it is logical to count the
number of true secondary electrons not per primary hitting electron
but per primary electron penetrating into the substance.

Calling the total secondary electron %, the current of elastically
scattered electrons iref) and the primary current 7, dgrye can be written
as:

Ty — dret] __ 0 — Orefl

‘5true = = < = .
Ty, — trefl 1 — Oren

(1.1)

With high energy electrons (several kV) the number of rediffused
primary electrons is important. In order to get the correct number of
true secondary electrons released by the action of each primary electron,
it is not sufficient only to subtract the current of the primary electrons
being scattered back; it is necessary also to subtract the number of
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true secondary electrons released by the rediffusing or inelastically
scattered primary electrons. This fact was pointed out by PALLUEL
[304,:305] who worked the correction in the following way.

If 7 is the coefficient of rediffusion, a coefficient 5 can be defined:

§=0—r

n which 7 means the true secondary cmission coefficient due toionization
y the primary impinging and rediffusing electrons. In order to separate
‘both kinds of electrons a rough estimation has been carried out by the
author by assuming that the mean voltage V, of the rediffused electrons
isa constant fraction of the mean voltage V of the primary electrons,
hat 18 to say

Now if (6tme)y is the true secondary emission coefficient for electrons
released by the action of the primary electrons one can write

(‘Strue)V,, = Ny, — (Otrue)yv,:

"Al’tho‘ugh (Otrye) 1s not known, the above assumption leads to an
analogous equation for (Strue),v

((5true)zV,, = NeVy — ’((Strue)sz

But'this.is only possible, of course, if r is constant in the region of
“under consideration.
,VBy successive approximation a series for (drye) V', can be derived:

(Strue)v, = Qv, — Mgy, + ey, — sy, + ... (1.2)

An approximation like this cannot pretend to be more than a very
-rough estimate of the true secondary emission at high primary energies.
It illustrates again how complicated the phenomenon of secondary
‘electron -emission is from a mere theoretical point of view, and also
from' the point of view of interpretation of experimental results.




2
METHODS AND MEASUREMENTS

2.1. METHODS FOR MEASURING THE YIELD OF
SECONDARY ELECTRON EMISSION

2.1.1. Tube with Electron Beam [167].

The yield of secondary electron emission is expressed by the symbol
é giving the number of secondary electrons emitted by the action
of one primary electron. This factor 6 can be determined with the
apparatus shown in fig. 2.1. The tungsten filament F is the source
of the primary electrons; it is surrounded by a cylinder C' which
concentrates the electrons on the aperture of the gun G. The
electrons leaving the opening in C are formed into a beam by
means of the gun @, and hit the target T'; T is covered with the
substance from which the secondary electron emission yield has
to be determined. The secondary electrons emitted by 77 are
collected on the spherical collector §. To permit the coating of 7' with
different substances it is attached to a rod R, at whose other end
an iron piece IP is fixed, so that with a magnet the target plate
can be drawn into the neck N of the tube. The substances to be
investigated are brought on to filaments F; and F, and can be
evaporated on to the target plate. By this construction it is possible
to accomplish the preparation and the measurement in the same
tube without exposing the prepared target to the action of the air.

The secondary electrons from 7' are all drawn to 8, when the
potential of § is raised above that of 7'; in this way the total
secondary electron current is measured. If the potential of S is
lower than that of 7', it is not possible for all electrons to reach S.
Only those can reach S, which have been emitted with a kinetic
energy sufficient to overcome the retarding potential difference
between S and 7'. If the potential of § is some volts higher than
that of F, only the electrons with an energy approximately equal to
the energy of the primary electrons can reach S; in this way it is
possible to separate the primary electrons, which are elastically
reflected.
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‘One may ask whether the possibility exists in this kind of device
that the primary electrons, after leaving the upper aperture of the
gun G, can reach the collector S directly, bypassing the target 7.
‘When the surface of 7' is perpendicular to the axis of G there will

Fig. 2.1. Apparatus for measurement of secondary emission yield and
energy distribution [167). F = tungsten filament, source of primary
electrons;  C = cylinder; G = electron gun; 7 = secondary emitting
target plate; S = sphere, collector for secondary electrons emitted by T';
'R.=rod; IP = iron piece; N = neck; F,F, = heaters; GE = plate
-containing getter material; P = sealing off point; GS = glass support.

e very little chance, as the field strength perpendicular to the
direction of the beam is then zero. This field strength has a finite
dlne, however, if the target is not perpendicular to the beam,
wing' to.the variation of the angle of incidence of the primary
lectrons;” one then has to take into account the possibility of
rimary electrons being drawn to S, if its potential is higher than
he potential of 7'.
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There are many devices described in the literature which closely
resemble the tube of fig. 2.1, and this should be considered just as
a typical example. Attention is drawn to a tube constructed by
Farnsworrn [41], especially designed for experiments with slow
moving primary electrons. Another method is to use an ordinary
cathode ray tube, the screen of which has been replaced by the
target to be investigated, with a suitable collector for the secondary
electrons.

Fig. 2.2. Triode for measurement of secondary emission yield of the
anode. C = cathode; H = heater filament; ¢ = grid; A4 = anode;
B = glass bulb

2.1.2. Triode.

It is also possible to measure the coefficient 4 with an ordinary
triode. One cannot attain the same degree of accuracy, as by using
the apparatus described in the previous paragraph, nor can one
separate the elastically scattered electrons. The construction of a
triode is however much simpler.
The primary electrons in a triode, as shown in fig. 2.2 are delivered
- by a cathode C, which can be heated by a filament #. The substance
under investigation is applied to the inner surface of the anode 4.
The potential difference ¥, between the grid ¢ and the cathode C
is made greater than the potential difference ¥, between the anode
A and C, as the secondary electrons from the anode have to be
drawn to the grid.
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Let us call the primary current emitted by the cathode z,. A
fraction i, is then intercepted by the grid before reaching the
anode. The fraction of the cathode current to the anode (1 — s)i,
causes a current of secondary electrons. If § is the coefficient of
'secondary emission of the anode surface we can write

i, = (1 — s)i,. (2.1)

If the current to the grid i, and the current to the anode 4, are
,,me'asured, we can determine J as follows:
The current to the anode is

; o= (1 — 8)i, — i, (2.2)
The current to the grid is

' [, = Sty + i, (2.3)
‘Elimination of ¢, and ¢, from the equations 2.1, 2.2, 2. 3 gives

Y

0=1—

a___ (2.4)
(L —9) (G, + i)

~Tt is of course a drawback that a fraction si, of the cathode
_current is intercepted by the grid, because it is not an easy pro-
“cedure to determine accurately the factor s. The device described
in"the previous paragraph, if properly constructed, does not suffer
'fr,om this disadvantage. A second difficulty is that smaller values
~of §-will be found than with the apparatus provided with an electron
_beam. The reason is that secondary electrons liberated from the
“anode are drawn through the meshes of the grid, return between
j’omd and cathode and hit the anode after bypassing the grid wires
for a second time. Thirdly, the angle of incidence of the primary
‘electrons is not well defined because some of them are deflected by
: hé wires of the grid.

_ In spite of these disadvantages, the triode is a useful measuring
nstrument, especially for technical purposes. We shall therefore
onsider some methods of determining the “shadow” factor s, i.e.
he distribution of the cathode current between grid and anode.
he ideal way would be to construct a triode of a similar geometry,
ut with electrodes without any secondary electron emission. No
nown substance has zero secondary emission, however, and one
as to look for another method.
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Tanx [33] and vaN pER PoL [36] have tried to solve this problem
by making use of the fact that, if the initial velocities of the electrons
are neglected, the ratio of the primary currents to grid and anode
is a function orly of the quotient ¥V /V,. In other words, the
distribution of the primary electrons between grid and anode remains
constant as long as V,/V, is constant. If ¢, and i, are measured
] for low ¥V, and V,, with a small coefficient of secondary emission,
it is possible to find by extrapolation the distribution of the primary
currents at increasing ¥V, and V,. This method, however, only
partly eliminates the secondary electron emission because the
secondary current consists mainly of elastically reflected primary
electrons; and if V, = 5V, for example, d is of the order of 0-20.
For more accurate measurements a correction has to be applied
for the initial energies of the primary electrons and the difference
in contact potential.

The method proposed by DE LUSSANET DE LA SABLONIERE [96]
is better in this respect, since it allows the current distribution
between grid and anode to be determined at greater values of V,
and V,. The assumption is made that the velocity of the secondary
electrons is negligible compared with the velocity of the primary
clectrons, so that with a given configuration of the electric field
both primary and secondary electrons travel along the same orbits.
DE LussanET’s method is illustrated in fig. 2.3%.

In this figure the anode current ¢, is drawn as a function of V /V,.
(The shape of the curves will be explained in more detail in the next
section, 2.2.) For each curve ¥V, is kept constant. The dotted
curve gives the still unknown course of the primary anode current
t,p- 1IN the region where V, > V, the secondary electrons are drawn
from the grid to the anode. The anode current consists therefore
of the secondary electrons emitted by the grid (¢,,) and the electrons
emitted by the cathode (7,,).

According to DE LUSSANET it is possible to express the current
of secondary electrons emitted by the grid (corresponding with
the points 4,, B;, A, and B,) as a product of two factors: (a) the
secondary emission coefficient §, constant along each curve because
V, is constant, and (b) a saturation coefficient y, constant for each
value of V|V .

* The author has used this method to determine the current distribution
in a tetrode. IFor simplicity’s sake it is described here for a triode.
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For the secondary electron current emitted by the grid, ¢, we
can write for each of the points 4;, By, 4, and B, the following
equations:

. ./s(A ) - 61’)/11 - 1’a(A ) ap(A)
( ) - 62'}/11 =1, ( 2) 411)(‘4)
GS(B ) - 5175’ = lia( ap(B)
tgs(B2) = 62)’8 = ’La( ) - a1;(B)'
, i
i;'qi—g ///Al L] i
T {/7// — lL—t—T1
=T = | |
RS
SN
BN A
|
o 7 2 % 3
T/!; —_—

. Fig. 2.3. ; < ; as e function of %’ Method of determining the

D a [ v
_..distribution of the primary electron current between grid and anode
in a triode; according to b LussaNET (96]

Ffom these four equations the following relation can be derivéd:
‘ umg~w¢AL_uB>—'(m
7:a(‘42) - zap(A) ( ) - 7’ (B)

S
(@11
&

- If an arbitrary value for ¢,,(4) is assumed, it is possible to find
any other B-point on the curve through 4. The following method is
proposed by pE Lussanet to find the curve for the primary cur-
ents. ' In the regions where ¥, << V, and also in the regions where
>V, a bundle of possible curves is drawn using relation (2.5).
The correct curve can be found by choosing out of each bundle
line in such a way that both lines coincide if elongated. An
xample of this method is shown by fig. 2.4.
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Another method, starting with the assumption that the velocities
of the secondary electrons are negligibly small, has been described
by Lance. LaNGE recognized that because of the difference in
velocity of primary and secondary electrons it was practical to
separate them by the application of a magnetic field so that the

1.0 -
[ T ]
g \g=150V
fatg 1Pz
Y os LaTli-ioo
LA A | 180
B 4
/ﬁ/‘ L4 LU
::#" r ,»—'4" ,,MH"L"
. | 40
o6l ,L»*""f B
) f/;:;f-:EE
===
| T | |
04 =
0.2
o I
al 2 5 ] 2 5 10O 2 s
&
)

Fig. 2.4, Determination of the primary anode current i,,; according to
DE LussaNET [96]

secondary electrons are bent to the electrodes from which they
originate, whereas the primary electrons are deflected only slightly.
Such a separation can be properly carried out if the potential
difference between grid and anode is not too high, i.e. if the secondary
electrons are not much accelerated.

It is also possible to determine the current distribution in a
triode if the energy dissipation is measured in grid and anode.
This method has been used by ScEwWaRzZENBACH [104] and MYERS
[161]. In order to describe the method in its fundamental and most
simple form, we shall again neglect the initial energies of the
secondary electrons. Let us consider the case where V, >V, so
that all secondary electrons from thc grid are drawn to the anode.
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; If I;Va and W are the energies dissipated in the anode and the grid
the following relation exists:

Wy =1,V + (Ve —V,)

”/a = ia Vu - ias Vy (26)

w,=i,V, @)

I/Vy = iaqu + ?:us(Vu - Vu)

Wy = iu Vu - iasVu (28)
W, =i,V,. (2.9)

Considering the case V, > V,, the measurement of W, alone
would be sufficient to determine i,, by equation (2.6); if i, is
known the primary currents 7,, and 7,, are also known. In practice
‘However -the anode receives also radiated energy from the grid.
‘To correct for this MYERS measured W,. There is also an “‘evapora-
.tién”_ heat of the secondary electrons, so that an extra negative
‘term has to be added on the right of equation (2.7).

By means of experiments of this kind we can prove experimen-
ally that the distribution of the primary current is a function of
y/ Va"

A method founded on another principle has been elaborated by
'LHYATT [64, 65]. He used a triode, in which the ‘“‘cathode’ did not
‘emit electrons, but positive ions (caesium ions). The measurement
/asin two parts. In the first part the grid was at a negative poten-
ial 'with respect to the cathode, and the anode at a positive poten-
ial. The secondary electrons liberated by the ions from the grid
vere: drawn to the anode. So it was possible to determine the
number of secondary electrons per primary impinging positive ion.
In the second part both grid and anode were negative with respect
o the cathode; in this situation it was possible to determine the
istribution of the ion currents between the two electrodes. The
istribution of the electron currents was now also known, since
he orbits of ions and electrons are similar with the same configura-
ion of the electric field. HyaTT showed in his first paper that the
istribution was independent of the applied voltages, if V, > 0-2 V ;
his second paper he reported that the criterion was V, > 0-75 V.
his difference was presumably due to the difference in geometrical
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construction of the tubes used in his experiments. The fraction of
the current reaching the grid was in both cases equal to the fraction
of the anode surface covered by the grid as seen from the cathode
(fig. 2.5).

0-50

0490

O 02 04 06 08 O 2 14 6 18

—_—

W&

Fig. 2.5. Distribution of the primary electron current between grid and
anode in a triode; according to HyarT [64, 65]

Along theoretical lines JONKER and TELLEGEN* derived a formula -
giving the current distribution in a triode:

o2 [V, . V,—V, ] ,
TN T [1 T 3V 1n (2m0) (2.10)

in which 2¢ = diameter of the grid wire,
! = spacing between the grid wires,
V. = mean potential of the grid surface,
I, =1, + 1,
This formula applies in the case of an indefinitely extended flat
cathode.

All methods described above are obviously approximation
methods. It is not correct, for example, to neglect the starting -
energies of the secondary electrons which are always some eV in
magnitude. How far it is permissible to do so has never been fully
discussed. In most methods it is assumed that the fraction of the
electrons hitting the grid is equal to the fraction of the anode surface
covered by the grid (for this “shadow factor’’, see the result obtained
by Hyarr, fig. 2.5). There may also be objections to the method

* J. L. H. Jonker and B. D. H. TELLEGEN; Philips Res. Repts., 7,13, 1945,
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proposed by HvaTr; for he has not taken into account the possi-
ility that secondary electrons released by the ions from the grid
_wires can be drawn to the ion source.

2.1.3. Measurement of the Secondary Electron Emission using a
: Triode with a Photoelectric Cathode and a Photosensitive
-Secondary Emitting Electrode (Pexwixg and KrulTHOF).

In fig. 2.6 an example of a tube used by Prxxixe and KruirHor
s shown. The cathode and anode are prepared on the inner side
~of the glass envelope and are both of the type [Ag] — Cs,0 — Cs
‘the significance of these symbols will be explained in detail in

. ‘Fxg 2.6. Photo-electric cell with secondary emitting electrode and anode;

according to PENNING and KrurTHOF [116]

hé.pter 4). Irradiation with light causes an electron emission

photoelectmc emission) from the anode A4, which serves as a

econdary emitter.

. The expression for the coefficient d of the anode becomes in this

ase’ )

6=1— ——iL (2.11)
(1 - S) (Iba + "'y)

in which 1,5 is the photoelectric current emitted by the anode.

14 Measurement of the Secondary Electron Emission of Wire-
shaped Bodies. :

In the previous sections measuring devices have been described
- which the substances whose secondary emission was under
investigation had the shape of a plate or had been evaporated on to
| plate If for one reason or another the substance has to be heated
o a high temperature, thie use of a plate may give difficulties. A
onsiderable amount of energy is needed to raise a plate to a high
emperature, and other parts in the tube may also be raised in
emperature causing a release of gas.
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In these cases it is more appropriate to carry out measurements
on wires, which can be heated very simply by applying a current.
In such a device it is however impossible that all the primary
clectrons from the cathode hit the wire-shaped target. The sur-
rounding clectrode for collecting secondary electrons will also be
hit by primary electrons. The distribution of the primary electrons

- then has to be measured, and this is possible in principle with the
methods described in section 2.1.2.

A special method giving more accurate data has been worked

out by Truroar [135]. His apparatus is shown in fig. 2.7. C is

Fig. 2.7. Apparatus for determining secondary electron emission yield
of a wire; according to TRELOAR [135]

the primary cathode, 7' the wire under investigation, G a grid at
cathode potential and 4 the anode. In order to determine the
coefficient ¢ of T, the potential difference V, between 4 and C is
increasced until the potential in the plane of the grid is sufficiently
high to attract all secondary electrons from 7' to A. If V, is reduced
a potential minimum arises between 7" and A and the secondary
electrons from 7' cease to reach A. In this situation the distribution
of the primary electrons is measured; it appears that the current
of primary electrons is proportional to

V
s

a

where ¥V, is the potential difference between 7' and C; a result
which can be predicted from theoretical considerations. Values of ¢
found by TRELOAR correspond well with data obtained with plates
by other authors. With increasing ¥, however somewhat higher
values of § are found, because the electrons do not all approach the
wire perpendicularly (sce Chapter 7).
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‘2.1”DETERMINATION OF THE SECONDARY ELECTRON
‘EMISSION FROM BAD CONDUCTORS (INSULATORS)

The determination of the secondary emission coefficient of dielectrics
suffers complications as electron transport is not in general possible;
the methods described in the previous sections can only be used
if the conductivity of the layer is large. Cun, ady)
A method that has been used by GEYER and others employs a
thin layer evaporated on to a metal plate or, if a metallic compound
',i,s':‘to be investigated, the metal is evaporated first and then a layer
f the compound is formed on it. The conductivity of a target
can also be increased by heating or by irradiation with infra-red
hght In Chapter 6 it will be shown that the process of energy
transfer of the primary electrons to the electrons of the lattice is
dependent of the tcmperature.

U»If ‘the dielectric in question is, however, too thick and its con-
uctivity is too small, other methods have to be used. To under-
ah‘d'these better, we must first consider the potential which a
gurface of an insulator can assume under electron bombardment.
For such a surface there may be two different situations:

~(a) no electrons are able to reach the surface;
#(b) the number of secondary electrons emitted by the surface is
~“equal to the number of primary electrons.

.The: following experiment indicates at which energy of the
primary electrons the number of secondary electrons reaching the
ollecting electrode is equal to the number of primary electrons.
a‘triode the anode current ¢, is determined as a function of the
anode voltage V,, the grid voltage being constant. In fig. 2.8 three
haracteristics are drawn for three different values of V,. It is
ssumed that the emission of the cathode is saturated and that the
ergy eV, of the primary electrons is smaller than the energy at
hich ¢ has its maximum value. As V, increases from zero there is
n initial increase of i, due to the change of the electrostatic field
1 the grid plane (cf. eqn. 2.10). As V, increascs still more, the
node current 7, passes a maximum and decreases again. This
ehaviour of 1, is caused by the increasing number of emitted
cdndary electrons being captured by the grid. At still higher
alues of V,, i, passes through a minimum and then rises rapidly.
his rise begins when the field between grid and anode is reversed
, direction. Electrons emitted by the anode are not able to reach
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the grid whereas secondary electrons from -the grid are drawn to
the anode. When V, is very large, ¢, becomes constant. The
complete curve is often referred to as the ‘‘dynatron characteristic’

If we consider now the three curves I, II and III, corresponding
to three different values of ¥V, curve I intersects the abscissa only at
the origin, curve IT touches the abscissa again, but curve III has
three points of intersection, at the origin, and at P and R. Let us
consider curve III first. If the anode is covered with an insulating
layer its surface can only be at cathode potential or at the potential

Py

N

P\Jf? "
Fig. 2.8. ‘Dynatron characteristics in a triode

corresponding to B. The situation at P is unstable. This has been
shown by H. BARKHAUSEN (Flektronenrohren, p. 105, Leipzig
1931): a consequence of the rise in potential in situation P is an:
increasing positive charge, which further increases the potential,
and so on. In the same way it can easily be proved that the situation
at R is stable. i

There are therefore two possible situations. If the anode starts
at the voltage I, which can be observed with an electrostatic volt-
meter, its potential drops with decreasing V, But if ¥V, drops
below the grid voltage of characteristic IT no intersection is left,
except that at the origin. The anode then jumps to cathode
potential. v

It is obvious that measurements of this kind require a reliable
method to determine the surface potential. To measure screen potential
in cathode ray tubes, NELSON [186a] connected the outside wall of
the tube with an electrostatic voltmeter. HacEN and Bry (151)
stretched a thin wire as in an electrometer opposite the bombarded
surface. Other authors measured the deflection of an electron beam
passing parallel to the surface.
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; s will be discussed later, the secondary emission yield goes through a
maximum as a function of the primary voltage V . This means that
there exists a second (higher) value of V, where t) = 1. This second
; lie can .also be measured with an electx ostatic voltmeter, if the
potentla.l of the collector of secondary electrons is raised beyond this
value of -V, the surface potential of the target remains constant.

The two values of V, where 0 = 1 are often indicated in literature
spectively as V ol and V-

The:value of Vpl[ i1s important from a technical point of view as it
ves a natural limitation to the energy with which the primary clectrons
mke the screen in a cathode ray tube (Chapter 10).

Considering curve IITin fig. 2.8, the difference between the potential
. point B and the potential of the collecting electrode will be in
most cases of the order of some volts. The shape of the curves in
ﬁg 2.8, besides depending upon the coeflicient d, also varies with the
‘geometry of the electrodes. If, for example, the collecting electrode
surrounds the target as shown in fig. 2.7, the potential of the target
urface will be somewhat higher than the potential of the collector;
n the other hand in a triode, with a grid that is & poor collector of
condary electrons, the reverse will be found. We may thus

a) If the secondary emission yield of the target is equal to or greater
than 1, it is possible to stabilize the potential of the target surface
" at or near the potential of the collector.

(b) . The potential of the target surface can always be stabilized
“at the potential of the cathode delivering the primary electrons.

These properties are very important; they enable the secondary
mission coefficient of insulating substances to be measured, as is
hown in fig. 2.9. The primary electrons are delivered by a cathode
nd hit the insulating target. The secondary electrons are collected
y the collector. Let us suppose d > 1. To start the measurement
he switch is put in a position, so that the target surface is stabilized
vt,‘éollector (e.g. earth) potential. After switching over to the other
ition (4100 V) the secondary electrons are drawn to the col-
ctor “and an instantaneous current ¢, — i; flows through the
esistance R causing a potential difference, which can be measured
‘the oscillograph; however the target potential, and thus V,,
during the measurement. The original situation is restored if
switch is put in the first position, after which the measurement
an be repeated. In the case of § < 1, the surface has to be stabilized
cathode potential; the switch is then inserted in the target circuit.
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The method described here is essentially a pulse technique. Its
basic principle is that after each pulse the surface potential of the
target returns to its original value. A method described by SaLow
[229] achieves this with the aid of a second electron beam, which

insulating target

cathode collector /me!v/p/ate

— 1

fo
| R oscillograph

N\ +Ioov
Y b

{

©° ©
'

Fig. 2.9. Determination of the secondary emission yield of an
insulating material

brings the surface potential back to its original value during the
interval between two pulses. Pulse methods have also been des-
cribed by ScHERER [231], HEIMANN and GEYER [218], JoHNSON

[302] and PomERANTZ [300].

2.3. DETERMINATION OF THE ENERGY DISTRIBUTION
OF SECONDARY ELECTRONS

2.3.1. Use of a Retarding Electric Field.

This method was considered at the beginning of this chapter. I
the potential of the spherical collector in the tube in fig. 2.1 i
V, volts lower than the potential of the target 7', only those secon
dary electrons can reach the target whose energy E is equal to o
greater than eV . If the energy distribution is given by the function
F(E), the current to S is equal to

Therefore

F(E) = s (2.12
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Wlth the apparatus in fig. 2.1 the energy distribution for all
]ectrons emitted into the ‘“hemisphere” is measured. A similar
,etermlnatlon is of course possible for electrons emitted in a par-
icular direction.

‘“An:inexactitude in measurements of this kind is caused by the
t that the electrons emitted by 7', when they hit the collector
', release from S more secondary electrons, which are drawn
owards 7. In any retarding potential apparatus it is therefore
dvisable to cover the inner surface of S with a substance poor in
econdary emission, like a soot layer.

- From equation (2.12) it can be seen that the actual energy dis-
ribution curve can be obtained only by differentiating the experi-
ental curve with respect to energy. The method is therefore not
ery -accurate compared, for instance, with the method to be
lescribed in the next paragraph. It is however possible to get the
distribution curve directly with a retarding field method if, according
VAN DER PorL and WELJERS,* an alternating voltage of small
plitude is added to the retarding voltage and the amplitude of
he first harmonic, present in the secondary electron current, is
asured. The amplitude of the first harmonic is proportional to
he differential quotient di /d(eV,).

"2;" Measurement of the Energy Distribution with a Magnetic Field.

fwell known way to determine the energy spectrum is to use a
magnetlc field (fig. 2.10). The secondary emitting target 7' i
ombarded by an electron beam; the secondary electrons are
deflected by the force of a transverse homogeneous magnetic field
d are forced to follow a circular path. Between the radius r of
he path, the magnetic field H, and the velocity v of the particle,
yhe"'follo_wing well known relation exists:

=, (2.13)

] He; current entering the cage, /,,,, is mecasured as a function of
he magnetic field H. This is given by ‘

Icage ~ (P(U)A’U, (2.14)

cp(v) is the velocity distribution of the secondary electrons. The

Physica, 'sQrav., 1, 481, 1934.



24 SECONDARY ELECTRON EMISSION

velocity interval Av is determined by the aperture of the cage Ar
e

Av=H-— Ar. (2.15)

m .

Eliminating Av from equations (2.14) and (2.15) and using (2.13)
one finds for ¢(v):

m I

1

Ar I 92.16
eHr 27 v f ( )
"

(])(‘U) = Icage

cage-[-

I cage”
|

Fig. 2.10. Device to determine the energy distribution of
secondary electrons

Ar '
where f = — is a constant of the apparatus. The current to the
r

cage divided by the velocity of the electrons is proportional to the:
velocity distribution. From this the energy distribution can be
derived, if the abscissa is multiplied by mv and the ordinate divided
by mv.* :

The apparatus, as shown in fig. 2.10, is of a complicated character ;
and is rather extensive in its dimensions. An elegant method with
a longitudinal magnetic field has been worked out by KoLLarH [222],
fig. 2.11. He uses the following well known principle: If a point
source emits electrons with the same energy all at the same angle to-
the lines of force of a homogeneous magnetic field, the electrons will
meet again at a point. The distance from this image point to the |
point source is proportional to the velocity of the electrons and.

* R. KorLaTH; Ann. Physik, 27, 721, 1936.
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bi the special purpose of measuring the velocity (or energy)
tmbumon of secondary electrons a gun delivering the primary

seconding
emitting
target

1g‘ ‘2.11. Determination of energy distribution of secondary electrons;
according to KorraTn [222]

The relative low energy of the secondary electrons makes it
cessary to eliminate stray fields and to correct for contact potential
differences.

It is obvious that magnetic deflection methods give only the
stribution curve of electrons emitted in one specified direction,
héreas the retarding electric field measures all emitted electrons.

2.4. EXPERIMENTAL TECHNIQUE

w’ill be pointed out repeatedly in the following chapters, secondary
lectrons are emitted from the outer atomic layers of a substance.
is therefore necessary to take care that the substance to be
estigated has the cleanest possible surface. The work function
also of some influence, although not to the same degree as in
érmionic and photoelectric emission. The contamination consists
nainly of absorbed atoms and molecules of foreign gases. Sub-
1ces with a considerable chemical activity, such as alkali metals,
ily form superficial compounds.

or the same reason it is necessary to have as good a vacuum as
ible and never to use polished glass parts with grease in between.
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; it In general, substances with a high vapour pressure should be avoided
. in the construction of the tube.

From the cathode, which is the source of the primary electrons,
contaminants may evaporate on to the target. This is a well known
difficulty especially with the “oxide-cathode” usually composed of a
mixture of barium oxide and strontium oxide. Barium atoms and

- barium oxide molecules evaporate continuously and hit the target.
A tungsten wire may be considered as the source of primary
electrons least liable to give contamination. :

The pumping practice mostly used is the following: The tube is"
first baked at a temperature as high as possible (for degassing the
glass envelope) and the metal parts are afterwards heated by high *
frequency induction during constant pumping. By firing a suitable
getter (magnesium or better barium) any gases still remaining can
be removed. After sealing off absorption charcoal cooled in liquid -
nitrogen is often used to improve vacuum conditions. It is not
possible to give general rules. It is necessary to have a vacuum of
such a quality as to get reproducible results and to get secondary-
emission coefficients remaining constant for a considerable time.
It is difficult to give any figures for the pressures required, since:
some gases (like oil vapour) can be extremely reactive with the
substances under investigation, and others (like the rare gases):
do not show any reaction at all. i
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SECONDARY ELECTRON EMISSION FROM
METALS; REVIEW OF RESULTS

3.1. INTRODUCTION

This chapter is devoted to an experimental survey of the secondary
lectron emission coefficient from metals. The numerical results
ere quoted have been obtained only by careful experiments carried
“out by different authors. We shall take the opportunity to associate

15
—
1.0
:
05 /
o
o 500 1000 500v
Vp —

Fig. 3.1. Secondary electron emission yield of silver; according to
il WARNECKE [137]

with other physical properties of the metal in question, but shall
ave the detailed explanation to be treated in Chapters 6 and 7.
We shall discuss some measurements carried out with high voltage
primary electrons, in which case the scattered or rediffused primary
éétrons form the major part (see Chapter 1), and shall briefly
urvey the secondary emission on the “exit side”.

27
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o 3.2. SECONDARY ELECTRON EMISSION COEFFICIENT
i 6 FOR V, FROM 0 TO 1500 VOLTS

e In this range of V, 6 passes a maximum. A detailed discussion will
be given in Chapter 6, but the maximum can be explained briefly
by the fact that an increasing primary energy increases the number
: of secondary electrons generated, but the depth at which secondary
electrons are released also increases and there is thus an increasing
loss by absorption. Figs. 3.1 to 3.29 give a complete survey of the
: secondary emission yield for ¥, between 0 and 1500 V.

L.O

Fasl
/

[+ %]

/r"""““

o
o 200 400 600V
lI/D—>
¥ig. 3.2. Secondary electron emission yield of aluminium; according to
BruiNING and DE BoER [167]
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Fig. 3.3. Secondary electron emission yield of gold; according to:
I. Perry [51]; II. WARNECKE [137); III. CoPELAND [109]
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- Fig. 3.4. Secondary electron emission yield of boron; according to
KoLLER and BURGESS [298]
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Fig. 3.5. Secondary electron emission yield of barium; according to
BruiNiNg and DE BOER [167]
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Fig. 3.6. Secondary electron emission yield of bismuth; according to
Morozov [262]
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~ Fig. 3.7. Secondary electron emission yield of beryllium; according to:
- L. BruiNiNe and DE BoeRr [167); II. Korrarh [180]; III. SCHNEIDER [190]
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VTig. 3.8. Secondary electron emission yield of carbon; according to
BruiniNg [171]
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Fig. 3.9. Secondary electron emission yield of cadmium; according to
SunrmMaNN and KuxpT [284]
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Fig. 3.10. Secondary electron emission yield of cobalt; according to:
I. WoorLprinGe [213]; IL. TrELoar and Lanpox [191})
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Fig. 3.11. Secondary electron emission yield of caesium; according to:
I BrumwinG and pe Boer [167]; II. MaHL[204]; III. KnresNixow and
KorsauNova [176]
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: Fig.'3.12. Secondary electron emission yield of copper; according to:
: ) I. PeTrY [51]; II. WARNECKE [137]
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Fig. 3.13. Socondary electron erission yield of iron; according to
I. PeTrY (44]; II. WARNECKE (137]
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Fig. 3.14. Secondary electron emission yield of germanium; according to
Korrer and BURGESS [298]
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Fjg: *3.15. Secondary electron emission yield of potassium; according to
I. Maur [204]; II. AFaNasgEwa and TivmoreEew [144]
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Fig. 3.16. Secondary electron emission yield of lithium; according to
BruiNiNg and DE BoEr [167]
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Fig. 3.17. Secondary electron emission yield of magnesium; according to:
I. FarNsworTH [41); I1. BRUINING and DE BOER [167)
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Fig. 3.18. Secondary electron emission yield of molybdenum; according
" to: I. PeTrY [44]); II. CorELAND [93); III. WARNECKE [137]
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Fig. 3.19. Socondary electron omission yiold of niobium; according to
WARNECKE (137}
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Fig. 3.20. Secondary olectron emission yield of nickel; according to:
I. PrTrY [44]; II. Rao [76]; WARNECKE [137]
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Fig. 3.21. Secondary electron emission yield of lead; according to
Morozov [262]
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‘Fig. 3.22. Secondary electron emission yield of palladium; according to
FARNSWORTH [41]
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Fig. 3.23. Secondary electron emission yield of platinum; according to
. CoPELAND [83]
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T'ig. 3.24. Secondary electron emission yield of rubidium; according to
AraNasJiEwa and TiMmoreEw [144]
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Fig. 3.25. Secondary electron emission yield of silicon; according to
KoiLER and Burcess [298]
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Fig. 3.25a. Secondary electron emission yield of tantalum; according to
WARNECKE [137] ’
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Fig. 3.26. Secondary electron emission yield of tin; according to
Morozov [262]
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Fig. 3.27. Secondary electron emission yield of titanium; according to
: BruiNineg {170]
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Fig. 3.28. Secondary electron emission yield of tungsten; according
to: I. Perry [51]; Ila and b. KrErrr [68); III. AHEARN [82];
IV. WaRNECKE [137]
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Fig. 3.29. Secondary electron emission yield of zirconium; according to
BrumNing [170]
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3.3 DATA

Table 3.1 is a list, from the data given in the different graphs,
of the maximum secondary emission yield & with the corres-
ponding V'

max

p(max)*

TAaBLE 3.1. MaximuM SECONDARY ELECTRON EmissioN YIELD Jmax, AND
CORRESPONDING Vp(max), FOR DIFFERENT ELEMENTS

Element Omax Votmax) 1 Fig. No. Ref.
! |
Ag ‘ 1-5 800 ‘ 3.1 137
Al \ 1-0 300 3.2 167
Au ‘[ 1-46 750 ‘ 3.3 137
B 1-2 150 | 34 298
Ba 0-83 400 3.5 167
Bi 1-15 550 : 3.6 262
Be i 0-53 200 | 3.7 167"
C | 10 300 3.8 171
cd 1-1 400 | 3.9 284
Co 1-2 700 } 3.10 213
Cs ‘ 0-72 400 ; 3.11 . 167
Cu 13 600 ! 3.12 137
Fo \ 13 350 ’ 313 137
Ge 1-2 400 3.14 298
. K 0-75 200 | 3.15 144
Li \ 0-5 85 ‘\ 3.16 167
Mg . 095 300 ‘ 3.17 167
Mo 1-25 375 ! 3.18 137
Nb 1-2 375 3.19 137
Ni 13 550 3.20 187
Pb 11 500 | 3.21 262
Pd >1-3% >250% 3.22 41
Pt 1-8 800 3.23 33
Rb 0-9 350 3.24 144
Si 1.1 250 3.25 298
Sn 1-35 500 3.26 262
Ti 0-9 280. 3.27 170
w 14 ‘ 700 : 3.28 51 -
Zr 1-1 i 350 j 3.29 170
| |

*§ =13 at V, = 250V is not maximum value of J.

One might expect to find a high yield of secondary electrons from
metals with a low work function, but this is not in accordance with
. the experimental results. McKay (6] has plotted ,,, as a function
"of the work function of different metals and the result is just the
contrary, namely a high work function corresponds to a high J,,,.
~McKay observes rightly that the work function itself plays a
relatively minor role in determining the secondary emission yield,
but other physical properties such as the density are probably of
more importance. We shall discuss this question in Chapter 6.



40 SECONDARY ELECTRON EMISSION

3.4. INFLUENCE OF CRYSTAL AND SURFACE
STRUCTURE ON §

3.4.1. Secondary Electron Emission from different Crystal Faces.
So far, the secondary emission yield from metals in polycrystalline
form has been discussed.
One may ask whether a single crystal shows a different d—or to
put the question more accurately, whether different crystal faces
give a different . This could be expected, since the work function

of tungsten varies from 4:35V for the (111) crystal direction to
4-65 for the (110) direction.
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Fig. 3.31. Secondary electron emission yield of (b) polycrystalline nickel
and (a) the 100-face of a nickel single crystal; according to Rao [77]

It seems that the use of electrons to form optical images of a
polycrystalline surface is the best way to investigate this question.
Krorr and TuziLe [203] (fig. 3.30) have got some striking results
by forming a television picture of a silicon iron target, using the
emitted secondary electrons for generating the signal. The different
crystals can be distinguished, and this would not have been possible
if all crystal faces had exhibited the same yield.

Only one other quantitative measurement has been published.
Rao [77] (fig. 3.31), determined the factor 6 for a (100) face of a

.nickel single crystal. This face apparently emits a much smaller

number of secondary electrons than nickel in the polycrystalline
state. The experiment seems however to indicate that at lower -




Iig. 3.30. Television image of the structure of
a silicon-iron plate; according to KnowrL and
THEILE [203]
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primary energy the (100) face shows the higher yield, but it is
possible that in this case the fraction of elastically scattered primary
electrons is greater. More quantitative experiments are needed to
settle this problem, which may be important for the understanding
of the mechanism of secondary emission from metals.

Another question is whether the yield changes when, as the
temperature of the target is varied, the crystal structure undergoes
a transformation. The experiments of TrELOAR [191] and WooL-
DRIDGE [241-243] show little or no change at the hexagonal to
face centred transformation of cobalt at 410°C or at the body centred
to face centred transformation of iron at 910°C.
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Fig. 3.832. Secondary electron emission yield of gold in disordered state
(curve I) and the ordered state (curves 1I and III); according to SUHR-
MaNN and KuNbpr [283]

-8.4.2. Secondary Emission Yields of Targets in the Ordered and
Disordered State.

SuarMANN and Kunpt [283] have carried out some interesting
experiments comparing the secondary emission coefficients of metals
“inthe ordered and disordered state. They obtained the disordered
state by evaporating a metal layer on a cooled plate at 83°K and
the ordered state by heating the target to room temperature. As
“can be seen from fig. 3.32 the yield of a gold layer in the disordered
state (curve I) is greater than in the ordered state (IT and ITI). It is
Temarkable that the difference in yield becomes greater with in-
creasing V,, which may mean that the difference is due to
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the greater absorption of the secondary electrons in the ordered
state.

3.4.3. Comparison of the Secondary Emission Yield of Targets
consisting of Metal in Bulk and Targets provided with a
Metal Layer obtained by Evaporation in Vacuo.

There has been ample discussion of the question whether the yield
of targets consisting of a metal in bulk is equivalent with the yield
of evaporated layers. The difficulty is that metals with a low work
function, i.e. metals with a considerable affinity for oxygen, hydro-
gen, carbon dioxide etc., cannot be obtained in bulk without an
oxide layer, which of course influences the factor § considerably.
It has been stated unjustly by KorraTH [178] and WARNECKE and
Miss LorTiE [195] that oxide layers on these metals can be removed
by heating in vacuo. These authors found a considerably higher
yield for metals with a low work function than other authors who
investigated samples of evaporated layers. " '

There is, however, considerable evidence that layers evaporated
in vacuo are equivalent to metals in bulk. There is not much
difference to be observed between the yield from evaporated layers
of copper or silver and from the same metals in bulk [167]. If the
ever present oxide layer is removed from an aluminium metal
plate by sputtering in an argon atmosphere, the yield is about the
same as from an evaporated aluminium layer [247].

3.4.4. Influence of the Surface Structure on the Secondary Emission
Yield.

Inthissection we shall discuss the secondary emission yield of layers
consisting of crystallites of very small dimensions, so that these
layers do not exhibit a reflecting surface but are optically more or
less black. Such a layer can be obtained by evaporating a metal
through a gas atmosphere, but since the gas must not form any
compound with the evaporating material, a rare gas has to be used.
The reason why this process gives a black surface is that the evapora-
ting atoms collide with gas atoms and can only reach the wall or
target after having made a considerable detour. The metal forms
conglomerates in the gas, which deposit as such on the surface.
Evaporation across a vacuum, on the contrary, results in the
deposition of individual atoms on the surface, and these form layer
crystallites and a more reflecting surface.
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A layer of soot, obtained from burning hydrocarbons, can be
considered as having been formed by the evaporation of carbon
~ through air. Such a layer is composed of very small particles only a
few my in size.

The secondary emission yield of any optically black, microcrystal-
~ line layer is much smaller than the yield of a smooth coherent layer.
Fig. 3.33 shows the yield from soot compared with a smooth carbon
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Fxg 3.33. Secondary electron emission yleld of soot (I) and of a smooth
carbon surface (II); according to BruiniNg [171)

electrode.. The latter is made by covering a metal target with
‘. ground graphite in aqueous solution (‘“‘aquadag’), and the crystal-
- "lites are oriented with their natural cleavage planes parallel to the
_.surface of the supporting target.

Fig. 3.34 shows the secondary emission yield of a black nickel
layer compared with the yield of a nickel plate. If the “black”
nickel is heated the secondary emission yield rises, and the original
‘black surface shows a grey colour. The very small crystallites have
united to bigger ones—a sintering has taken place. (Such a sintering
~.can be observed with all metals. The sinter temperature is much
lower than the melting point, though metals with the highest
_melting point show the highest sinter temperature. For example,
/it is possible to heat a black tungsten layer to dull red without any
noticeable change in structure, whereas a black silver layer sinters
at'a much lower temperature.)
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The explanation of the small yield from a black layer is illustrated
j, in fig. 3.35. Once a secondary electron passes through the surface

i of a smooth layer it meets no more obstacles, but it is quite different ‘;
i 1.50
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Fig. 3.34 Secondary electron emission yield from a “black” nickel layer (I)
and a nickel plate (II); according to BRUINING [170] ’

for electrons generated in a layer with a labyrinthine structure.
it When these electrons leave the substance they may be again
intercepted by a surrounding wall. The secondary emission yield
is nearly independent of the angle of incidence of the primary

Yig. 3.35. Explanation of the low yield of a ‘‘rough” surface: the electron
can leave a smooth surface unhindered but with a rough surface it may
be intercepted by surrounding walls [170]
electrons, whereas a smooth surface shows an increase of the yield

with increasing angle of incidence..

Black layers are useful for lowering the secondary emission
where it is undesirably high. Some examples of their application
will be given in Chapter 9.




SECONDARY ELECTRON EMISSION FROM METALS 45

3.4.5. Secondary Electron Emission at the Melting Point and Curie
Point.

Several investigators have tried to find a change in the

secondary emission yield at the melting point and the Curie point.

The melting point was investigated by Scrwrirzxe [163] and

Mowrozov [262]. ScawitzkeE found jumps in the curves of ¢

versus temperature for lead, tin and bismuth. For lead and tin

; d is greater in the solid state, for bismuth in the liquid state.

| - Morosov, too, observed a jump in 0 at the melting point of lead

" and tin, but in the reverse direction from that found by ScHWITZKE.

Morosov found an increase of the yield of lead passing to the molten

state and practically no change for bismuth, but this result has not
been confirmed.

The effects observed by these authors may be due to a change in
superficial chemical condition of the target investigated and may
have nothing to do with the metal itself.

Changes of d near the Curie point have been observed by TARTA-
xowsky and Kupryawzewa [91] for nickel, and also by Havaxawa
[95] for iron, nickel and cobalt. Rao and Vapacuarr [189] and
TrRELOAR and Lanxpon [191] however could not observe a noticeable
effect.

3.5. TEMPERATURE DEPENDENCE OF THE
SECONDARY EMISSION YIELD

Apart from changes of  at the melting point, Curie point, and
transition points, many authors have reported that they could not
‘observe any influence of temperature on the secondary emission
yield of metals.

3.6. SECONDARY ELECTRON EMISSION AT LOW
PRIMARY ENERGY (< 10eV)

- Many authors have investigated the secondary emission yield ¢
- as a function of ¥, in the lower voltage range. Many of their curves
- show more or less explicit maxima and minima in this range; that
of FARNSWORTH [41], for copper, is given in fig. 3.36.
As was pointed out in Chapter 1 the number of elastically reflected
“primaries is not small compared with the total number. The inter-
. pretation of experimental data is therefore not possible unless
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these are separated. From a physical point of view the experiments
are not very significant. The experiments of FarNsworrH fore-
stalled in a way the well known DavISSON-GERMER experiments,
which will not be discussed as they are beyond the scope of this
book.

The true secondary emission coefficient &, can easily be
obtained by applying the correction formula (1.1). From some
experiments there is considerable evidence for the conclusion that
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Fig. 3.36. Secondary emission yield of a copper plate (1) and an
evaporated layer (2) according to FARNSWORTH [41]

Oyrye 1S greater for the metals with a low work function than for
those with a high work function. When V, is small the work
function is apparently a governing factor [169].

3.7. SECONDARY ELECTRON EMISSION AT HIGH
PRIMARY ENERGY (> 2000 eV)

We have seen in Chapter 1 that at high primary energies the yield ¢
is by no means a measure of the true secondary electron emission:
the secondary electron emission at high primary energies is accom-
panied by a considerable number of rediffused electrons.

The experimental evidence available on the secondary emission
in this energy range is rather limited.

In fig. 3.37 the most recent results obtained by TrRuMP and vaN
DE GRrAAFF [307] are collected. The full lines refer to the total

" yield 9§, whereas the broken lines refer to the secondary electrons

with an energy greater than 800 eV, evidently the sum of elastically
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and inelastically scattered (rediffused) electrons. From these the
factor d,,, can be derived by subtracting the ordinates. From
the results, shown in Table 3.2, §;,,, is apparently about inversely

TABLE 3.2. Trure SeEcoNparRy EmissioN YieLp
LESTIMATED FROM FIG. 3.37

' Otrue
w ‘ 0-12
Fe i 0-08
Al . 0-05

1 0-025

|

proportional to the density of the element. We must however
bear in mind the remark made by PaLLUEL [304, 306], that many
of the true secondary electrons are released by the rediffusing
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Fig. 3.37. Secondary electron emission yield at very high primary energies
[307]; full line—all secondary electrons; broken lines—inelastically
scattered (rediffused) electrons; curves 1, 2, 3 and 4 refer respectively

: to tungsten, steel, aluminium and graphite

electrons. The number of true secondary electrons liberated by

the action of the impinging electrons will be much smaller still.

" "At these high energies the true secondary electron emission has
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nearly disappeared. Older measurements carried out by SCHON-
LAND (37] are qualitatively in agreement with the results obtamed
by TruMP and VAN DE GRAAFF.

We thus see that the true secondary electron yield of metals at
very low ¥V, is determined by the work function, at very high ¥, by
the density.

3.8. SECONDARY ELECTRON EMISSION ON THE
EXIT SIDE OF A THIN TARGET

If a target comsisting of a thin foil is bombarded with primary
electrons of sufficiently high energy the electrons leaving the exit
side fall into a slow group and a fast group. The slow group must
be secondary electrons leaving the foil on the exit side; the fast
group consists of primary electrons, which have lost a certain
amount of energy.

LiNARD and his pupils, in particular, have carried out a number
of experiments on this subject. The most recent one is an investi-
gation by WECKER [269]. True secondary electrons and transmitted
primary electrons can be separated on the exit side just as was done
on the entrance side by STEHBERGER. In Table 3.3 a survey is
shown of some of the measurements on aluminium foils reported by
WECKER.

It can be scen from this series of measurements that the number
of transmitted primary electrons far exceeds the number of true
secondary electrons when foils of this thickness are used. The
increasc in transmission with increasing 7, is to be expected. The
decreasing true secondary emission yield per transmitted primary
electron, evident in the second columns of Table 3.3, will be dis-
cussed in Chapter 6, where the energy transfer of the primary
electrons is considered. As can be seen from the third columns the
consequence is that the number of true secondary electrons on the
exit side per primary impinging electron goes through a maximum.

It would of course be interesting to know what happens when
much thinner foils are investigated. Only very few data are avail-
able but one investigation carried out by Karz [175] may give
some information. XaTz used an electron-optical method to malke
an image of a meshed screen, and found he could use electrons with
an'energy of only 1 eV, even when these electrons had been trans-
mitted by a thin silver foil. This meant that slow electrons can
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pass through the foil without any deflection. According to Katz
this high transparency cannot be ascribed to small holes, as can be
proved by measuring the energy distribution and the number of
transmitted electrons. In fig. 3.38 an example is shown giving the
fraction of transmitted electrons able to reach a collector against
a retarding field. All electrons with small initial velocities have
identical final velocities after they are transmitted by the foil.

TasrLe 3.3. TRUE SECONDARY EMISSION YIELD oN THE EXIT SIDE,
AND TRrRANSMISSION OF PRiMARY ELECTRONS, FOR ALUMINIUM IFOILS

3-5 u Al
v N i‘ ilmusm jg true . ! is true
V) iy itransm | iy
20 0-06 0-38 23 x 103
30 0-44 0-20 88 x 10-3
40 0-64 0-10 64 x 103
50 0-75 0-08 60 x 10—
60 0-82 — —
70 0-85 — —
80 0-87 | 0-03 26 x 103
| |
9-4 4 Al
V,, (kV) ‘l.lrz;insm ‘ :':3 trug .7:3 frue
Up ! Ytransm iy
20 0 —_ ! 0
30 0 — 0
40 0-16 0-24 38 x 10-3
50 0-40 0-17 68 x 103
60 0-58 0-12 70 x 103
70 0-69 0-07 48 % 103
80 0-78 0-06 47 x 1073

When electrons impinge at higher velocities it is possible to separate
the emerging electrons into two groups: one group with low
“velocities, the other group with an energy equal to the energy of the
primary electrons.

In fig. 3.39 the fraction of the electrons transmitted without
any change of velocity (the ‘“‘free transparency’’) shows a maximum
as a function of V. This means that any holes present have no
important influence. If holes were the cause the free transparency
would be independent of the energy of the primary electrons.
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The slow moving electrons were considered by Karz to be true
secondary electrons on the exit side. The sum of slow and fast
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Fig. 3.38. Energy distribution of electrons leaving the
“exit side” of a thin foil

electrons determines the ‘“‘total transparency”. It reaches as much
as 10%, but depends strongly on the treatment of the foil. Katz
found several foils that were initially completely opaque, but rose
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Fig. 3.39. Total transparency (upper line) and ‘“‘free’” transparency
(lower line) of a thin foil; according to Karz

[in-transparency when bombarded with electrons (fig. 3.40). This
. wag:of course a complication which made the results uncertain and
irreproducible. ’
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We must conclude that the secondary electron emission on the
exit side needs still more investigation. It may be important
technically if there is need to increase the true secondary current
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Fig. 3.40. Increase in transparency of a 1500 A thick silver foil, as a

function of time. I Start: no noticeable transparency; II after half an

hour’s bombardment with a current density of 2 X 10-5 A/mm?, and

© V¥V, =300V; III and IV after continuing bombardment. According to
Karz

beyond the primary current. From the experimental evidence
we have seen, such a possibility does not seem to exist with metal
foils; other methods will have to be tried.
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SECONDARY ELECTRON EMISSION FROM
METAL COMPOUNDS; REVIEW OF RESULTS

4.1. INTRODUCTION

This chapter is devoted to the secondary electron emission from
metal compounds; we shall find we have to do with an extremely
complicated phenomenon. Many of the substances are not at all
stable under electron bombardment. Many are electrical insulators
with the consequence that surface charge phenomena have a
definite influence on the secondary emission. Surface structure is
also of great importance.

TFrom a technical point of view however these substances are
even more important than metals, as several of them give a high
yield so that electron multiplication is possible.

It may be useful to give first a rough survey of the yields which
can be obtained. We shall therefore make a classification of the
metal compounds according to the maximum yields obtainable.
(Table 4.1).

The highest value of J,,,, are found with simple compounds of
the alkali metals, such as oxides, halides etc. The yields are some-
what smaller from the simple compounds of the alkaline earth
metals; smaller still from the oxides of aluminium, silicon etc.
Low yields (comparable with metals) occur from typical semi-
conductors such as MoS,, WS,, Ag,0 etc.

V.t and V,II are respectively the lower and higher voltages of
the primary electrons for which 4 is equal to 1.

4.2. INFLUENCE OF CONDUCTIVITY ON SECONDARY
ELECTRON EMISSION

We must now consider the complications connected with secon-
dary emission from compounds. The lack of conductivity often
causes the potential of the emitting surface to be ill-defined.
Fig, 4.1 demonstrates how the potential of the surface of a poor
conductor may arise. The current flowing to the secondary emitting

62
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TasBLE 4.1. MaximMuMm BLectrRON YIELDS FROM SOME
MeTAL COMPOUNDS

1 |
dmax | Vz’ ;9')&" (I;,’)’ Vy Ref. ’1 Method
LiF 56. 21 ' 197, 90
NaF 5-7 20 ' 197, 90
NaCl 68 15 L 197, 90
NaCl 6 600 i 210a
KCl 75 15 | 197,90 |1 ovaporated
RbCl 5.8 197 ayer
CsCl1 6-5 197
NaBr 5:5 197
KI 55 12 197, 90
Cs,0* 2.3 to 112, 118,
11 134, 138,
139, 141,
149, 164,
184
SbCs, 5to | 375 10 236, 225 | evaporated layer
8:3 450 20
CaF, 3-2 evaporated
BaFZ 45 } 197 : layer
BeO 34 2000 273
MgO 24 1500 273 Mg or Ba
MgO 4-0 400 197 evaporated
BaO 2-3 1600 273 and
BaO 4-8 400. 167 J oxidised
Ca0 2-2 500 ’
A1,0, 1:5 to 350 to f
e 4.8 1300 J 167, 273
mica 2.4 380 30 3300 | 229
Si0, 2-1 to 400 to 30
(quartz)t 29 440 50 2300 | 229
Ag,0 0-98 to
: 1-18 J 110
" MoS, 1-10 197
MoO, 1-09 to
1-33 J 110
WS 0-96 to
: e i ) 107
Cu,;0 1-19 to |
? 125 ‘J 197

* The values of 6,5 in the table are the highest obtained so far (1953). A layer of Cs,0
can be formed in many different ways. The well known infra-red sensitive photo-cathode
“(described by the symbols [Ag] — Cs,0, Ag, Cs — Cs) consists largely of Cs,0. This cathode is
formed by oxidizing a silver layer in an oxygen gas discharge, after which the silver oxide is
reduced by caesium vapour. The layer consists therefore of a silver base covered with a
mixture of Cs,0 and silver and caesium atoms, Externally caesium atoms are adsorbed. With
other base metals similar layers can be formed.

T Glasses mostly show a secondary emission yield of the same order of magnitude as quartz.
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Fig. 4.1a. How an increase of conductivity affects the secondary electron
current from a poor conducting substance
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Fig. 4.1b. How an increase of the potential of the supporting target plate
affects the secondary electron current from a poor conducting substance
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"Fig. 4.1c. How an increase of the collector potential affects the secondary
: electron current from a poor conducting substance
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electrode 4, (the difference between primary and secondary current)
is determined by the ‘“‘dynatron characteristic” (see 2.2).

ta = f(V,)-
It is also determined by Omm’s law and can be represented by
Ve—7V
g, = —=2—7
“ R

where V, — V,_ is the potential difference between the cathode
delivering the primary electrons and the plate supporting the
secondary emitting layer and R is the resistance of that layer.
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Fig. 4.2. Secondary electron yield of a [Ag] — Cs,0, Ag, Cs — Cs surface.
Curves 1, 2 and 3 show the yield with an increasing amount of oxygen
absorbed. According to KrLEBNIKOW and Korsrunova [176]

In fig. 4.1b the dynatron characteristic I and the resistance
line 1T have three intersections A4, B, C of which B represents the
unstable, and 4 and C the stable state. In the low potential state
Aisi, >0, ori,< i,; in the high potential state C'is3, << 0or; > 1.

The figures enable different phenomena which are often found
with insulating materials to be described and explained. Tig. 4.1a
shows what happens when there is an increase in conductivity of
the emitting material. A decrease of resistance is represented by a
clockwise turn of the resistance line from position II to position IT’,

"so that the point of intersection C' becomes C’. The secondary -
current actually increases. The results of increasing and decreasing
resistance have been observed by different Russian authors. An
example is given in fig. 4.2 of the secondary emission of a substance
used for photoelectric emission, [Ag] — Cs,0, Ag, Cs — Cs.
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Fig. 4.1b explains the result of an increase of the potential dif-
ference V, to a greater value V,’. The phenomenon is most remark-
able if the surface potential is in the “low’ state 4; on increasing
V, to V,” both intersections 4 and B become imaginary and the
only possibility is state C’. This transition is disclosed by & jump in
t, and by a jump of the surface potential, as has been shown by
NELsoN [207].
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Fig. 4.3. Energy distribution of secondary electrons emitted by a barium
layer-and a barium oxide layer. In the range V, > 0 the barium layer
shows saturation, but not the oxide layer [197]

Fig. 4.1c explains the result of the increase of potential of the
electrode for collecting the secondary electrons. It can easily be
seen that increasing the collector potential means an extension of
the dynatron characteristic to a position such as I’. The shift of
the intersection point C to C” results in a greater secondary emission
current; this means in practice that high emitting, poor conducting
secondary emitting layers are incapable of saturation, as is very
well known. An example is shown in fig. 4.3. For comparison the
curve for a metal is shown, which saturates easily.

From these simple considerations the consequences of low con-
ductivity can be seen. In some respects, however, the picture has

" been over-simplified. Examples of the way in which this has been

done may be seen in the discussion of fig. 4.1a, where it was assumed
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that a decrease in resistance did not affect the secondary emission
yield; also in fig. 4.1b and lc, where it was assumed that an increase
of the potential difference V, — V, did not affect the secondary
emission yield. Another simplification was the assumption that the
resistance R was well defined. In general this is not so. One has
to bear in mind that in substances like these the resistance is likely
to be increased by the electron bombardment itself, i.e. B is a
function of ¢,.

4.3. REASON FOR HIGH SECONDARY EMISSION

Why the substances mentioned in Table 4.1 should give such high
yields is still being vigorously discussed. There are investigators
who are of the opinion that the high secondary emission is a property
of the substance itself. They have proposed a theory that allows
the high secondary emission to be explained in terms of the energy
level model. This theory will be discussed in Chapter 6. There are
many others, however, who believe that the only reason for high
yields is the positive charges left behind by the emission of the
secondary electrons. These positive charges are conceived as
forming an electric field which stimulates the emission. This view
is held especially by the Russians, TimoFeEw and his collaborators,
who believe that the alkali atoms in the compounds with high yield,
if ionized, are the actual bearers of this positive charge. Although
their experimental evidence is not very convincing, it cannot be
- denied that there are several phenomena which so far have only
been explained by the presence of an internal electric field in the
layer itself [285].

The most convincing experiments showing the presence of
positive and negative charges have been carried out by HINTEN-
BERGER [202]. He showed that the surface of an insulator, if bom-
barded by primary electrons with ¥V, only slightly greater than
V,%, is first charged up to the potential of the collector; but after
some time the potential drops at first slowly and then abruptly to
the cathode potential. For higher potentials, however, the surface
remains near the collector potential. HINTENBERGER assumes that
the jump of the potential with the lower V' is due to the fact that
the primary electrons, penetrating to some depth, form a negative
internal space charge, whereas the surface itself remains at collector
potential. The electrons arriving later hit the surface with the same
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energy, but are retarded by the space charge and penetrate less
deeply. The space charge extends thus to the surface. As the
space charge layer increases in thickness, the depth of penetration
diminishes, so that finally the yield drops below 1. When this
happens the surface potential drops to the cathode potential.
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Fig. 4.4a. i, as a function of ¥, showing that if V, > V11, § < 1

Fig. 4.4b. Potential difference between collector and secondary emitting

surface when V, > V11 [201]

Although another explanation of this effect has been offered by
McKay [6, p. 107], this experiment seems to be one of the few
which have succeeded in demonstrating the presence of an internal
field.

Other evidence for the formation of an internal field is the be-
haviour of the surface potential in the range beyond V1. Fig. 4.4a
shows that if ¥, > V.M, § < 1. Let us consider a system with an
electrode whose configuration is such that when V,= V1,
V,= V!, V, being the potential of the collector. If V,is increased,
V, remains the same, because a rise would mean § > 1. Or in
other words the dynatron characteristic remains independent of
V. if V,> V. Determining the potential difference between the
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collector and the emitting surface as a function of V, one would
expect a straight line at an angle of 45° to the abscissa (dotted line in
fig. 4.4b). The angle found experimentally is however smaller,
- which means that ¥V, increases slightly with increasing V,. This
is a well-known fact in cathode-ray tubes as has been shown by
Hagex. There is thus a slight increase of §, which can only be due
to an internal field.

It does not follow, nevertheless, that this internal field is the
only reason for the high secondary emission yield. There are
numerous arguments to be brought forward against this propo-
sition, in spite of the support it has received.

First of all there are some insulators, e.g. phosphors like willemite,
zinc sulphide, etc., whose yield is not high. Another difficult fact
to explain is the high secondary yield of the well-known photo-
cathode ShCs, (see Table 4.1), although its conductivity, according
to a private communication from Dr. H. J. Vixng, is as high as
10Qem. Thirdly, if an internal field is necessary for a high 4, it
seems very unlikely that multiplication of currents of the order of
magnitude of one electron per second would be possible, as it is in
scintillation counters.

4.4. THIN FILM FIELD EMISSION
[Malter effect; 129, 130)]

A phenomenon which can only be explained by the formation
of an internal field is the ‘‘thin film field emission” discovered by
L. MaLTER in 1936. Subsequent investigations have been carried
out by Manr (159, 183], KoLLER and JOHNSON [156], MUBLENPFORDT
[186], BruiNniNG and DE BoER [197], TimorEEw [234], and others.

The electrode used by MALTER, which showed the thin film field
emission, consisted of an aluminium plate with an oxidized surface
layer, which after having been covered with caesium was again
oxidized. Such a layer can be represented by the symbol

[Al] — ALO; — Cs,0.

MarTER himself prepared this layer electrolytically. The aluminium
was the anode in a saturated solution of borax and boracic acid;
the cathode was a platinum foil. The thickness depends only on the
applied voltage to which it is proportional. MarLTErR has used a
thickness of about 2000 A. More recently PIORE [162] has used a

|
:;‘g,‘
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layer of silicon dioxide instead of aluminium oxide, which also
gave a thin film field emission.

When such a layer is bombarded by electrons of some hundred
volts, a current is found if the electrons are drawn by a suitable
field. This current may be as much as one thousand times the
primary current. The emission current does not reach its full value
until some time after the bombardment begins. After switching
off, so that the electrons fall back on the target, the field emission
drops instantaneously to zero (fig. 4.5).
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Fig. 4.5. Slowly decreasing field emission current, from a thin film,
according to MALTER [130]

MaLTER suggests that there may be an analogy between this
field emission and the discharge as found by GUNTHERSCHULZE*
and called “Spritzentladung”, or “spray discharge”. This is found
in a gas discharge tube, if the cathode is covered by a thin insulating
layer. The dark space normally present is absent, suggesting that
electrons are emitted by the insulating layer with sufficient energy to
ionize the gas, so there must be an electric field inside the layer.
According to GUNTHERSCHULZE, this field is established by ions,
formed in the gas discharge and which are adsorbed by the cathode

* A. GUNTHERSCHULZE; Z. Phys., 86, 778, 1938.
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surface, but MALTER thinks the field is analogous to that in his oxide
layer. The positive charge is formed in his case by the high secondary
emission yield of the caesium oxide, and the thin film field emission
is therefore a “‘cold’ electron emission which is exerted artificially.
The internal field in the Malter effect can be observed in many ways.
MALTER himself has noted that the relation between current and
collector voltage is similar to the current-voltage characteristic of
“thyrite”’, but GUNTHERSCHULzZE explains the conductivity in
thyrite as a consequence of the field emission between the particles.

If the voltage is raised, spark phénomena can be observed in the
oxide layer, apparently electric breakdowns. MaHL has measured
the positive charge quantitatively using an electron microscope of
special construction (fig. 4.6). For a 2000 A layer potential dif-
ferences between 10 and 40 V have been observed, and MauwL has
concluded from energy distribution measurements that the ‘“field
electrons’ are emitted by the aluminium metal base, and enter
into the vacuum without loss of energy; from this it can be con-
cluded that there is in fact some kind of a ““cold’’ emission.

The Malter effect can be demonstrated clearly with an electron
microscope. KOLLER and JounsoN, and MaHL, showed that the
“Malter” current is not emitted by the surface as a whole, but by
discrete points differing in intensity. From any particular point
the emission is not constant, but varies with time continuously, so
that the picture shows scintillations. This is demonstrated in fig. 4.6
which is taken from one of MaHL’s articles. In fig. 4.6a at the
start of the primary bombardment a uniform emission is observed
(the black bars in the picture are due to a thick wire mesh inserted
in the primary beam). Some time after the beginning of the primary
current some bright points of intensive emission emerge, increasing
with time in intensity and number (fig. 4.6b and c¢). After switching .
off the primary current some emitting points remain observable
(fig. 4.6d).

There are still several more phenomena left which require a
further explanation as has been shown especially by MUHLENPFORDT.
He carefully investigated the correspondence between GUNTHER-
SCHULZE’S spray discharge and the Malter effect. He found that it
is possible to change the decreasing Malter current into a spray
discharge by admitting very small amounts of a rare gas, at a
pressure below 107> mm Hg; and that, vice versa, the spray dis-
charge can be altered into a Malter current by evacuation. Next
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MuBLENPFORDT showed that a decreasing thin film field emission
could be evoked by bombarding a layer [Al] — ALLO; — Cs,0 with
positive ions. Another important discovery made by the same
author was the influence of oxygen. If oxygen is admitted at a
pressure of about 10~ mm Hg the Malter current drops three
orders of magnitude, but does not increase after evacuation. A
recovery takes place only after renewed electron bombardment.

This deactivation by oxygen may prove that the caesium oxide
is partially decomposed by the electron bombardment and that
free caesium is essential for the appearance of the effect. It is quite
likely that the Malter effect can only occur if a certain quantity
of gas is present in the tube and the caesium vapour is one of
the components of this residual gas. The correctness of this hypo-
thesis has to be tested by more experiments.

Parrow [208] has made experiments which support this hypo-
thesis. He regards the Malter effect as a special form of the dis-
charge which he finds if the cathode is covered with a layer of an
insulating substance (Al,0;, MgO, glass powder, quartz powder,
sulphur, bakelite etc.). Parrow distinguishes two kinds of dis-
charge phenomena.

(1) A high voltage discharge, which starts at some thousands of
volts and a pressure of 10-3 to 10~? mm Hg. This discharge leaves
the cathode at places where the layer is thin. The discharge is
very ‘“‘unquiet’”, the particles on the cathode flying through the
discharge space and falling back to the cathode because of their
positive charge, and covering it with a uniform layer.

(2) A low voltage discharge, which may start, if the layer on the
cathode is uniform, e.g. owing to the action of a high voltage dis-
charge described in (1) above. The maximum current density is
about 100 mA/cm?2, Between 10~ mm and 10-2 mm Hg pressure
the discharge current is nearly independent of the applied voltage;
no discharge current is found at pressures below 10-¢ mm Hg.

ParTOow considers the Malter current to be a low voltage dis-
charge, basing this conclusion on the fact that the low voltage
emission shows “decay’’ phenomena. According to MUHLENPFORDT
the Malter effect shows both a high and a low voltage discharge.

Though the above investigations seem to be the most important,
yet other work on the Malter effect is worth mentioning. BogINEsco
" [196a] observed a Malter effect by bombarding with negative ions,
using Al;O3 on aluminium as a target. BruINING and DE BoEkr



Iig. 4.6. Start and end of thin film field emission;

(a) start of ‘the primary current; (b) 10 sec. later;

(c) 60 sec. later; (d) 60 sec. after stopping the primary
current. According to ManL [1591

T'o fuce page 62
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observed a Malter-effect with a MgO layer; the magnesium oxide
was deposited on a metal plate by burning magnesium metal in
air (fig. 4.7).

Finally, mention should be made of an electrode described by
TimoreEw. which is also a photocathode. It consists of a layer of
the type [Ag] — Cs,0, Ag — Cs, prepared in the normal way with
the exception that the silver was evaporated on to the base when the
latter was at a temperature of about 100°C. This gives the layer a
rougher structure than normal. When such a layer is used as a
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Fig. 4.7. Secondary emission yield of & magnesium oxide layer, obtained
in an oxygen atmosphere (curve II); curve I shows the yield of a smooth
layer (197)
photocathode it shows the same phenomena as with the Malter

effect.

The time lag effects always present in the Malter effect and the
lack of reproducibility of performance have up to now made it
impossible to use this phenomenon for technical application.

4.5. DECOMPOSITION  OF A COMPOUND WITH HIGH
SECONDARY EMISSION YIELD [197]

If a layer consisting of a compound of an electropositive metal is
bombarded with electrons, a decrease of the secondary emission
yield can often be observed. This happens especially to layers of -
alkali halogenides evaporated in vacuo. If a layer with such a
“spoiled” yield is oxidized, J rises again. It thus seems correct
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to assume that the decrease is caused by a separation of alkali
metal (fig. 4.8).

The decomposition of the compound, with a consequent decrease
in secondary emission yield, is one of the major problems when
electron multiplication is required at high current densities. A
complete explanation has never been given. Nevertheless we shall
try to describe what actually occurs in such a layer.
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Fig. 4.8. Secondary emission yield of an evaporated sodium-chloride
layer, as a function of time of bombardment [197]

As an example we take a secondary emitting layer of sodium
chloride. The electrons being emitted as secondary electrons are
those with the highest energy in the crystal, i.e. those occupying the
highest energy band, which in sodium chloride are the 3p-electrons.
If one of these electrons is emitted, a chlorine atom is left in the
crystal. We may distinguish two different cases:

(a) the chlorine atom remains in the grid;

(b) the chlorine atom escapes.

Upon the emission of an electron, a positive charge is left behind
in the grid, which has to be neutralized by an electron delivered by
the metal base. In case (a) the clectrical neutrality is obtained by
the recombination of the supplying electron with the chlorine atom
so that the original situation is restored. In case (b) the chlorine
atom has disappeared. Neutrality can however be achieved if the
electron is caught in the hole which was left by the escaping ion.
The electron now belongs to the six surrounding sodium ions. It
is what is called a colour centre, and it behaves like a neutral atom
in a neutral grid. When a number of chlorine atoms have escaped,
an agglomeration of these colour centres takes place and colloidal

‘metal particles are formed with conduction electrons, with the

consequence that the secondary emission yield drops. From this
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picture it can be seen how the salt decomposes; chlorine escapes and
the remaining sodium forms metal particles, causing a discoloration.

This “printing” has a practical application in the “skiatron’; this
is a cathode ray tube with the fluorescent powder on the screen
replaced by an evaporated layer of one of the alkaline halides. The
metallic discolouration can be used, for instance, to make a radar
pattern visible. The image can be erased by heating, but this takes
time, and the system seems of doubtful value for application for
television projection. '

The oxides of the electropositive metals decompose at a much
slower rate than the halides, so that they can be used for technical
purposes. The difference is that the anions of oxides have a double
negative charge. On the emission of an electron a single charge is
" left which apparently prevents the atom from escaping.

4.6. PRACTICAL REQUIREMENTS FOR COMPOUNDS
WITH HIGH YIELDS

If an electrode of high secondary emission is required, it can be
seen from the previous sections that the oxides of alkali and alkaline
earth metals are useful. The antimony caesium compound can also
be used, but cannot be heated to higher temperatures than 50°C.
The sulphides too might be stable, but sulphur is a well-known
toxicum (poison) for thermionic oxide cathodes and may not be
practical from this point of view.

The oxides of the alkali metals easily form carbonates, and have
to be prepared inside the tube. The same applies to barium and
strontium oxide. The only oxides which can be prepared outside
the tube are magnesium oxide and beryllium oxide, and these
oxides are stable at higher temperatures. Magnesium oxide is
therefore often used in amplifier tubes, although its secondary
emission yield is not as high as from the oxides of the alkali metals.

From the previous sections one can conclude that the emitting
substance must have a certain conductivity, to prevent both thin
film field emission and the build-up of surface charge which would
make emission impossible. In general, sufficient conductivity can
only be obtained by an extra amount of metal, which should not
exceed a certain limit, because the secondary emission yield of the
metal itself is low. This limitation of the free metal is the real
problem of secondary emitting surfaces with high yield, and makes
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it difficult to get reproducible targets which do not change with
time. )
From an industrial point of view it is most important to find an
easy way of making these surfaces. One of the most elegant methods
has been described by GiLLe [250] and MaTHES [257] and after-
wards by many other authors. If an alloy of magnesium or beryllium,
like silver-magnesium, nickel-beryllium, is heated in an oxygen
atmosphere a superficial layer consisting of the oxide of magnesium
or beryllium is formed, which will give yields of up to 16. If too
high yields are aimed at, by long oxidation, a Malter effect may
start, but there are many variations on this theme. To discuss the
different methods for getting a proper surface we should have to

5

e
5’0

1‘5//

o
o 200 400 600 800 ooov
V. —
D
Fig. 4.9. Secondary emission yield of nickel beryllium alloy

enter the field of technical know-how, which is beyond the scope of
this book. We must be content therefore to record the literature
[326].

4.7. SECONDARY ELECTRON EMISSION FROM THE
“OXIDE-COATED” CATHODE

Considerable work has been carried out concerning the secondary
emission yield from the well-known thermionic oxide coated cathode.
Such a target consists of a thin layer of barium-strontium-oxide
about 50 u thick, with a resistivity of about 108Q2 em at room
temperature, decreasing to 103Q em at 800°C. The thermionic
emission at high temperature is due to the formation of barium
atoms, these being the actual electron sources.*

MorauLis and NaGORsSKY [185], PomERaNTZ [300] and JoHNSON
[297, 302] have measured the secondary emission yield from the

* J.H. pE BoER; Electron Emission and Adsorption Phenomena, Cambridge
University Press 1935.
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oxide-coated cathode as a function of temperature. All have found
that 0 rises with increasing temperature, and JOENSON’S most
recent results are collected in fig. 4.10. JorNsoN has used a micro-
second pulse technique, the best way of eliminating resistance effects
of the layer itself. It can be seen that ¢ has a minimum as a function
of temperature. At room temperature § is observed to decrease
during the pulse period, evidently because of the positive charge
on the target surface. At 400°C, where 4 is minimum no resistance
effect is left. At higher temperature where thermionic emission is
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Fig. 4.10. Variation with temperature of secondary emission yield of
oxide-coated cathode; according to JoEwson [302]
already appreciable ¢ rises also. The secondary electron current
seems to rise during the pulse and it falls with some retardation
to zero after the primary current ceases. If AJ is the difference
between ¢ at any temperature above 500°C and ¢ at its minimum
value one finds:
Ad = Ae~ YT,

where @ is of the order of 0-7eV. The ‘“enhanced” yield Ad is
proportional to 4,, as is the ordinary secondary electron emission,
but it has some characteristics which are quite different from the
ordinary true secondary emission: it is practically independent
of V, beyond V, = 200V; it is about proportional to the steady
thermionic current.
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From these properties JouNsoN has concluded that A is the
result of an enhanced thermionic emission caused by the electron
bombardment of the oxide material. Under the bombardment the
emission constants apparently change. One of the changing
constants may be the number of emission centres, because the
number of free barium atoms may vary under electron bombard-
ment (4.5). The proportionality with i, and the thermionic emission
and the retardation phenomena during the pulse, fit this explanation
well.
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VARIATION OF SECONDARY EMISSION
YIELD CAUSED BY THE EXTERNAL
ADSORPTION OF IONS AND ATOMS

5.1. INTRODUCTION

It is well known that the photo-electric and thermionic emission
from metals is increased if ions and atoms of an electropositive
metal are adsorbed on the surface. The adsorbed layer reduces the
work function, i.e. the energy required to liberate an electron from
the metal. If the total fraction of the surface covered is small, the
adsorbed particles are all ions. The decrease of the work-function
is in this case proportional to the number of adsorbed ions. With
increasing coverage atoms begin to be adsorbed and these, too,
cause a decrease in the work-function, though in a much smaller

degree. When the atoms become about as numerous as the ions |

the work-function rises again towards what it was for the adsorbing
metal in compact form.

The change of the work-function can be observed by measuring

. the photo-electric and thermionic emission, for the thermionic
current passes through a maximum as the covering rate increases.
The photo-electric emission passes a maximum even if the surface

is irradiated with light which is not absorbed by the adsorbed
atoms or ions.

If however the surface is irradiated with light that is absorbed
by the adsorbed atoms, these too emit electrons by the selective
photo-electric effect. The curve giving the relation between photo-
electric current and covering rate then has a more complicated

ﬁ.;‘form; two maxima may be observed. The first maximum corres-
| ponding to the lower fraction of covering is found where the work-
' /ifunction has its minimum value. The second maximum corresponds

{ to the coverage where the occupation is optimum for the selective
. photo-electric effect.

69
8



70 SECONDARY ELECTRON EMISSION

5.2. LIBERATION OF SECONDARY ELECTRONS
FROM ADSORBED ATOMS

Considering the secondary emission yield as a function of the
fraction of covering one may ask whether the observed change in
secondary emission yield is due to the change in the work-function
or to the emission of electrons by the covering atoms. In this case
we are considering a covering about one atom thick so that the
number of electrons liberated from the adsorbed layer can easily
be estimated by using J. J. THomsoN’s well known formula:*

e ¢ (E’_z» _ )

pi= (1 (5.1)

in which eV, is the ionization energy of the adsorbed atom and p,
the distance within which the undisturbed path of the primary
electron must approach the atom to be ionized. If this distance is
smaller than p; all collisions cause ionization, so that the number of
ionized atoms is proportional to the area wp22. With molybdenum
as the base metal, covered with a monatomic layer of 3-58 x 1014

~ atoms/em?, and if ¥, = 5V, the number of atoms ionized by each
™ primary electron is given in Table 5.1. It appears therefore that

TaBLE 5.1
V, =10V ‘ V, =20V l V, =200V
0-23 ‘ 0-17 0-02

LA

i
ERONCRARRA

" for V,=10V to 20V the number of electrons liberated from
the adsorbed layer is of the same magnitude as the yield from the
uncovered metal for which § ~ 0-3. When ¥V = 200 V however
it is far less.

It will later be shown that the maximum increase of § which can
be observed as a result of the adsorption of foreign atoms is about 0-5.

From this it can be concluded that the change of §, if bombarding
electrons of some hundred eV are used, is in fact caused by the
change of the work-function. With primary electrons of low energy
a considerable number of the emitted secondary electrons may
originate from the adsorbed atoms.

- * J, HENGSTENBERG and K. WoLr; “Elektronenstrahlen und ihre Wechsel-
wirkung mit Materie,” Hand-und Jahrbuch der chemischen Physik, VI A
page 78, 1935.
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It is also possible to prove experimentally that the secondary
emission yield is determined by the work-function. This can easily
be done, if both 4 and the work-function of the target are measured
at the same time. Instead of the work-function the photo-electric
emission can be measured. It has been proved by different experi-
menters that § and the photo-electric emission both have a maxi-
mum as a function of the rate of covering and that these maxima

are found at the same coverage (fig. 5.1).

This means that the
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Fig. 5.1. Secondary and photo-electric current from molybdenum, as a
function of time while barium is deposited at a uniform rate; ¥, = 200 V.
The photo-electric current was measured with the continuous light of an
incandescent lamp [196]
secondary emission yield is in fact determined by the work-function
of the target material. TRELOAR concluded from his experiments
that the mean depth at which secondary electrons were liberated
iwas 1-6 atomic layers, whereas he assumed that ¢ is determined by
ithe work-function. If his conclusion were correct, the liberation
of electrons from the adsorbed atoms would have to be taken into
account, which was not done. We shall see however in Chapter 6
that the mean depth of liberation is much greater than 1:6 atoms.
Indeed, if the work-function is made as small as possible, practi-
cally no electrons are liberated from the adsorbed atoms. Table 5.2
shows that if a surface containing adsorbed atoms is exposed to
an oxygen atmosphere, the secondary yield drops to the original
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value of the uncovered metal. Now, if a considerable proportion
of the secondary electrons from molybdenum with barium were
contributed by the absorbed barium atoms, one would expect an
increase of & when the surface was oxidized. The fact that the
yield after oxidation was nearly down to that of clean molybdenum
proves that no appreciable emission from the adsorbed atoms
takes place [196].

TABLE 5.2
Surface ‘ 3(V, =200V)
Molybdenum ' 1-218
Molybdenum with barium b1-72-1-75

The same surface oxidized | 1-24

5.3. INCREASE OR DECREASE OF § WITH CHANGING
WORK-FUNCTION

The relative variation of the secondary emission yield is much
smaller than the variation of thermionic and photo-electric emission
under similar conditions. This difference in behaviour was first
observed by Sixrus and has been confirmed by many other investi-
gators. Fig. 5.2 shows the secondary emission yield of tungsten
with three different coverages of thorium. Atoms which increase
the work-function, like oxygen on tungsten, have only a slight
influence on the yield. This is shown by Table 5.3, taken from the
work of TRELOAR [136].

TABLE 5.3. VARIATION OF THE SECONDARY EMissioN YIELD FROM
TUNGSTEN, UPON ADSORPTION OF OXYGEN (V, = 300V)

d pure tungsten 1-31
J tungsten with oxygen covering 1-06
increase of work-function due to

oxygen { 178 V

The small relative variation of the secondary emission yield can
be explained, according to SixTus [72], on the grounds that the
energy of the secondary electrons is greater than the change of the
work-function, which is why its influence is much greater on ther-
mionic than on secondary emission. This difference can be put
into. more quantitative form by assuming that the energy distri-
bution of the secondary electrons is Maxwellian, with a mean energy
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“of 5eV. A decrease of the work-function by 2 eV then causes an
i increase of the thermionic current (mean energy 0-2 eV) by a factor
} el0 = 2-2 % 104, whereas the secondary electron current is increased
i by a factor of only %4 = 1-42. The photo-electric current excited
by visible light is also much more sensitive to a decrease in the
work-function than the secondary electron emission. Similar results
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Fig. 5.2. Secondary electron emission yield of tungsten with ditferent
coverage of thorium, as a functionof V,; 1: ¢ = 4:52V; 2: ¢ = 3-30V;
3: @ = 2:63 V. According to SixrTus [72]
have been obtained by McKay [276] with tungsten covered with
sodium. He found a 609, increase in § when the work-function was

decreased by a factor 2.

54. RISE OF THE SECONDARY ELECTRON CURRENT
WITH INCREASING COVERING RATE WITH
ATOMS OF AN ELECTRO-POSITIVE METAL

Referring once more to fig. 5.1, we observe another difference
between the photo-electric current and the secondary electron
emission, besides the one we have just discussed. Near the left of
the figure, for low coverages, the photo-electric emission rises
exponentially, but the secondary emission rises linearly. This
difference in behaviour, too, can be understood.in terms of the
difference in energy of photo-electrons and secondary electrons.
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The photo-electric emission of a metal surface exposed to the
radiation of a black body can be written as:

i, = AT? exp (—ep/kT) (5.2)

where A is a constant, 7' the temperature of the black body and
k the Boltzmann constant. If the surface is hit by a steady shower
of atoms, the work-function ¢ changes linearly with time so long
as the coverage is small; therefore

=g —ct
¢ being a constant, and i, can be written as a function of time:
. e(po — )
ton(t) = AT? exp (—— T (5.3)

As kT < ect an exponential rise can be expected.
The secondary electron yield can be expressed by the equation

0 = Pexp (—epleV) (5.4)

where P is a constant and eV the mean energy of the secondary
electrons. Substituting again for ¢, we find

e(@y — C‘)] .

o(t) = Pexp [— o7

Because eV > ect we may write, as a first approximation,

ot)= P (1 + ii:) exp (... %),

ev

and d(t) is approximately a linear function of ¢.

5.5. SECONDARY ELECTRON EMISSION FROM METAL
SURFACES COVERED WITH THICKER LAYERS

In the previous sections we discussed adsorbed layers that were
only about one atom thick. We must now consider some experi-
ments with adsorbed layers several atoms thick, which were
carried out by SuBrRMANN and Kuxpr [284]. Knowing that the
change of work-function had but a slight influence on the secondary
emission yield, they wondered what would be the influence of a
thicker layer. In particular they expected that a metal with an
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adsorbed oxygen layer would exhibit a temperature dependent
secondary emission, because the exchange between the lattices and
the oxygen dissolved in the superficial metal layers also depends on
temperature. -

The authors carried out numerous experiments with evaporated
layers of copper, gold, silver, cadmium and beryllium. The layers
were evaporated at 83°K, heated up to 293°K, exposed to oxygen,
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Fig. 5.3. Secohdary emission yield of copper with adsorbed layer of
oxygen (according to SuRRMANN and KuNDT) [284] curves 1, 2 and 3 refer
to copper exposed to oxygen at room temperature
re-evacuated, cooled to 83°K, heated to 293°K, exposed to more
oxygen, and so on. After each operation the secondary emission

was measured (figs. 5.3 and 5.4).

The result was that copper, gold and silver showed a strong
temperature dependence. The secondary emission yield of these
metals at room temperature was nearly independent of the adsorbed
oxygen. At 83°K however the yield was some ten per cent higher
with adsorbed oxygen than without it. The metals cadmium and
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~ beryllium,  with their greater affinity for oxygen, behaved quite
. differently. Both metals showed an increase in yield at room
\"; temperature if exposed to oxygen. The most remarkable increase
i} was found with beryllium, and evidently a beryllium oxide was
‘formed. The temperature dependence of cadmium and beryllium
'was much smaller than that of the noble metals. SUHRMANN and
Kunpr concluded from these experiments that the exchange of the
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Fig. 5.4. Secondary emission yield of cadmium with adsorbed layer of
oxygen (according to SURRMANN and KuUnpT) curves 1 and 2 refer to
cadmium exposed to oxygen at room temperature
oxygen from the surface to the lattice is most sensitive to tempera-

ture in the cases where there is no question of oxide formation.
These experiments cannot give an important contribution to the
knowledge of the mechanism of secondary emission, because the
structure of the layers was not sufficiently well defined. They do
however give information about the secondary emission yield from
targets on which the adsorbed layer is thicker than one atom,
before the formation of a complete oxide layer has taken place.
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5.6. SECONDARY EMISSION YIELD OF SOOT
COVERED WITH BARIUM -

It was mentioned in Section 3.4.4 that the low secondary emission
yield of soot is due to its finely divided form. If a soot layer is
gradually covered by barium in the form of barium oxide molecules
evaporating from a oxide cathode, the secondary emission yield

050
b //"‘5 \\
t .
25, —
o
(0 700 200 300
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Fig. 5.5. Secondary emission yield of a soot layer as a function of time.
AB, no electrons hit the anode, and ¢ increases; BC, the anode is
bombarded by electrons, and § drops to former value
rises. But if while the evaporation is going on the soot layer is
bombarded by electrons emitted by this oxide cathode (the bom-
barding voltage being 300V, and the current density about
1 mA cm~2) the secondary emission yield remains constant. Under
the bombardment the barium atoms are apparently migrating to a
greater depth, as a result of the local heating of the soot particles
by the bombarding electrons (fig. 5.5., ref. 146). This property of
soot is useful in those applications where a suppression of secondary

emission yield is necessary (cf. Chapter 10).
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THEORY OF SECONDARY ELECTRON
. EMISSION; THE MECHANISM OF
EXCITATION OF SECONDARY ELECTRONS

It is unnecessary to emphasize that the development of a theory of
secondary electron emission is no simple task. Various authors
have made their contributions. Some theories are more or less
phenomenological; others are based on a model, either classical,
or the wave mechanical model of Broca. No theory has yet been
found which satisfactorily covers all the observed phenomena.
There are views, however, which are worthy of consideration since
they connect the secondary electron emission with other properties
of solids.

6.1. DERIVATION OF A UNIVERSAL LAW

We shall begin by trying to calculate the secondary emission yield
as a function of ¥, by applying an elementary theory [5, 229, 230].

The liberation of secondary electrons occurs by the transfer of
energy from the primary electrons to the electrons of the lattice.
The behaviour of the primary electron is determined by its energy
loss as a function of penetration depth, its absorption and scattering.
The secondary electrons are scattered, and before reaching the
surface a fraction will be lost by absorption. Moreover, the work-
function has to be overcome before an emission is possible.

We first will determine the amount of energy which is lost by the
primary electron in a layer having the thickness dz at a depth z,
fig. 6.1. We assume that WHIDDINGTON’S law is valid, so that the
energy of a primary electron eV (x) at a depth x can be expressed by

[eV(x)]?2 = eV, 2 — ax (6.1)

where a is a constant, proportional to the density of the material.
Next, we must take account of the fact that the number of
primary electrons diminishes through absorption and scattering.

78
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JONKER’S [321] argument in favour of neglecting these items is
scarcely admissible, although the experimental data are too scarce
to settle the matter quite definitely.

dleV
The amount of energy produced in the layer will be — [ed @) iy
x

assuming that the number of secondary electrons is proportional to

dleV(z)] .

this differential quotient, we write i, = —« W The pro-
x

vacuum

/ ﬂ? surface
x
o

X

Fig. 6.1

~ portionality factor, «, determines the yield of secondary electrons,
which we will discuss later on. To describe the absorption undergone
by secondary electrons on their path to the surface from where they
originate, we shall assume that the number decreases exponentially
with the distance z to the surface. In the next chapter it will be
clear that this representation is somewhat oversimplified, but this
objection does not affect the present argument.

The influence of the work-function will prevent the emission of a
fraction of the electrons released inside the material. From experi-
ments it appears that the energy distribution is largely independent
of V,. We can thus assume that the fraction which can escape is
independent of V, (Chapter 7) so that it can be included in the
factor «. Consequently we get from the layer dr at depth z a
contribution to the current crossing the surface:

d[eV(x)] de.

v d?:s == “‘“K'L.p e—u 'd—x‘ (6.2)
By using (6.1) eq. (6.2) can be changed into
di, = Lraie ™ (e2V,2 — az) " tda. (6.3)

The range x,, of the primary electron follows from (6.1) by
" putting eV (z) = 0:
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The secondary current becomes therefore

€2V 2
a

i, = }xai, J (€2V,2 — ax)~t e~ du. (6.4)"
0

e2V 2 — qu®la
By the substitution z = ke

, (6.4) can be transformed

into
r

i, = «i, A/ Lort f " dy 6.5)
o

0
o

in which r = ¢V, A/~.
a

We now calculate the value of » for which 7, has its maximum:

ds, ) 2 [ )
S R 1 — 2pe" v dy );
dev,) ~ ( " Uf Y
ds o
i_,_f.. — 0 f f— —_— == '92, 6.6
A or r eVﬂA/a 0 (6.6)

Baroopy [315] and JoNKER [324] have shown the possibility of
determining a universal curve for i, as a function of V. We there-
fore write (6.5) in a somewhat modified form

i, = Ki, A/ ¢ P, (6.7)
[0 4

where F(r) = e f e¥" dy. So we write
0

. . a
Ty max = Kty '\/o_c F(0-92).

Using (6.6) we find, since %,/¢; p0 = 0/0axs
) 1 0-92eV 0-92eV
o _ F[ ¢ ’*] = 1-8511’[ ¢ ”} (6.8)
6max F(0-92) erzmax eV pmax
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Equation 6.8 represents a universal curve based on theoretical
considerations only, and it is striking that a universal curve, applic-
able to metals, can be found in actual fact (fig. 6.2). There is,
however, a marked difference between the experimental and the
calculated curve, particularly at large values of V, where the
experimental values are much higher. One of the reasons may be
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Fig. 6.2. Universal § versus V, curve; full line according to Baroony
(eq. 6.8); dotted line according to JONKER (eq. 6.8a); the points represent
measured data

max

that the secondary electrons are liberated by “rediffused’” primary
electrons (K~oLr [289], PaLLuEL [304, 305]), which means that
the general depth of origination is less than one would expect from
eq. (6.1).

6.2. DETERMINATION OF THE CONSTANTS
a AND «
In our elementary theory of section 6.1, we left out the fact that
the secondary electrons do not all set off in a direction perpendicular
to the surface. We now assume with JONKER [324] that their directions
are equally distributed in space at the point of origination, and we shall

see in Chapter 7 that this assumption is justified. Then eq. 6.7 must
. be modified to read:

i, = %KimA/(-—)f(r) (6.7a)

2
. 1 _.,j \/%
where f(r) = fdze Z j e¥*dy and r = J(Z) eV,.
0 0
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The altered form is due to the fact that an absorption depending on
the direction of the secondaries in the material has been taken into
account.

The maximum value of ¢ is now at » = 0-71, and we can write the
universal law (6.8) in the analogous form:

o 1 _ eV, ) 1y o
o = O (0 P ; f(0-71) = 0-33.  (6.8a)
The smooth curve in fig. 6.2 must now be replaced by the broken curve,
and this is in somewhat better accord with the observed data.

For some metals, e.g. nickel and gold, a and « are known. The
constant a of metals has been determined by TErrILL* for V  between
25 and 50 kV and is about proportional to the density; o is known
from experiments carried out by BECKERt and ParrscH and
Harrwacasi. For nickel, taking 3:5 x 1012V2cm~! for o and
1-5 x 10%em™! for «, gives 1086 V for V may; this is considerably
higher than the experimental value which is 500 V. For golda = 8-9 X
102V2em=1 and o = 10%cm™1 gives V pax = 2100 V; the experi-
mental value is 875 V. It is justifiable to doubt whether TERRILL’S
values of a are applicable at voltages so much lower than he used.
Assuming the measured values for V max and «, the values of a for
nickel and gold may be calculated to be 0-74 x 102V2cm~1 and
1-52 x 10'2V2 cm~1 respectively; these are much lower than TERRILL’S
figures.

The lower values of a are not improbable. Obviously a primary
500 eV electron can only interact with weakly bound electrons. The
faster electrons used by TERRILL would be able to interact with a
larger number of electrons from the atom periphery. An electron
penetrating with only a few hundred volts would thus behave like a fast
electron inside elements with low atomic number, for which TERRILL
himself found low values of a. The constant a must therefore depend
on V, and decrease when V, decreases. Experiments by COPELAND
[214] concerning the penetration depth of primary electrons in thin
platinum layers show that, below 1000V, the range of the primary
electrons tends to be more a linear function of V, than a quadratic
function; this is essentially the same as a decreasing value of a with
decreasing V.

Experimental data are clearly inadequate. In principle, a differenti-
ated determination of @ and « is possible by measurements on
composite targets; experiments have been made with composite
targets consisting of a base metal with low J, covered by a layer with
high 6, and conversely (Corrranp [214], BruINING [5]). TrUELL’S [277]
experiments are of interest in the same connection. KNorLr, HACHEN-
BERG and RANDMER [289] have investigated layers of XCl; they came

H. M. Terrirr; Phys. Rev., 22, 161, 1922.
A, Brcker; Ann. Physik, Lpz., 2, 249, 1929.
A. ParrscH and W. HarLrwacus; 4dnn. Physik, Lpz., 41, 247, 1913.
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to the conclusion that the secondary electrons in a compound like
KCl are much less absorbed than in metals; with insulating compounds,
- ‘however, disturbing phenomena such as surface charge effects, de-
composition (Chapter 4) and induced conductivity (Chapter 10) make
the experimental technique still more complicated.

6.3. SECONDARY ELECTRON EMISSION FOR LOW
AND HIGH V,

(a) Low V,. If V,~ 10V, a simplified expression can be written
for the function F(r). Experimental evidence indicates that
a~1012V2 cm1 and of « ~ 10° cm™. Thus r <1 and F(r) =~ r.
Instead of eq. (6.5) one obtains

iy = wiyeV,,. (6.9)

- This result could have been expected, since the depth of penetration
of the primary electrons and thus the depth of origination of the
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Fig. 6.3. Secondary yields of Ag and Ba, for slow primary electrons [169]

secondaries are negligibly small. Hence the yield is determined by
the factor « only.

Measurements in this range of ¥, are scarce, but an example is
shown in fig. 6.3. They show that a metal with a low work-function
(barium) gives a higher yield than a metal with a higher work-
function (silver).* Thus with low ¥V, a certain similarity between
photo-electric emission and secondary emission is observed.

* The curves represent the true secondary emission yield since a correction
has been made for elastic reflection of the primary electrons.
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(b) Hegh V,. If V,~ 10kV, F(r) can be approximated by 1/2r,
Hence eq. (6.5) becomes

a

1, = Kl -
$ onceVp

(6.10)
Thus ¢, decreases with increasing ¥ ,, and is proportional to afe.

Table 3.2 shows that a appears to be dominant over «, since the
yield increases with the density. The correctness of our considera-
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Tig. 6.4. Maximum secondary emission of metals, versus density; X ¢ for
V, = 300kV; * Smax

tions is however doubtful in this energy range, for the reasons given
in the preceding section.

(¢) Opux- From (6.7) it follows that ¢, , = K-i,,A/2 F(0-92). Thus
«

Omax 18 proportional to « A/ f. Experiments show indeed (fig. 6.4)
o

that dp,, has a tendency to be proportional to the square root of
the density (cf. K. G. McKay [6], where §_,, is plotted as a function
of the work-function).

The above considerations show how far the ‘“phenomenological”
approach goes at present. It leads to a rough description of the
secondary emission yield as a function of the primary energy. It

" even makes possible a comparison between the yields of different

metals.
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6.4. SOME OTHER THEORIES OF SECONDARY
ELECTRON EMISSION

Several authors have developed theories of secondary emission on
the basis of a model.

First mention will be given to the theories of KapyscueviTz [219]
and later Baroopy [315], who used the Sommerfeld model and
calculated the energy transfer to the conduction electrons along

“classical lines. Baroopy did not follow his model consistently;
he could have derived the relation between penetration depth and
energy of the primary electron, but instead assumed WHIDDING-
ToN’s law. Nevertheless BARooDY made an important contribution
to existing theories, which has already been discussed in section 6.1

~ (eq. 6.8).

Quantum-mechanical theories have been developed by FronLicH
[87], WoorLpriDGE [212] and DExEER and vaN DER ZIEL [323].
These authors used the Bloch model for metals and considered the
collision of a single primary electron with a single metal electron.
They paid special attention to the direction of the momentum
transferred; thus in their model the emission of entirely free

" electrons is impossible, since this would be contrary to the law of
conservation of momentum. We shall give here the principle of
their calculations, followed by a discussion of the consequences.

The electrons in the substance satisfy the equation of ScHRrRO-
DINGER: ‘ ’

872m

W2 [E— V(E)]y=0 (6.11)

in which the potential V(r) is a function of the coordinates z, y and z,

periodical with the lattice; r is a vector with components X, y and z.
Solutions of (6.11) exist for particular values of K, usually called

E,, when the function y takes the form

= Uplr)eie D (6.12)
. U,(r) has the period of the lattice. Its deviations from its average
value determine the binding of the lattice electron. The vector k
is called the wave vector; its components are determined by three

. quantum numbers k_, k, and k,, each of them having discrete values.

Any set of k;, k, and k, determines the components of the momen-
..tum of an electron.

Ay —

7
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These discrete values of k,, k, and k, imply that the energy spectrum
is discontinuous. It consists of bands, each band being split up into a
number of levels. The number of levels is equal to N3 where N is the
number of elementary cells. In a lattice of cubic structure each com-
ponent of k possesses N values, thus k itself has N3 values. These N
values of k are between nxfa and (n + l)z/a, » being an integer
characterizing a single band and a the lattice constant. If the ‘“‘edge’
of the band is passed, the energy ‘‘jumps”, so that another band is
reached. Fig. 6.5 shows the energy spectrum for one dimension. As

_ (+3) T
[&|= 2%
_ (n+2)T
(K=
_(h+2T
[<l=5"
[kl= (n-;I)]Z’
|k|=(n+l)7f
a
k= 2~

Fig. 6.5. Energy levels of electrons in a solid (one dimensional)

n increases the bands widen, and the “prohibited’” areas become
narrower. In the three dimensional case the scheme is more compli-
cated, since the bands may overlap each other.

For weakly bound electrons U,(r) ~ 1: The momentum p of the
electrons can be written p ~ hk/27 and the energy £ ~ h2| k|2/27rm.
According to WooLDRIDGE the wave function of the primary

——

electron is represented by 1w, = ¢‘®'". He assumes that its
velocity is so high that it moves through the lattice as a free electron.

‘When the two electrons in positions r, R interact, the perturbation
potential is the Coulomb energy e2/|r — R|. The probability of the
transition of this two electron system from the state corresponding
to the wave numbers k, K to the state k’, K’ can be determined with
the aid of perturbation calculus. This probability differs from
zero if

W P SR

P 0 (6.12)
a

p being a vector with integer components; and
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(2) The total energy of the particles before and after interaction
is the same. With a low binding energy this condition leads to

k|2 4+ |K[2 — |K]P— |K'|2=0 (6.13)
Equation (6.12) is the law of the conservation of momentum.
It differs from the expression for free electrons by the additional
term 2wp/a, which allows the vectors k' and K’ to be reversed
~In direction, meaning that the secondary electron can be expelled
from the surface. Physically it means that a reflection in a lattice

plane is necessary to make emission possible. WooLDRIDGE shows
that these transitions will most probably occur if

—

' 2mp _
k'~k+ —a—,where]p]_l.

A lattice electron in this case absorbs the energy E, from a primary

electron, where
A2 [27)\2
Ey— —, (—f) ) (6.14)
m a

In order to expel a secondary electron, the energy of a primary
electron eV has thus to fulfil the following condition:

eV, > E, — ep, (6.15)

@ being the work-function. If ¥, were smaller than this the primary
electron would fall back to an already occupied level, which is
“ impossible, by the Pauli principle. If E,~25eV and ¢ ~5V
(silver) no secondary emission is possible while ¥, << 20V. The
~ most serious objection to this theory is that the interaction of only
two electrons is considered. In reality more electrons will be in-
volved at the same time, a problem until now impossible to solve.
‘One should also bear in mind that the interaction of primary
‘electrons with valence electrons only is considered.

The agreement between theory and experiment is somewhat
doubtful. The shape of the theoretical § vs. V', curve is in reasonable
agreement with experimental results. However, on the other hand
some experimental results are not in concordance with the theore-
“tical predictions. There is for example no definite experimental
- evidence, that true secondary electron emission starts after V, has
exceeded a certain value. There are authors who have indicated

such a limit (BECKER [39, 40], HaworTH [125]); in other articles [61],
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however, no limit could be observed.* Due to lack of information
concerning the lattice fields the absolute magnitude of the secondary
emission cannot be closely predicted. Similarly the energy distri-
bution of the emitted secondary electrons cannot be accurately
predicted without a detailed knowledge of the scattering and
absorption processes, which affect the “true secondary electrons’.

6.5. TEMPERATURE DEPENDENCE OF SECONDARY
ELECTRON EMISSION

Many investigators have found the secondary electron yield of
metals to be completely or almost independent of the temperature.
This can be understood since the energies of the secondary electrons
are large compared with k7', where £ is BoLTzMANN’s constant and
T the absolute temperature. The energies of conduction electrons,
on the contrary, for example, are smaller than £7’, and conductivity
depends strongly on temperature.

With compounds the situation is more complicated. Secondary
electron yield may be temperature dependent because the surface
charge can be removed or increased by a change of temperature;
. and this can cause a change of the secondary electron emission,
as we saw in Chapter 4.

6.6. SECONDARY EMISSION-YIELD OF METALS
AND COMPOUNDS [198]

In Chapter 4 we saw that simple compounds of the alkali and
alkaline earth metals have a high secondary emission yield, but that
semi-conductors—most of which are derived from metals with a
high ionization energy—and the remaining metals, show a low yield
(0 =~ 1). In this chapter we shall try to explain the difference
between these two groups of substances, by using a simple method
of representation. The method lays no claims to exactness and its
correctness must be tested by still more experimental data.

We shall consider how the primary electrons may lose their
energy in the substance. In compounds with high &, generally
insulators, the energy bands are either occupied entirely or not at

*This limit can, however, be observed with certainty with some metal
compounds, as alkali halides; cf. 6.6.
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- all. A primary electron can thus only transfer its energy by bringing
an electron from an occupied band to the next unoccupied band.
We have to determine the probability that the excited electron will
leave the substance. Now we may imagine two kinds of compounds:
A. The unoccupied band is at such a level that the electron is
“able to leave the substance without any additional energy.
."B. The unoccupied band is too low, and the excited electrons
cannot leave the substance without additional energy.

Vacuurn  Cormpound Vacuum  Compound
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Fig. 6.6. Energy diagram of a substance, (a) with high &, (b) with low §

Fig. 6.6a and b shows an energy diagram. Band I is the occupied
band (indicated by cross shading), the unoccupied bands II and:
= IIT are indicated by single shading. Fig. 6a represents a substance
with a high secondary emission yield, according to A. Fig. 6.6b,
however, is for a substance with lower yield; in this case the
“primary electron loses its energy by transferring the lattice electrons
“from band I into band IT, from where they cannot leave the substance,
emission is only possible after transfer into band ITI. Thusinfig.6.6b,
only a fraction of the energy of the primary electrons will contribute
to secondary emission. Some experimental data support this repre-
“~sentation. It has, for example, been shown by FLEISCHMANN* that
*~light of the longest wavelength absorbed by KBr is able to expel
electrons from the crystal. Morxt has calculated for NaCl, KCl, and
KBr the amount of energy necessary for electrons in the lowest
level of band II to be emitted. This energy is not zero (as was
" suggested by FLEISCHMANN’S experiments) but is only one tenth
or less of the energy difference between the two bands.

* R. FLEISCHMANN; Z. Phys., 84, 717, 1933.
1 N. F. Morr; Trans. Faraday Soc., 34, 500, 1938. J. H. pE BoErR;
Elektronenemission und Adsorptionserscheinungen p. 182, Leipzig 1937.
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An interesting example is the well known photo-cathode material,
antimony caesium (SbCs;). It has a high photo-electric yield (one
photo-electron for ten absorbed quanta in the maximum of the
absorption band at 3 eV. Now a rough estimate ‘of the secondary
emission yield can be made from the photo-electric yield. About
50 electrons can be excited by a primary electron of 150 eV. If
the same percentage of these is emitted as if they were photo-
electrons 0 can be expected to be about 5; a figure of 4:5 has been
found in fact by experimentation [236]. Thus SbCs, can be classified
with the substances in type A; it differs however from the alkali
halides in that the width of the energy band is much smaller.

With semi-conductors the situation is different. For Cu,0 d ~ 1
and the work-function is 5-4 eV* but the maximum of the absorption
band is found at the equivalent of 2 eV. According to experimental
data the scheme of fig. 6.6b seems likewise to be valid for MoS,.

Metals present a more complicated situation. The energy bands
are only partially filled; and occupied and unoccupied bands may
overlap each other. According to the theories mentioned so far
only transitions from one band into the adjacent band are possible.
More accurate calculations are desirable to determine the minimum
energy needed for such a transition. Experimentally acquired
information for the minimum energy can be obtained from Rubp-
BERG’S data [131] by taking the distance between the maximum R
and the next maximum of fig. 1.3. The table gives the results for
gold, copper and silver with the corresponding work function:

Distance between Work function
mazima in eV (eV)

Cu 4-2 4-30
Ag 40 474
Au 2:8 4-90

We thus see that for metals the evidence obtained from experi-
mental data is not quite satisfactory for the support of the
supposition concerning the low yield of metals.

* R. FLEISCHMANN; Ann. Physik, Lpz., 5, 13, 1930.
t J. H. pE Boer and W. Cu. vaAN GEEL; Physica,’s Grav., 2, 286, 1936.
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6.7. EXCITATION OF ELECTRONS IN SOLIDS BY
ELECTRON IMPACT

Several attempts have been made to demonstrate the presence of
excitation levels in solids by electron impact. In the case of metals
a superfine structure in the ¢-V, curve was observed by a number
of investigators; but other investigators later proved this fine
structure to be caused by adsorbed gas atoms and not due to a
property of the substance itself. RUDBERG, however, using another
technique has been able to measure excitation levels in metals.

6.7.1. Rudberg-Slater Experiments [131, 132].

The method used by RuDBERGisessentiallya very accurate measure-
ment of the energy loss of electrons re-emitted by the metal. These
are electrons which cause the maximum U in the energy distribution
curve shown in fig. 1.3. The maximum R is caused by elastically
reflected primary electrons, so the distance between the maxima
U and R is independent of the energy of the primary electrons.
Evidently the maximum U represents primary electrons that have
suffered the loss of a certain amount of energy. In fig. 6.7 the
curves for Cu, Ag, Au are given on an enlarged scale, on which the
maxima R are too high to be drawn. Each metal shows its own
structure. All the metals show a deep minimum between the
maxima U and R; this phenomenon has been observed by many
authors. It can be explained by quantum mechanics.

RuDBERG and SLATER have investigated which transition of the
lattice electrons corresponds with the observed amount of energy
lost by the primary electrons. They obtain the same result as
WOOLDRIDGE, viz. that the most probable difference in wave
number before and after the interaction is 27n/a, where a is the
lattice constant and » an integer. The minimum between E and U
explains quite satisfactorily why electrons with an energy of some
100 eV cannot lose an arbitrary, small amount of energy. The
theory goes further and shows that a comparison is possible of the
spectrum of energy loss by electrons with the optical absorption
spectrum. It is found for gold that these spectra have their maxima
at the same hv. No correspondence has been found with copper or
silver, but according to the authors this is due to an inaccuracy in
the absorption spectrum.
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Similar curves of energy loss have been measured for CaO and
BaO. Their minimum is much wider than for metals. Thus the
minimum energy which can be absorbed by electrons in these com-
pounds is greater than in the case of metals. This agrees with the
general experience that these compounds are transparent in the
visible spectrum and opaque in the ultraviolet.
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Fig. 6.7. Inclastic scattering of primary electrons by gold, silver and
copper; according to RUDBERG
When considering RUDBERG’S interpretation of the results, one
must bear in mind that the interaction takes place in the four
superficial atom layers. Thus the levels as observed in this way
may not be representative for the lattice in the interior of the metal.

6.7.2. Experiments of Hilsch and Krenzien [90, 157].

Very convincing experiments have been carried out on evaporated
layers of some alkali halides by HiuscH and Krenzien. HiLscH
measured the secondary emission yield of NaCl, KCl, KI, LiF, NaF
and CaF, for low values of ¥,. The results are shown in fig. 6.8.
At.a certain ¥, marked with an arrow, the curves drop. Table 6.1
confirms that the value ¥, where ¢ drops, corresponds exactly
with the limit of the transparency. Another transition, not essential
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for secondary emission, is indicated for some substances by a second
arrow.

Crystals of this kind are known to be entirely: transparent for
light of wavelengths longer than the limit given in Table 6.1. The
agreement occurs in spite of the fact that electrons with an energy
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Fig. 6.8. Drop in the elastic reflection of electrons from layers of alkali
halides. The position of the arrow corresponds to the long-wave side of
the absorption band. According to Hiuscr

below the values given in the first column of the table are not able
to lose any energy by electron impact. Hirsc found in fact that
such slow electrons either only penetrate into the crystal or are
reflected elastically. When their energy exceeds that corresponding
"to the limit of transparency, the emission of slower electrons is
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observed; thus true secondary emission has started or else the
primary electrons have lost a fraction of their energy.

Electron transitions of the kind shown in fig. 6.8 are transitions of
the outer electrons of the negative ions to the next unoccupied
energy band. E.g. the 3p-electrons of the negative chlorine ion
are involved for NaCl, as was mentioned in Chapter 4.

TaBLE 6.1
Drop in yield Corresponding Limit of optical
Compound starls at wavelength transparency

V, (V) (mp) (mp)
NaCl 73 4+ 013 169 + 3 170
KCl1 7-1 4 0-08 174 4 2 175
KI 4-8 4+ 0-15 257 4+ 8 (260)
LiF 115 4+ 0-15 107 + 15 108
NaF 9-2 + 0-08 134 + 15 132
CaF, 10-4 4+ 0-05 119 + 2 121-5

6.8. FLUCTUATIONS IN THE SECONDARY ELECTRON
CURRENT

Hitherto the secondary emission yield has been indicated by the
factor § giving the average number of secondary electrons released
by one primary electron. The question may arise what fractions
of the primary elcctrons release no secondary electron, one secondary
electron, two secondary electrons etc. This question cannot be
answered completely; the measurement of the fluctuations of a
secondary electron current gives, however, some information on this
point.

Fluctuations in secondary electrons have been investigated by
several authors; Arpous and CampBELL [107], L. Hay~NER [111],
Prnyine and KrurtHor [116], ZIEGLER [142, 143] and HAYNER
and KURRELMEYER [152] all came to nearly the same result. Here
we follow ZIEGLER’S method. .

It is well known that the electron current emitted by a ther-
mionic cathode consists of a number of electrons with charge e
emitted at random and independently of each other. Such a
current therefore shows fluctuations in time. Calling the instan-
taneous current 7, the mean current ¢ and the frequency range in
which the measurements are carried out A, their relationship
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can be written
(I — 1)% = 2eiAv. (6.16)

In order to derive an analogous relation for secondary emission, we
assume that a fraction f, of the primary electrons releases 0 secon-
dary electrons, a fraction ; one secondary electron etc. Thus

58,1 (6.17)
n=0

i, S nf, =i, (6.18)
n=0

The secondary electrons that are emitted in groups of n give a
contribution to i, which is subject to the same fluctuations as a
group of particles each having a charge ne. For such a group we
can write (by eq. 6.16).

(e — 30)% = 2met,, Av = 2n2%f,i,Av.
ne ne ne np

The square of the fluctuations of the total secondary electron
current is found by adding the squares of the fluctuations of the
conglomerates. Hence

—_— oo 000 oo}
(I, — )2 = ZO( ne — me)> = 202n2/3neipAv (6.19)
= e
(I, — ©,)% can be measured. There are only three equations (6.17,
6.18 and 6.19) to determine the fractions 8, which would suffice
only if n cannot exceed 2. A case can be imagined where a primary
electron can release at the most two secondary electrons. In NaCl,
where an energy of 7-3 eV is necessary for one secondary electron,
not more than two electrons could be released by a 20 V primary
electron.
For those cases where n exceeds 2, there is a way of indicating what
values of n are to be expected.
_Let us consider the quotient

o)

2 "B,
=y (6.20)

Q

2 B,

n=0

which can be determined by measurement. Equation (6.20) may
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be written as

@

z 251;—-42”51;

n=0

or
ng—1 ne—1
S .+ 3 B=q S np.+4q S np, (621)
n=0 n=1mny n=0 n=mnq

in which n, is the first integer exceeding ¢, ie. n, > ¢ >n, — 1;
and hence

ng—1 ng—1

q Z B> 2 WPy

n=0

@
It follows from 6.21 that > n%g, 5 0, which means that there are
n=nq
certainly primary electrons, which have released =, secondary
electrons.

_In this way it has been found that, in a barium oxide layer,
conglomerates of 10 secondary electrons are emitted, whereas the
mean value § is equal to 5.

An application of this theory will be given with the description of
the electron multiplier (Chapter 8).
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THEORY OF SECONDARY ELECTRON
EMISSION; DISCUSSION OF SOME
PROPERTIES OF SECONDARY ELECTRONS

7.1. ANGULAR DISTRIBUTION OF SECONDARY
ELECTRONS

From recent investigations carried out by JONKER on the angular
distribution of secondary electrons some insight can be gained into

target

Fig. 7.1. Angular distribution of secondary electrons (5-15eV) from
polycrystalline nickel (V, = 100 V); according to JONKER [321]

the behaviour of secondary electrons inside the material. One of
JONKER’S [321] most outstanding results is that the angular distri-
bution of secondary electrons (i.e. with an energy up to half the
energy of the primaries) is approximately* a cosine distribution
and is nearly independent of the angle of incidence of the primary
electrons.t

As we noted in Section 6.1, the secondaries are absorbed and
scattered in the material, but in order to escape they must clear

* Approximately, since there is an indication of a slightly preferred direction
contrary to that of the primary electrons. This preference is especially notice-
able, if V, is of the order of 500 V.

t Observations made with polycrystalline nickel having a flat surface.

97
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the surface barrier. Like BAroonY[317] we consider two possibilities.

(1) We suppose that the mean free path for scattering, I, is
much smaller than the mean free path for absorption, 4, thus I <& A.
This means that the secondary electrons reach the surface by a
diffusion process. The angular distribution at the surface before

Fig. 7.2. Angular distribution of fast “‘secondary’’ electrons (45-55 eV)
from polyerystalline nickel (V, = 100 V) according to JONKER [321]

emission is then isotropic, resulting in an approximate cosine
distribution outside, brought about by the action of the surface
barrier.

(2) Another possibility is 1> A. In this case absorption is
dominant and only a few elastic collisions take place. According to
JONKER [324] the result is again an approximate cosine distribution.
He assumes that the angular distribution at the point of origin is
isotropic. Owing to absorption it becomes an approximate cosine
distribution at the surface, but this is not altered by the action of
the surface barrier.

Thus angular distribution measurements alone cannot give a
definite answer to the question which of the two alternatives is
correct. Other experiments, however, can give more definite infor-
mation. The experiments of Ka1z [175], mentioned in Chapter 3,
indicate that slow electrons having pierced a silver layer about
0-15 p thick still retain their original energy and suffer little devia-
tion; yet a considerable fraction of the impinging electron gets lost
due to absorption. This is evidence in favour of the conception
1>>A. Combining it with the observation that the angle of incidence
of the primaries does not affect the angular distribution of the
secondaries, one can conclude that the angular distribution of the
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secondaries at the point of origin is isotropic. This conclusion is
based on the assumption that the results of KaTz’ experiments are
correct. However, this can be doubted, in view of work carried out
by Was and ToL*; a further examination of the subject is advisable.

7.2. ANGULAR DISTRIBUTION OF REFLECTED
PRIMARY ELECTRONS

The angular distribution curves measured for elastically scattered
primary electrons are quite different from those of the true secondary
electrons. An example is shown in fig. 7.3. Actually one has to

Fig. 7.3. Angular distribution of elastically and inelastically reflected
electrons (80-100 eV) from polycrystalline nickel (¥, = 100 V); according
to JONKER [321]

deal with a kind of Debye-Scherrer diagram made with 100 eV
electrons. With polycrystalline targets composed of crystals of
arbitrary orientation, one would expect a diagram with a shape
independent of the angle of incidence and with an axis of symmetry
coinciding with the direction of the primary beam. A curve giving
" a satisfactory approximation to this property has been found
by JONKER [321), although with a sloping angle of incidence another
“maximum” is added.

It is most likely that the reflected electrons contribute to the
release of secondary electrons, as we supposed previously in Section
6.1. The slightly preferred direction of emission of the secondaries,
mentioned in the preceding section, may be due to this effect.

* D, A, Was and T. TorL; Physica,’sGrav., 1, 253, 1940.
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7.3. THE INFLUENCE OF THE ANGLE OF INCIDENCE
OF THE PRIMARY ELECTRONS ON THE
SECONDARY EMISSION YIELD

Numerous investigators have determined the secondary emission
yield with primary electrons under an oblique angle of incidence
and have observed a larger yield than under normal incidence [28,
29, 41, 48, 120, 128, 160, 168, 182]. The reason for this increase is
obvious. If primary electrons falling normally on the surface
release secondary electrons at a mean depth z,,, when the angle of
incidence changes to 0 this depth becomes =, cos 0 (fig. 7.4). Fewer
secondary electrons are now absorbed before they reach the surface.

The experiments have to be carried out on a target with a smooth
surface. With a rough surface the angle of incidence is not sufficiently
well defined, so that the effect of a change of angle of incidence is
hardly noticeable. It can be shown, for example, that the secondary
emission yield of a soot layer hardly changes with varying angle of
incidence, whereas the yield of a smooth nickel carbide layer shows
a marked increase with an increasing angle of incidence (fig. 7.5).

Other examples are shown in figs. 7.6 and 7.7. The former gives
results for different metals compared with soot, by MULLER [160].
Fig. 7.7 shows results obtained with lithium for different values
of V.

It is possible to estimate the depth of origin from the measured
data [120]. If A is the number of secondary electrons, liberated
inside the metal by the action of a primary electron, ,, the mean
depth of origin and §, and d, the yield with angles of incidence of
0 and 0, respectively, one may write

Oy = Ae™*m
0p = Ae™*m cos 0
In §,/8
so that o, = —l-r_l—_ 2/0506 (7.1)

The correctness of the method is supported by the fact that the
estimates of oz, are nearly independent of 6. Hence z,, can be
calculated; for nickel, using BEckxr’s value* for « = 1-5 X 108 cm ™!,

- we find ,, ~ 30 A.

* A. Becxur; Ann. Phys., Lpz., 2, 249, 1929.
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Fig. 7.5. Secondary emission yield versus V, for different angles of
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Formula (7.1) may also serve to calculate dyy, the secondary
emission yield in the case of a primary beam “falling” parallel to
‘the surface. Absorption phenomena are eliminated in this way
and one would not expect dq, to show a maximum.

The experimental results with lithium however show a maximum
in the d,, curve, as in all the others (fig. 7.7). This unexpected
result has a simple explanation (fig. 7.8). A primary electron

Metal / Vacuum

R

Fig. 7.8

" impinging on the surface at a large angle of incidence may follow

path IT and remain inside the substance, or it may be scattered along
path I and leave the substance. In the latter case it has only lost
a fraction of its energy. Thus the observed yield with a large angle
of incidence is too small, owing to losses which do not exist with
normal incidence.

7.4. VALUE OF V__.. WITH VARYING ANGLE OF
INCIDENCE OF THE PRIMARY ELECTRONS

In the preceding section we found it was correct to assume that the
fraction of secondary electrons absorbed was ¢~% ¢ ¢ when the
primary electrons were incident at an angle §. This means that
the calculations given in 6.1 can be altered by putting e~ c® 0
instead of e~**. Thus equation (6.6) becomes

— ._
eV pa A/"‘ CZS = 0-71. (7.2)
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JONKER [324] has shown that according to experimental results

eV ymax 18 in fact for many metals inversely proportional to Vcos 0.

The ¢ versus V, curves, measured with a different angle of inci-
dence can also be plotted in the form of the universal curve as has
been done in fig. 6.2. The curves appear to coincide exactly.
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Fig. 7.9. LEnergy distribution of secondary electrons emitted by
tantalum (I) and molybdenum (II) according to KoLLATH

7.5. ENERGY DISTRIBUTION OF SECONDARY
ELECTRONS

The energy distribution of secondary electrons has been measured
by several .authors. In the preceding chapter we discussed the
energy distribution of re-emitted primary electrons which have
lost part of their energy by inelastic reflections. We shall here
confine ourselves to the energy distribution of true secondary -
electrons. ‘

The energy distribution has been determined both by the method
of the retarding electric field and the method of deflection in a
magnetic field, both of which were described in detail in Chapter 2.
The magnetic method, in principle more accurate than the first one,
gives the statistics of the energy distribution i.e. the number of
electrons with an energy between E and E 4 dE. One example
[255] taken from the many available is shown in fig. 7.9. It appears
that for any particular electrode an identical distribution curve is
found over a large range of V,, namely 20V << ¥, << 1000 V. The
curve shows a maximum at an energy of some volts; the absence of
very slow electrons is remarkable.
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This complete absence of slow electrons might be due to imper-
fections in the experimental technique, but this is improbable,
- because similar results have been obtained by several different
authors. Again, it might be due to a much larger absorption loss
for the very slow electrons. There are, however, various arguments
against this supposition. '

For example, the same energy distribution is found for values of
V,, where the losses due to absorption are negligibly small. Secondly,
an artificial decrease of the work-function causes an increase in the
secondary-emission yield not large, but quite distinct. With
molybdenum ¢ increases by about 409, if the work-function is
lowered by 2 V through the adsorption of barium on the surface [196].
With silver the yield is increased by 759%,, when the work-function
of 47V for a clean silver surface is lowered to about 1:4 V by the
adsorption of caesium* [167]. For a final example, it has been
found by Russian authors that the most probable energy decreases
when the work-function is decreased [278].

It is well known from quantum mechanics that electrons ap-
proaching the metal-vacuum boundary from inside the metal have
a certain probability of being reflected. The probability has been
calculated by different authors for a variety of models, with the
general result that the fraction of electrons reflected by the surface
barrier increases if the energy of the electrons is decreased. Thus
the origin of the maximum energy may be qualitatively explained
as being due to internal reflection of very slow electrons at the
surface: ‘

KapyscrEvITZz [294] has pointed out that this supposition is
consistent with the results obtained for dielectrics. We saw in
Section 6.5 that an electron, moving through the lattice of KBr
at the lowest level of the empty energy band, can be emitted
without additional energy. Thus there can be no surface barrier
for these electrons. Several authors have found the most probable
energy of emission for compounds with high yield to be in fact
lower than that for metals. Vupinsky [210a,b] has observed a
.maximum for NaCl below 1 eV, whereas for metals the maxi-
mum is between 2 and 5 V. (Cf. articles on the same subject by
JonNsoN [302] and GEYER [272].)

* These figures about the change of the work-function are taken from
J. H. pE BoER; FElectron Emzission and Adsorption Phenomena, Cambridge
. University Press 1935, p. 129.
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7.6. ELIMINATION OF THE INFLUENCE OF THE
WORK-FUNCTION AND ABSORPTION

From the preceding paragraphs it becomes clear that observation of
the phenomena inside the secondary emitting substance is difficult
if not impossible owing to the work-function and absorption. If
their influence could be eliminated or reduced, more ‘“‘inside”
information could be obtained on the behaviour of the secondary
electrons. Their influence can be reduced as follows.

I. In Section 6.1 the influence of the surface barrier on the angular
distribution was briefly discussed. Since no action of a surface
barrier on electrons emitted by alkali halides is observed, the shape
of their angular distribution curve is of special interest.

II. In Section 6.3 we discussed a method intended to eliminate
the losses due to absorption by estimating the yield dy, Where dgy,
is the secondary emission coefficient for primary electrons ‘‘im-
pinging” parallel to the surface.

It is evident that measurements of § for different angles of inci-
dence of the primaries, carried out on a metal surface with the work-
function lowered by the external adsorption of atoms of an alkali
metal, could give some information on the “‘true” yield. This may
lead to interesting results as is shown in the following example:

In the preceding section we showed that 6 increases by about
759, if the work function of silver is lowered from 4-7 V to about
1-4 V. In the imaginary case of a ‘“‘zero work-function” a yield of
about twice the yield of a clean silver target can be expected (cf.
Chapter 5). For V,= 250V this would be about 2-2. Assuming
the absorption coefficient for silver to be the same as for nickel a
yield d,, of about 3-4 can be estimated for this ‘‘zero work-function”
silver target. In the same way it can be calculated that §yy ~ 6
for V, = 1000 V.

For compounds with a high yield some data on g4, are available,
- although these values may not be quite correct because of surface

charges. For MgO and BaO, values for dy, of 6-3 and 6-8 can be
_derived, much the same as for silver [168]. Thus, by eliminating
the influence of surface barrier and absorption we may get an
entirely different picture of the ‘“‘true” yield of metals. At present
it seems that the “‘true” yields of metals of high and low density
(high and low work-function) are markedly different. More investi-
gations are necessary. However, the above procedure cannot be
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followed for electro-positive metals, since an artificial lowering of
the work-function cannot be carried out. Perhaps the theories of
Section 6.5 will provide an explanation of the low yields of these
metals.

7.7. ELASTIC REFLECTION OF PRIMARY
ELECTRONS

Fig. 7.10 shows the number of elastically reflected electrons per
primary electron ¢ .4, for silver, barium and barium oxide [169]
for normal incidence of the primary electrons.
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Fig. 7.10. Elastic reflection power Jrefi of barium oxide, barium and
silver [169] for normal incidence of the primary electrons

For all three surfaces this quantity decreases with increasing
value of V. Although silver reflects more electrons than barium,
BaO reflects many more still. It is noteworthy that HiLscx (fig. 6.8,
[89]) found that evaporated layers of the alkali and alkaline earth
halides also possess a very high reflecting power. We have already
seen that when V is below about 10 V the alkali halides show only
elastic reflection: since no action of a surface barrier is observed
(6.6), the primary electrons must all penetrate the lattice; thus
the reflection must be due to elastic scattering in the lattice. With
increasing ¥, however the primary electron can transfer energy to
the lattice electrons, so that the reflection power decreases. The
high reflection power up to 909, observed by HirLscE may be due
to the formation of a negative space charge, by which the electrons
are pushed back. It would have been better to carry out measure-
ments with a pulse technique. -
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The other curves in fig. 7.10 show the current of electrons reflected
by silver and barium. This current will presumably consist largely
of electrons reflected by the surface barrier. The problem of reflec-
tion of electrons against a surface barrier has been treated theo-
retically by MacCoLL* along quantum mechanical lines, on the
assumption that the potential energy of an electron is constant in
the interior of the metal, and taking account of the image force
acting’on an electron outside the metal. His results are qualitatively
in agreement with the measured data, and with the result that the
reflection power of a barium surface (with low work-function) is
lower than that of silver (with high work-function). The measured
reflection power is larger than the theoretical value, but this can
be expected since in the experiment the reflected current includes
electrons which are elastically reflected in the interior of the metal.

* L. A. MacCorw; Phys. Rev., 56, 699, 1935.
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APPLICATIONS OF ELECTRON
MULTIPLICATION

In Chapter 4 we came across several substances with a high secondary
emission yield (6 ~ 10). It is obvious that these substances make
electron multiplication possible. Electron multipliers are widely
‘used for the amplification of very small currents, photoelectric
currents or secondary currents caused by bombardment with high
energy particles. Electron multiplication has also proved to be
useful in amplifier tubes. With the aid of substances with § > 1
it is possible to realize a tube with a negative resistance, which can
be used as an oscillator.

Amplification by electron multiplication has generally the advan-
tage of being a method, which is very simple compared - th the
“classical” method using d.c. amplifiers or amplifiers witi a large
band width. In this chapter we shall mainly consider the con-
struction of different tubes and the requirements to be fulfilled for
different applications.

Grid anode

Secondary

Cathode emitting electrode

Fig. 8.1. Photo-electronic cell with single stage secondary emission
amplification [331, 332]

8.1. PHOTOMULTIPLIERS
. 8.1.1. Photomultiplier with One Stage.

The simple multiplier in fig. 8.1 has been constructed by PENNING
and KrurrsoF [331] and Tams and SALzBERG [332]. It consists of a
photocathode, a secondary emitting electrode (usually called a
“dynode”’) and a grid-shaped anode collecting the secondary elec-
trons. Both photocathode and the secondary emitting surface are

109
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provided with a silver-oxygen-caesium layer. The electrons emitted
by the photocathode are partially caught by the anode, however
the greater part will pass between the grid wires and hit the secon-
dary emitting electrode; the secondary electrons released will be
caught by the grid-anode. If the current from the photocathode is
i, and a fraction s is caught by the grid-anode, the total current to
the grid-anode

1y = 81, + O(1 — 8)i,.
The amplification 4./, is therefore s + d(1 — s).

Ds

\,/\\//\/\\CQS\

Ds

Fig. 8.2. Photomultiplier; C cathode, D, ... D,;dynodes, 4 final anode.
According to ZWORYKIN and RAJCHMAN [334]

8.1.2. Photomultipliers with more than One Stage

The amplification can be considerably enlarged by using several
stages. If the mean secondary emission yield of one stage is 6, a
gain of ¢” can be reached with = stages. The main requirement of
a tube with several stages is that the secondary electrons released
from one dynode must be drawn to the next one, without missing it.

This requirement has been met in different ways. ZwoRryxIN
and collaborators [333] have described several models. The first
types were tubes with only two stages with electrostatic deflection,
called the L and T types respectively. The next one was a system
with magnetic deflection and electrostatic focussing. Adjustment
of this tube in the magnetic field was rather critical and the system
can be considered obsolete. A much simpler model was developed
by ZworyYKIN and RascEMAaN [334]. It forms the basic prototype of
tubes now commercially available (fig. 8.2). The cathode is C, the
different secondary emitting dynodes are D, ... D,. The electrons
follow zig-zag paths from C to D, from D, to D, etc. The shape of
the dynodes can be chosen so as to obtain the desired focussing of
the electrons from one dynode to the next. Typical paths and
‘voltages are indicated in fig. 8.3.

The construction of a tube with the dynodes “lined up” as in
fig, 8.2 is not very practical. In the R.C.A. tubes now available
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the dynodes are arranged around a centre to economize space.
Type 931A (fig. 8.4a) is provided with an internal photocathode

Fig. 8.3. Electron paths between dynodes in the multiplier of fig. 8.2.

and 9 dynodes. A newer type, 5819 (fig. 8.4b), contains a large
photocathode on the glass envelope, from which the electrons are
focussed on the first of a series of 10 dynodes. This type of multiplier
has been especially designed for scintillation counting and will be
referred to later [335].

Fig. 8.4a. Photomultiplier (R.C.A. 931A), with internal photocathode
[335]

There are also dynode configurations where no electrostatic
focussing is applied [338]). The simplest form is the Weiss type,
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where the dynodes are mesh screens with a superficial layer with
high secondary emission yield. Electrons striking the wires of one
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Fig. 8.4b. Photomultiplier (R.C.A. 5819), with large area photocathode
on glass end of the tube; C cathode, D dynodes, 4 anode. According to
MorToN [335]

screen produce secondary electrons, which are drawn through the
screen towards the next mesh dynode. In some designs the mesh
has a hollow shape in order to prevent the electrons diverging from
the axis of the system (HarTMaNN [336], LALLEMAND [337], fig. 8.5).

Light-

Grid
d S

| Grid
an

|__Dynoade
(final)

Fig. 8.5. Hollow shaped mesh screen photomultiplier; according to
HARTMANN [336] and LALLEMAND [337]

"'Aniqt‘her t,ype of unfocussed multiplier employs dynodes having a
Venetian blind type of structure (I8.M.I. fig. 8.6). Very fine screens
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are interposed between the dynodes, the potential being equal to
that of the next dynode in order to obtain the most favourable
conditions for drawing away the released secondary electrons. For
focussing, a hollow shaped mesh has certain advantages.

£ // VAN

Fig. 8.6. Venetian blind type dynodes (E.M.I. photomultiplier) [338]

Table 8.1 summarizes the properties of different commercially
available photomultipliers (according to G. A. Morron [335]).

TABLE 8.1. COMMERCIAL PHOTOMULTIPLIERS

Tube type RCA | RCA | RCA | RCA | RCA | EMI | EMI | EMI
931A | 1P21 | 1P22 | 1P28 | 5819 | 4588 | 5060 | 5311

Cathode in- in- in- in- tube in- tube | tube
ternal | ternal | ternal | ternal | end |ternal| end end
area (cm?) 1-9 1-9 1-9 1-9 11 20 0-7 5

peak response (A) | 4000 | 4000 | 4200 | 3400 | 4800 | — | — | —
long wave cut-off | 7000 | 7000 | 8000 | 7000 | 7000 | — | — | —
sensitivity (u4/L)| 10| 40 3| 15| 40| 40| 20 | 20

number of stages 9 9 9 9 10 9 11 11
volts per stage 100 | 100 [ 100 | 100 90 | 150 | 160 | 160
volts overall 1250 | 1250 | 1250 | 1250 | 1250 | 1500 | — —
average gain ) 106 | 2-10% | 2-10% | 2-10° | 6-105 | ~10¢| 107 107"

Capacity: (uuF)
collector to—

last dynode 4 4 4 4 5 — — —

total structure 6-5 6-5 6-5 6-5 8 — 8 —

current collected

max. average (uA) | 1-0 0-1 1-0 2-5 0-75 1-0 1-0 1-0
dark current (uA)| 0-25 | 0-1 0-25 — 0-05 0-03| 0-01| 01
length (cm) 9-4 9-4 9-4 94 |15 254 | 223 | 22:3
diameter (cm) 34 34 3-4 34 57 51 51 | 61
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8.1.3. Dark Current in Photomultipliers

Photomultipliers are especially appropriate for measuring very
small photocurrents. The amount of “‘dark current” left, if there is
no illumination on the photocathode, is therefore of major interest.
The causes of dark current have been analysed by RajcHMAN
and ExgsTROM [339], who mention four different sources:

.1. Insufficient insulation between the electrodes (giving leak-
currents).

2. Ton currents; positive ions originating anywhere between
the photocathode and final anode will be drawn towards the
cathode, where secondary electrons will be released by ion
bombardment.

3. Field emission at the electrodes due to the electrostatic
field.

4. Thermionic emission from the photocathode.

1. The first component of the dark current can be avoided by
carefully insulating the different leads to the electrodes and by an
appropriate mounting of cathode and dynodes in the tube.

2. To avoid the second component requires a special shape of
the dynodes. RaJcHMAN pointed out that a sufficient counter-
measure is to prevent positive ions hitting the photocathode.

3. Field electron emission will be found at places with sharp
edges etc. These should be avoided as much as possible. The
potential difference between the dynodes must not exceed a certain
value.

4. In most cases the most important component of the dark
current will be the thermionic emission of the photocathode. It
is well known that the long wave cut-off of the photoelectric
emission band determines more or less the rate of thermionic
emission. It can therefore be expected that this component is most
disturbing in tubes where infra-red sensitive photocathodes are
used. For this reason the blue sensitive antimony-caesium cathode
is mostly used; still better is the lithium-antimony cathode which
has its peak sensitivity even more towards the short-wave end of
the spectrum [338].

A very useful method of avoiding thermionic emission is of
course an appropriate cooling of the photocathode. It is also
~ advisable to prepare the dynode surface so that it is not photo-
emissive (TEVES [340]).
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8.1.4. Fluctuations in the Output Current of a Photomultiplier.

For practical purposes it is of importance to know the fluctuations
in the output current of a multiplier. We shall therefore derive the
equation giving the current fluctuations using a method indicated
by SHOoCKLEY and PiercE [342].

We saw in Chapter 6, p. 94, that the fluctuations in a current of
secondary electrons is described by

—_— —_— @
Ai2 = (I, — i,)2 = 2ei,Av 3 0B, (8.1)
0
where I, is the secondary emission current at a time f, ¢, and i,
are respectively the mean secondary and primary current, e is the
charge of the electron, Ay is the frequency range used for the
measurement and f, the fraction of the primary electrons which
release n secondary electrons.
By equation (6.16), 2ei Ay = (I, —i,)2 = Ai,2.  Writing

© —_—
>n2f, = n?, we may put equation (8.1) into the form
0

Ai2 = 82Ai% + 2ei (n® — 6%)Av. (8.2)

Equation (8.2) expresses the mean square of the fluctuations as
consisting of two parts; the first part is due to the fluctuations of
the primary current, and the second part is due to the fact that the
primary electrons do not all release the same number of secondary

electrons. If we write 7% — 02 = bo2, (8.2) takes the form

Ai2 = 62Ai2% + 2ei b Av. (8.3)

The noise contribution of each dynode can be calculated with this
formula. The total noise of the multiplier tube can be calculated
if 6 and b are assumed to be the same for all the dynodes. The
result is

- _ — 1 —
AZ = D2Ai? + D2Ai? LD (8.4)

1 —1/5
where D is the total gain of the multiplier.

From experimental results obtained by Zworyxin, MorTON
and MALTER, b can be calculated to be about 0-25. This means that
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only a fraction of the total noise is caused by the fact that not all
the primary electrons release the same number of secondary electrons.

8.1.5. Uses of the Photomultiplier.

There are several applications where the photomultiplier has
distinet advantages over the “classical”’ combination of a photo-cell
with an amplifier. This is clearlyillustrated when the signal-to-noise
ratio is calculated for both systems; as an example [333] we shall
determine the minimum current which can be amplified, when the
signal-to-noise ratio may not be less than 5 and the frequency range
is 108 ¢fs. Assuming that in the photocell-amplifier system the noise
originates in the input resistance of 10* 2, the minimum current to
the amplifier is 8 X 10~ A. For the case of a photomultiplier,
however, with § = 5 this minimum current is 4 X 1011 A, which
is lower by a factor of 200.

Another advantage of the photomultiplier is its linearity, pro-
vided that the output current is not limited by space charge, which
means, for commercial multipliers, not exceeding about 1 mA. Tt
is moreover a system which amplifies independently of frequency so
long as this is below about 100 Mc/s. This upper limit is not deter-
mined by the transit time, since the transit time itself acts only as
a constant delay, but by the spread in transit time of photoelectrons
starting from different points on the photo-cathode at the same
time. The problem has been analyzed by Morron [335] for a
nine-stage R.C.A. multiplier; the difference in transit time for the
longest and shortest paths amounts to less than 6 X 10~ sec, which
is in fair agreement with frequency response measurements.

For these reasons the photomultiplier is used for amplification of
light pulses in flying spot scanners, for the transmission of films by
television. Electron multipliers are also used for sound film and
telephone communication using modulated light. In astronomy a
photomultiplier may be a useful instrument for the registration of
a star passing the centre of a telescope. Astronomers consider it
possible even to use the photomultiplier for photometry instead
of photographic film [341].

For the measurement of extremely small amounts of light a
special technique is necessary. Background currents should be
reduced as much as possible; in order to reduce cold emission the
‘potential difference between subsequent dynodes must be limited.
According to equations (6.16) and (8.4) the signal-to-noise ratio
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can be enlarged by using an amplification system with a limited
band width.*

"Using a chopped light source and analyser combined, with a band
width of 1-8 ¢/s, ENasTROM [339] was able to measure 59 x 10710
lumen with a signal to noise ratio of 40 db at room temperature.
This implies a limit of detectability of about 6 x 10-12 lumen. By
reducing the temperature of the photocathode to liquid air tem-
peratures (so that there is no thermionic emission) this lower limit
can be reduced to about 6 X 10-14 lumen.

This ilumination level corresponds with an emission of the photo-
cathode of only a few electrons per second. Photomultipliers can
thus be used as photon counting devices. In nuclear research
photomultipliers are nowadays used as ‘“‘scintillation” counters.
For this special purpose tubes have been developed with a large size
photocathode prepared on the glass wall of the tube. The cathode
is brought into close contact with a fluorescent crystal which is
excited by the o or § particles, the ncutrons or y quanta to be
counted. It must be noted that equal amounts of light at the
cathode do not result in equal pulses of the output current due to
the statistical fluctuations in secondary emission yield throughout
the stages of the tube. With scintillations of equal brightness, the
pulses observed on the oscilloscope connected with the output of
the multiplier are thus not equal in height. So there is a statistical
distribution of secondary emission superimposed on any pulse
height distribution originating from the light pulses at the input.

This can be illustrated by an example given by MorToN [335]. Sup-
pose the crystal is bombarded with 0-6 MeV particles, and the crystal
produces one photon for each 50 V of energy. ‘Thus 12,000 photons
are produced by each bombarding particle. Approximately 4 of these
reach the photocathode; if the latter has a sensitivity of 30uA per
‘lumen, corresponding to a quantum efliciency of 6 per cent, 240 electrons
will be released. Supposing that half of these, i.e. 120 on average,
enter the multiplier, the standard deviation from this number can be

taken as V120, i.e. 9 per cent of the average. MorTON has calculated

that the ‘“‘secondary emission’ distribution increases this deviation by

about 2-2 per cent. In other words the output pulse distribution will
" have an r.m.s. deviation of 11-2 per cent.

The advantage of the scintillation counter over the Geiger-Miiller
- -counter is that the pulse height obtained with the former can give

* At room temperature the noise includes fluctuations originating from
both the thermionic and photoelectric current.

-9
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some information on the energy of the counted particles. Moreover
the rapidity or ‘“resolution” of the scintillation counter (108 sec)
is much higher than that of the Geiger-Miiller counter (10~* sec).
Hence it is logical to use the scintillation multiplier in combination
with a fluorescent crystal with a very short decay time. As crystals
with a decay time of the order of 0-1 or 0-01 us (microsecond) have
generally an emission band in the violet or the ultraviolet, it seems
best to combine them with a photocathode with a peak response in
the violet range, like antimony-caesium or antimony-lithium. Such
cathodes have the important additional advantage of a low dark
current.

8.1.6. Electron Multiplication in Image Converters.

An image converter is a tube in which the image of a photocathode
is formed on a fluorescent screen by means of an electron optical
lens. One use of image conversion, for example, is in the sniper-
scope; the photocathode is in this case sensitive to the infra-red,
emitting photoelectrons from any places that are irradiated with
infrared light. The phosphor on the fluorescent screen is one that
has its emission band in the visible part of the spectrum, so that
objects radiating in the infra-red are made visible.

In such a tube it may be advantageous to mount an electron
multiplication system, especially for radiation of low intensity.
The multiplication problem in this case is particularly difficult as an
electron picture has to be imaged without distortion via several
dynodes on to an anode.

CoereriEr and TevVES [344] provided a solution to this problem,
which we shall not treat in detail. Much of the definition of the
original “‘object” on the photocathode will unavoidably be lost,
because the relatively high starting energies of the secondary
electrons result in a considerable chromatic aberration. In the
case of an infra-red sensitive photocathode at room temperature
the “background” current will be amplified as well, so.that no
better contrast will be obtained. However, a brightness amplification
may be useful for the convenience of the observer.

8.1.7. Multipliers Using a Secondary Emitting Cathode.

In all the preceding sections we have confined our discussion to
~ multipliers with a photoemissive layer on the cathode. If high
energy particles or high energy photons are to be counted, however,
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a photocathode is not strictly necessary; secondary electrons are
released from any metal, for instance, by the impact of « or j
particles or  rays. Several authors have described multipliers with
a secondary emitting cathode. ALLEN [346, 347] has used such a
multiplier for counting purposes in a mass spectrograph, Bay and
Ranwn [345] for counting high energy photons. Recently other
applications have been described by STONE.

An advantage of this kind of multiplier over those with a photo-
cathode is that nearly all thermionic emission can be eliminated
by using the silver beryllium alloy, see Chapter 4, p. 65, as a secon-
dary emitter and by avoiding all caesium metal. A disadvantage is
that the number of secondary electrons per incident particle may
be far below unity, so that only a fraction of the incident particles
are registered.

An important application of such a multiplier is found in the
image orthicon (Chapter 10, p. 143), where the return beam, con-
sisting of electrons of some 100 eV, is multiplied.

2. “DYNAMIC” ELECTRON MULTIPLIERS

The multipliers described in the preceding paragraph all use direct
voltages between cathode and the dynodes. Another type of tube,
described by FarnsworTH [349], uses alternating voltages of very
high frequency but has a simpler internal construction.

Fig. 8.7. Dynamic multiplier, according to FARNSWORTH [349)]

~ Fig. 8.7 shows one of the constructions proposed by FARNSWORTH.
It consists of two electrodes C and a cylindrical anode. The magnetic
field of a coil M has to focus the secondary electrons released from
one of the electrodes on to the other. Between the plates C' an
alternating voltage of very high frequency is applied, which acceler-
ates the electrons from the first electrode on to the second; the
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voltage is reversed as electrons are released from the second elec-
trode, and these return accelerated to the first; and so on. The
anode has such a potential as to draw a suitable proportion of the
oscillating electrons to itself. The tube certainly has the advantage
of simplicity, but the external circuits are necessarily rather com-
plicated. Another disadvantage is that only a fraction of the photo-
electrons are amplified, namely the electrons emitted within 32°
of the optimum phase (HENNEBERG, ORTHUBER and STEUDEL [351]).
If this system is used as a counting device, the quenching of the
current requires special precautions. On the whole, it seems that
the straightforward electron multiplier has distinct advantages over
the “dynamic” type.

The internal construction of the tube we have just discussed is
rather similar to that of a system which can be used as a manometer
(F. M. PENNING; Philips Techn. Rev., 11, 116, 1949). This tube likewise
consists of two electrodes C, both acting as cathodes, and a cylindrical
anode. A similar magnetic field is used. The electrons released at the
electrodes C are made to cover long distances before reaching the
anode, so that their chance of hitting a gas molecule is great. Even at
pressures of 107> mm a gas discharge can be developed, which opens
the possibility of using this system as a manometer at extremely low
pressures. The dimensions of the Farnsworth tube make it likely
that an unwanted gas discharge will be excited within it.

8.3. AMPLIFIER TUBES WITH SECONDARY
EMISSION AMPLIFICATION [352-355]

A surface with high secondary emission yield may also be useful in
radio tubes with thermionic emitting cathodes. Fig. 8.8. shows the
scheme. Basically such a tube consists of a cathode, a control grid,
a secondary emitting dynode and a final anode. It can easily be
shown that such a tube has a greater mutual conductance than a
tube without secondary emission amplification using the same
anode current. The cathode current can be expressed as

i, = A(V, + b)?,

where 4, b and p are constants. V, is the potential difference
between cathode and control grid. Without secondary emission
amplification the mutual conductance is:

dic 1 -1

—_— ._—_A ! 17—-1___ 1-’ '7‘ R
ay, = APV, oyt = A, (8.6)
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With secondary emission ¢, = d¢,, so that

i’i = ol» 4llp ,;?';Tl (8.7)

av, =~ Pla ™ ‘
For the same anode current the mutual conductance is therefore
increased by a factor §'?; e.g. if § =5 and p = 1:6 the mutual
conductance is greater by a factor 2-6 than in a similar tube without
secondary emission.

Fig. 8.8. Elementary construction of secondary emission amplifier tube

It is of importance that if secondary emission multiplication were
used a higher mutual conductance would be obtained without higher
input capacitance, which means that this type of tube would be
useful for amplification in the high frequency range. However, the
number of stages would be limited, since the construction would
tend to be too complicated, and the total voltage to operate the
tube to be too high. Moreover, it would be difficult to meet the
requirement that contact potential differences and secondary
emission yield of the dynodes must remain constant within narrow
- limits. :
~ Several models of “secondary emission tubes” have been pro-
posed. One of the simplest forms is a cylindrical construction, in
" which the final anode is a grid, and the dynode is a plate surrounding
the internal structure (fig. 8.8). This system has the disadvantage
that a fraction of the primary electrons emitted by the cathode C'
- are caught by the grid anode and never hit the dynode, whereas
- the secondary electrons emitted by the dynode may pass through
the openings between the wires of the grid anode, return and fall
back to the dynode. Many investigations with this kind of con-
struction have shown that barium atoms evaporating from the
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oxide coated cathodes gradually cover the inner surface of the
dynode so that the secondary emission yield decreases during its
life. MueLLERr [355) has shown that long life can be obtained by
reducing the temperature of the cathode. According to unpublished
data of VEENEMANS [354], caesium oxide can have a long life, pro-
vided the temperature of the dynode is below 180°C and an additional
layer of finely divided nickel, capable of binding small quantities

Fig. 8.9. Secondary emission tube; C cathode, &, control grid; G, screen
grid; S shield; P plate; D dynode; A4 anode. According to JONEER and
vAN OVERBEEE [353]

of caesium, is in the tube. During life the caesium-oxide is pre-
sumably replaced by barium oxide.

Both the above difficulties can be overcome by the construction
illustrated in fig. 8.9, where the dynode is shielded from the cathode
by a shield S. In such a tube the electrons emitted by the system
[cathode C, control grid Gy and screen grid @,] reach the dynode D
through the curved electric field formed by an additional plate P
at cathode potential. The evaporating barium atoms, being neutral
particles, travel in straight lines and cannot reach the dynode.

Fig. 8.10 shows the structure of a tube described by JoNKER and
vAN OVERBEEK [353], where the contamination of the dynode is
only slight and the final anode is a plate, so that ‘“oscillating”
secondary electrons are avoided. Each of the two beams emanating
from the cathode is split into two parts, one to the right and one to
the left of the small ribbon shaped anode. They impinge on the
inner wall of a gutter-like dynode.

There are many uses for ‘“‘secondary emission tubes”, but it
would be going beyond the scope of this book to mention them all.
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The interested reader can find a survey in a recent article written
by vax OVERBEEK [354].

Fig. 8.10. Secondary emission tube, according to vAN OVERBEEK [354]

8.4. THE DYNATRON ([356]

It was pointed out in Chapter 2 (fig. 2.8) that in a secondary emission
tube the dynode current decreases as a function of the dynode
voltage, if the latter is below the anode voltage. In this range the
tube shows a negative resistance. By virtue of this negative resist-
ance the tube can be used as an oscillator. In fig. 8.11 a circuit

Fig. 8.11. Dynatron circuit

is shown where the dynode is connected with an inductance L and
a capacitor C in parallel. If now the absolute value |R| of the
negative resistance is greater than the quotient L/Cr (r being the
ohmic resistance of the coil) the damping of the system is negative
and oscillations start. This type of oscillator is not often used since
the amplitude of the oscillations depends on the secondary emission
yield of the dynode surface, and no way has yet been found of
keeping this suitably constant during its life.
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Using a secondary emission tube with small interelectrode dis-
tances, DieMER and JONKER [358] determined the upper frequency
limit of a dynatron oscillator. They found this was 2400 Mc/sec;
this means that if there is any time lag at all in the emission of
secondary electrons from compounds it must be smaller than
3 X 1071 sec. A time lag of the same order of magnitude has been
found by GREENBLATT and MILLER [350].

8.5. CONTACT VALVES AND SWITCH VALVES [359, 360]

In telephone exchanges electrical contacts are nowadays generally
established mechanically. Mechanical contacts are vulnerable if
they are exposed to air and dust, are liable to wear, and always
show a certain inertia. A low impedance all-electronic contact
can be obtained with a tube with secondary emitting surfaces.

In order to explain the operation of such a contact tube we refer
to the ““dynatron” characteristic, mentioned in Chapter 2.

Let us assume that the dynode electrode is connected to a fixed
voltage V,, through a resistance R. We saw in Chapter 4 (fig.
4.1c) that the potential which the dynode takes up is determined
by the intersection P of the dynatron characteristic and the straight
line representing Oum’s law (fig. 8.12). By choosing a suitable value

i dynode

f

—>Va ynode

Fig. 8.12. Principle of potential stabilization in switch tube.

for R and by a proper geometry of the tube one can arrange that
the dynode attains a potential V equal to the potential of the
cathode collecting the secondary electrons. If the anode changes
its potential, it is followed by the dynode, which means that a
dontact has been established between the two electrodes. Thus
by switching on and off a primary current from the cathode, one
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obtains a contact, without inertia, between the anode and dynode.
Fig. 8.13 shows a practical application, where an incoming signal
over the line L;, connected with the anode, leaves the tube via the
dynode, along the line L,.

The above example makes use of a tube which makes contact
unidirectionally. However, for many applications a bi-directional

Vv

R

Lo
S

d
Ly
g a TPrimary current

Fig. 8.13. Uni-directional switch tube; a anode, d dynode [359]

contact is required, in which case the electrodes d and a must be
able to exchange roles. Fig. 8.14 shows a structure where this is
arranged for, and where a signal may be passed from L, to L,
r just as well as in the reverse direction.

‘ It is obvious that the internal resistance should be as small as
possible, which means that the slope of the curve near the point of

a,d d,a

sec.e/. 2

AR

Primary current

Fig.-8.l4. Bi-directional switch tube. The electrodes d, a can both act
as either dynode or anode [359]

. intersection P (fig. 8.12) should be as steep as possible. Thus the
construction of the electrodes in figs. 8.13 and 14 has to be such as
to make the exchange of secondary electrons as efficient as possible.
A high secondary emission yield is also favourable.

This principle of switching by means of secondary electron
emission can be applied in different ways. Out of the many possible
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examples we may mention a ‘‘selector” tube (fig. 8.15), where a
number of electrodes n, n, . . . n, (contacts) can be connected with
an electrode . The cathode ¢ is the source of primary electrons;
the electrodes e; and e, form a ribbon-shaped beam which is given

Fig. 8.15. Selector tube. The ribbon shaped primary beam p hits one of
the electrodes n, . . . n,,, with high secondary emission yield; the electrode
under bombardment thus assumes the potential of the screen grid 7.
The suppressor grid and shield g, is at cathode potential. Other letters:
¢ cathode, e, e;, e; electrodes for beam formation, df, and df, deflection
plates [360]
a controlled deflection by plates d; and d, (as in an oscillograph
tube). The anode r is provided with slits, each slit opposite one of
the secondary emitting electrodes %, . ..n,. Thus by giving the
beam the right deflection any one of the electrodes n can be selected

for connection with 7.
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SOME EXAMPLES OF SECONDARY
ELECTRON EMISSION CAUSING
DISTURBING EFFECTS

In the previous chapter we discussed the applications of surfaces
with high secondary emission yield, and cases where secondary
electron emission plays an essential part in the operation of a tube.
There are other cases where secondary electron emission may cause
disturbing effects and where it should be eliminated as much as
possible. No substance has yet been discovered which is without
secondary emission, though there are many with fairly low yield.
Special constructions, too, can be used to avoid the transition of
secondary electrons to whatever other electrode or insulating sur-
face they must not reach.

9.1. SURFACES WITH LOW SECONDARY EMISSION
YIELD [5, 361]

We have seen already that metals have a lower secondary emission
yield than insulators. This can be decreased still further by super-
posing layers of very small particles, like soot. The lowest yield

(N N Y O A

Fig. 9.1. Surface with low secondary emission yield

of all could probably be obtained with a layer of finely divided
lithium, but lithium in finely divided form is very easily oxidized
and the result would be the reverse of what was wanted. Soot is
highly stable, and furthermore its secondary emission yield does
not increase if it is exposed to barium atoms evaporating from an
oxide coated cathode (Chapter 5). However, for many purposes
the secondary emission yield of soot is still too high. The electrode
" shown in fig. 9.1 gives better results. It consists of a metal plate
on which small plates are mounted perpendicularly. The surface
is completely covered with a soot layer, so that the space between
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the plates is not filled. Fig. 9.2 shows the dependence on V, of
the secondary emission yield of such an electrode [5).

Fig. 9.2. Secondary emission yield from electrode in fig. 10.1

9.2. CHARACTERISTIC OF A DIODE

It is well known that in a diode, where the anode current is limited
by space charge, the anode current 4, increases as V32 where V,
is the anode voltage. Accurate measurements by several authors
[362, 363] have shown that in the ¢, V, characteristic a small

anomaly is often present at a V, of about 10 volts (fig. 9.3). Although
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Fig. 9.3. Anomaly in diode characteristic; according to JONKER [364]

different suggestions as to the cause of this anomaly have been
made, it now seems fairly certain that secondary electrons from the
anode are of a considerable influence. JONKER [364] has shown
that the anomaly is not found where a tungsten cathode and no
getter material is used. Apparently secondary electrons originating
from BaO or MgO evaporated on to the inner surface of the anode
cause_ this effect. The energy distribution of secondary electrons
at low primary voltage is of special interest since we can expect
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that elastically reflected electrons can in principle reach the cathode
and so.contribute for a second time to the space charge round it,
whereas slower moving secondary electrons cannot. Most of the
substances with a- high secondary emission yield show a high
percentage of reflected primaries at low primary voltages, which
drops suddenly at about 10 volts. Thus it can be understood that
at 10 volts a slight rise of 7, is found. At higher voltages, where the
true secondary emission increases rapidly, another decrease of ¢,
can be expected.

9.3. SUPPRESSION OF SECONDARY ELECTRON
EMISSION IN TETRODES [365, 366]

An example of a case where secondary electron emission has to be
suppressed as efficiently as possible, is the tetrode, especially the
tetrode used for amplification of large voltages. The inner structure
of such a tube consists of a cathode ¢, a control grid g,, a screen
grid g, and .an anode a (fig. 9.4).

Fig. 9.4, Tetrode

Fig. 9.5a shows the anode current ¢, as a function of the anode
potential V, for different values of V, (potential difference between
control grid and cathode). With increasing ¥, there is a rise of 7,
since of the electrons emitted by the cathode an increasing
fraction is able to reach the anode. However as ¥V, increases
still further the anode starts to emit secondary electrons,
which are caught by the screen grid so long as V,, >V, where
V,, is the potential difference between screen grid and cathode.
The consequence is a horizontal section of the i,-characteristic,
which in some cases may decline. When V, becomes about equal to
V,, mo secondary electrons from the anode can reach the screen
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grid; ¢, then rises rapidly. With V, > V, aslowrise of1, is observed.

We shall discuss first the situation where a resistance is inserted
in the anode circuit. In this case ¢, is determined by the inter-
section of the characteristic under consideration and the straight line

where V,’ is the external voltage in the anode circuit and R is the
load resistance. Obviously a distortion-free amplification can only
be obtained if 4, is a linear function of ¥V, (such as in fig. 9.5b) and
not as complicated as in fig. 9.5a. If the anode circuit is loaded
with a self induction (e.g. a loud-speaker), current and voltage are
not in phase and the straight line as in figs. 9.5a and b becomes an
ellipse. In this case, too, a distortion-free amplification is obtained
only if the relation between ¢, and V, is linear (fig. 9.5¢).

Thus amplification without distortion can only be realized by
suppressing the transition of secondary electrons from anode to
screen grid and the reverse. This is possible by inserting a third
grid at cathode potential (or nearly cathode potential) between the
screen grid and anode. The secondary electrons, having a much
lower energy than the primary electrons, cannot pass this third
grid and are ‘‘pressed back” to the electrode from which they are
released. The diagram of such a pentode is shown in fig. 9.5b.

If the alternating part of the anode voltage is very large, the
potential in the plane of this third “suppressor’ grid may be higher
than the anode potential in the half wave where the anode potential
is low. The consequence is that secondary electrons from the anode
can still escape to the screen grid. By covering the anode surface
with a soot layer (low J) the straight part of the characteristics can
be extended to a lower voltage, so that such a tube is able to yield
a greater power (fig. 9.6) than a tube without soot cover [365].

The action of secondary electrons may also be disturbing in
tetrodes used for high frequency amplification in radio receivers.
The amplitude of the high frequency voltages is in most cases much
smaller than of the audio-frequencies considered above, and the
action of secondary electrons has a quite different influence. The
so-called high frequency tetrode is (or has been) used with Vo>V,

Under this condition the characteristic has a shape as shown in

fig.’9.7a. The characteristic does not run parallel to the V,-axis,




Fig. 9.5a. Anode current.
4, as afunection of V, in
a tetrode with different
potentials Vg of the con-
trol grid, and a constant
screen grid potential Vy,.
The straight line 7, =
(V,— V,)/R shows that
there will be distortion
when the anode circuit
is loaded with an Ohmic
resistance R. According
to JoNKER [361]

Fig. 9.5b. The same
curves for a pentode

Fig. 9.5¢c. The same curves
for a pentode. The ellipses
indicate distortion-free an-
plification when the anode
circuit is loaded with a self-
induction
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since the secondary electrons, released from the screen grid at the
side facing the cathode, are drawn through the grid wires in order
to reach the anode. Therefore the secondary electron current from

ia
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Fig. 9.6. Anode current ¢, as a function of V,. Curve 1: anode surface
uncovered. Curve 2: anode surface covered with a soot layer. According
to JONKER [365]

screen grid to anode cannot easily be saturated. In most of the
o1
cases the anode resistance of the tube, —=, does not exceed 0-2 M Q.

5,

A high frequency tube is used with an LC circuit in the anode lead.
If the tube has a low internal resistance, this circuit is damped

la la
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Fig. 9.7. (a) Anode current 7, as a function of ¥V, for a tetrode (V, > Vy,).
(b) The same curve for a pentode

and the selectivity deteriorates. Obviously the internal resistance
can be increased by preventing the transition of the secondary
electrons.

For receiving purposes the tetrode has been completely super-
seded by the pentode, with a grid at cathode potential between
screen grid and anode. The inner resistance is now of the order
of 2 MQ (fig. 9.7b), quite sufficient for tubes in common receivers.
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An additional advantage is that the currents to screen grid and
anode in the pentode stay in constant proportion. In the tetrode
this proportion fluctuates during life because the secondary emission
. yield of the screen changes as it is exposed to a constant stream of
barium atoms evaporating from the cathode.

In high power, high frequency tubes for transmitting purposes,
a tetrode may be preferred to a pentode, since the capacitance of
the anode versus the other electrodes is smaller. In this case a
covering of the anode with soot gives good enough results, the
requirements being less severe than in the audio-frequency range.
Another method of suppressing the transition of secondary electrons
is to increase the distance between screen grid and anode. With
normal operating currents and voltages a space charge between these
electrodes is formed, so that a potential minimum arises, which
- acts like the suppressor grid in the pentode [366].

9.4. SUPPRESSION OF SECONDARY ELECTRON
EMISSION FROM INSULATORS

A phenomenon well known to all manufacturers of receiver tubes
is the *“S effect’”” [361]. This effect can be met in all tubes where
insulated parts (metallic and non metallic) are hit by electrons.
As an example we may discuss a tube with a cylindrical anode of
gauze and a cathode at the axis. The electrons emitted by the
cathode can hit the glass wall. In this case we can apply the same
principles of potential stabilization as we shall in Chapter 10.
We shall see that the inner surface of the glass wall may take
either of two potentials, that of the cathode or a potential about
equal to the anode potential. In the second case some disturbing
effects can be observed.

This charging of the glass surface can be observed by metallizing
the outside of the glass and connecting an electrostatic voltmeter
to it. In German literature it is called “Schall-Effekt”’, since the
potential of the glass-wall can be influenced by changing the order
of switching on the voltages of the anode and cathode. If the cathode
voltage is switched on first, so that the cathode is emitting, without
any anode voltage, the glass wall becomes stabilized at cathode
potential and remains at that stable potential even after the anode
‘ 'voIt}xge is switched on. However, if the order of switching is reversed,
the ‘glass wall may acquire the higher, positive, anode potential




(a) : (b)

Fig. 9.8a. Tube, in which mica supports and glass wall
are screened by metal plates from electron-bombardment
Fig. 9.8b. Tube, in which the anode is surrounded by

a gauze cylinder at cathode potential. According to
JONKER [361)
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(especially if there is some leakage due to getter material evaporated
on the wall) and may be likewise stable at this higher potential.

A positive charge on the glass wall may be a nuisance—in several
ways. First, the electrons attracted to the wall can decompose
insulating substances (cf. Chapter 5), so that gaseous products:
such as oxygen are released, and these may inactivate the oxide
coated cathode.

Second, from a mere radio-technical point of view there may be
a damaging influence. The internal resistance of a high frequency
pentode can be considerably decreased when there is a positive
charge on the glass wall. This means that there is a low resistance
in parallel with the tuned circuit in the anode lead, with a conse-
quent decrease in the selectivity and sensitivity of the amplifier.
(Actually the conditions of the switch tube, described in Section 8.4
are more or less realized.)

A third phenomenon may be met in low frequency tubes used
with high alternating voltages. The potential may vary jerkily,
i.e. the potential of the wall jumps from one stable situation into
the other. Since there is a capacitance between control grid and
glass wall, these jumps cause potential differences between control
grid and cathode, which are audible in the loud speaker as a crackling
noise (Buzz-effect).

The charging of the glass wall and its harmful consequences can
be avoided in different ways. For example it is possible to cover
the glass wall with a substance, such as soot or tungsten oxide,
whose secondary emission yield is less than 1. The openings between
the electrodes can be closed by plates (fig. 9.8a), or the anode
can be surrounded by a gauze cylinder at cathode potential (fig.

9.8b) [361].

9.5. SUPPRESSION OF SECONDARY ELECTRON
EMISSION ¥ROM THE CONTROL GRID IN AN
OSCILLATING TRIODE [368]

In a transmitting tube the secondary electron emission from the

control grid may have a disturbing effect. Fig. 9.9 shows the

characteristic of the grid current versus the grid voltage, where the

secondary emission yield of the grid material is larger than 1 (dotted

line). After a rise the curve falls with increasing V,, where V¥, is

the potential difference between grid and cathode. In this section
10
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where 6i,/0V, is negative the system control grid-cathode has a
negative resistance; the consequence is that it may act as a dyna-
tron and thus be the source of undesirable oscillations.

It is therefore necessary to construct a tube without negative
resistance, i.e. make a grid with a reduced secondary emission
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Fig. 9.9. Grid current 7, and anode current ¢, as functions of grid potential
V, in transmitting tube (Philips MB 2/200). — . — . —. zirconium grid;
— — — — molybdenum grid. According to BOUMEESTER [368]

yield. However it is not necessary, or even desirable, to reduce
the yield to the very minimum. If this were to be done 7, would
become unnecessarily large, at the cost of the anode current and
hence of the effective conductance of the tube. It is best to decrease
the secondary emission yield by such an amount that the i, — V,
characteristic runs nearly parallel to the V -axis. Zirconium, with
Omax = 1 can be used with success (fig. 9.9, chain dotted line).
Tungsten and molybdenum with a thin cover of zirconium oxide
also show the same yield. Their surface too is presumably zir-
“conium, the oxide being reduced by the underlying metal during
the out-gassing process.
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A thin cover of Cr,0; also diminishes the secondary emission
yield (German patent DRP 587386); carbon gives the same result,
but it is liable to dissolve in the underlying metal at the usual high
operating temperatures in this type of tube.

9.6. SECONDARY ELECTRONS IN X-RAY TUBES [369]

In X-ray tubes secondary electrons are released by the fast moving
primary electrons. Investigations carried out by WaceNER and
by Tromp and VAN DE GmraaFF have shown that many of these
secondary electrons are ‘“fast’” or “rediffused’ electrons, the energy
distribution curve having a maximum at 909, of the energy of the
primary electrons. These electrons may cover long distances and so

LLL y7774

Fig. 9.10. Elimination of the disturbing influence of secondary electrons
in X-ray tubes; according to BouwErs and vaN pEr TUUk [369]

give rise to disturbing effects. For instance, they can excite X-rays,
cause electrolysis of glass etc.

The lowest yield for these electrons will certainly be found in
metals with a low density. However one is not always free to
select such a metal and in many cases the only means of elimination
is by altering the geometry of the tube. BouwEeRrs and vaN DER
Tuvux have described a number of constructions of X-ray tubes
in which special attention is paid preventing secondary electrons
from leaving the space between cathode and anode. Fig. 9.10
shows a flat cathode and anode. The ‘“‘secondary” electrons with
an energy equal to the energy of the primary electrons and escaping
under an angle of 45° from the anode surface have the maximum
- range. According to BouwERs and vaN DER Tuuxk no disturbing
influences are experienced, provided that these electrons are again
captured by the anode surfaces; a simple calculation shows that
the radius of the anode should be twice the distance between cathode
and anode (fig. 9.10). ‘
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SECONDARY ELECTRON EMISSION IN
TUBES WITH SURFACES OF AN
INSULATING MATERIAL

Secondary electron emission is of essential importance in two sorts
of tubes in general use today: cathode-ray tubes, and storage
tubes. In both, an electron beam hits a surface of insulating
material.

Although we have already discussed, in Chapter 2, the potentials
at which such a surface can be stabilized, we shall now briefly
reiterate these considerations, using a somewhat different picture
(fig. 10.1). As before, the electron beam hits a non-conducting
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Fig. 10.1. Nuinber of secondary electrons per primary electron reaching
t,he collector, when Veon < V1. V, =0 and V, ~ Vcon are stable
situations; V = V Iig unstable :

target, and we shall suppose the secondary electrons to be collected
by a surrounding collecting electrode. If the target were a con-
ductor, the current of secondary electrons as a function of the
energy of the primary electrons would.be according to the curve
shown in fig. 10.1. The decrease of i /i, near M is caused by the
fact that if V increases while V ,, the potential of the collector,
remains constant, the secondary electrons cannot reach the collector
owing to the retarding field. Since the target is an insulator there
are two stable situations: one where ¥, = 0, so that no electrons
can reach the target; the other at such a value of V that /i, is
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equal to 1, a situation corresponding to point B. In the latter
case V, =~ V . At A, where V, = V1, the situation is unstable.

If V., is made very large, the curve of fig. 10.1 tends to the
curve of fig. 10.2; we have now the well-known § — V, relation
in which the second stable situation is found at V, = V.
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Fig. 10.2. Secondary emission yield as a function of V, when,
Veon > V1. V, =0 and V, V_ I are stable situations;: V,= VI
is unstable

10.1. CATHODE RAY TUBES

In cathode ray tubes the situation at ¥V, = 0 is obviously not
wanted. In this case the target, the fluorescent screen, must be
brought to the stable situation B, of high potential (collector
potential). If V_ is increased from zero potential, the screen may
never reach the high stable potential, as V,, = 0 is a stable situation.
This difficulty is sometimes encountered with oscilloscope tubes
using a low anode voltage of a few hundred volts; in this case a
conductive transparent layer under the screen material may be
useful.

In the cathode ray tubes in television receivers V, is between
5 and 15kV, and the screen always stabilizes at high potential.
This phenomenon needs actually a further explanation. Positive
ions, always present in the tube, will presumably raise the screen
potential gradually towards V. If ¥, exceeds V! the screen
potential jumps of itself either to V o, or VL. Aslongas V, < V1
the potential of the screen will follow ¥V, if the Jatter is increased.
It is, however, obvious from fig. 10.2 that the screen potential can
never exceed V. 'V I is therefore often called the “sticking”
potential. In the case of tubes which have to be used at high
voltages this can be an annoying phenomenon, as an increase of
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collector potential does not increase the energy of the primary .-
electrons and therefore does not allow any increase of light output.
Secondly, the electric field between screen and collector may give
rise to a distorted picture. Thirdly, by the action of this field
positive ions are drawn to the screen, which can be affected chemi-
cally, and a decrease of light output can result. In rectangular
tubes this phenomenon is known as ‘“‘cross-burn’.

Evaporated Al-layer

___Cpllodion layer
(to be burned)

/’; \Phosphor

B = Q T AI IS X T XT3N h
Va VA AR A A A
B A BN A A AN AR a4
Glass-wall

Fig. 10.3. Metal backed phosphor screen

The secondary emission yield of different phosphors is therefore
of importance, and in particular the values of ¥, at which they~
stabilize.

It is not possible to give exact data on the secondary emission
yield of phosphors. In practice, it is certainly influenced by the way
in which the powders are applied on the base. Moreover, the yield
of the base will also contribute to the secondary emission, if the
covering is not complete, as in television cathode-ray tubes. The
table shows some different data taken from literature [370].

V,rinkV
Willemite 3-7
Willemite 5-10
Willemite .20
Zinc sulphides 6-9
Calcium tungstate 3-5

By adding a mixture of oxides with a high yield (MgO, BeO) it.
is possible to increase the secondary emission yield.

A new way to avoid ‘‘sticking” has been developed by a.pphcatlonf
of the technique called ‘“‘metal-backing’. Nowadays it is a well-known
technique, especially important for cathode-ray tubes used in projection:
television, where a high voltage is needed.

Metal-backed screens are made by evaporating a very thin aluminiurn
layer on to the phosphor layer. On account of the roughmness of the
powder layer itself, the aluminium is not flashed on to the powder but
on a’ very thin intermediate layer, usually collodion (nitrocellulose),
covering the tops of the phosphor grains as a sheet. The smooth surface
of the latter is then covered with a layer of aluminium about 0-1 -
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thick; afterwards the collodion film is destroyed by heating the screen
in air (fig. 10.3).

It can easily be seen (for instance from WHIDDINGTON’S formula)
that the energy loss of the electrons (H with an energy of 10 keV or
more) is negligibly small. Owing to the metal-backing the screen
is at Veon. Moreover the light, which in normal tubes is also radiated to
the inside of the tube, is now reflected to the outside. For thisreason the
light output of a metal-backed screen is greater.

Since ions cannot penetrate the aluminium layer, a third advantage
of metal-backing is the protection of the phosphor screen against
bombardment by negative ions originating from the gun-cathode;
negative ions can cause a rapid discoloration (‘“‘ionspot’) of the screen.

10.2. STORAGE TUBES [371]

In the introduction to this chapter we saw that the potential of
the surface of an insulator can be stabilized at either of two poten-
tials: that of the cathode delivering the primary electrons; or
(about) that of the electrode collecting the secondary electrons

emitted by the insulator.
E’/Meta/p/ate
Gun
/nsulator—é e
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Fig. 10.4. Reading a charge pattern stored on the surface of an insulator

Collector

— |

Let us suppose the surface to be divided into a large number of
small areas, all originally at the same stabilization potential.
If a charge is added to or subtracted from one of these areas its
potential deviates from the stabilization potential, but can be
restored by bombarding the area with electrons. If the opposite
~side of the insulating layer (the side not exposed to the electron
. beam) is covered with a continuous metallic layer, the area under
- consideration forms one side of a small condenser, which is charged
- (or discharged) by the stabilizing electron beam (fig. 10.4). The
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current resulting from the stabilization of each area is conducted
through an outside circuit, causing fluctuating voltages across the
resistance R. If the charge is wiped out by a single scan of the
stabilizing beam the amount, which was stored on the surface,
can be measured. This method is used, for example, in television
pick-up tubes.

In other systems only the presence of a charge is of interest; if
in this case some of the charge is used by the exploring beam,
it is supplied by electrons originating from a special gun (a “holding”’
gun), and the wiping out of the charge has to be carried out by a
special stabilizing process.

It is clear that a surface of an insulator is able to store information
in the form of electric charges.

The process of bringing information into the surface will be called
writing, and the process of measuring the stored charges will be
called reading. Another method of measuring the stored charges
consists of controlling the intensity of a continuous electron beam,
through the action of the stored charge on a grid shaped insu-
lating electrode. '

During the last decade several types of storage tubes have been
described [371]. It would go far beyond the scope of this book to
give a complcte survey. We shall therefore restrict ourselves to
a few examples.

We shall -classify the tubes in the following way:

(a) tubes where writing occurs continuously and reading
periodically (television pick-up tubes)

(b) tubes where writing is carried out periodically and reading
continuously (viewing tubes)

(c) tubes where both writing and reading occur periodically
(pick-up tubes for film transmission, and graphecons)

(d) storage tubes for computing machines.

10.2.1. Television Pick-up Tubes.

We start with tubes with an insulating target, on which electric
information is written by photo-electric emission or by secondary
electron emission caused by photo electrons (television pick-up
tubes) [372].

Avpicture to be transmitted by television is divided into elemen-
tary areas. Bach picture element has its own brightness. In pick-up
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devices, the brightness of the elements is transformed successively,
e.g. into electric currents. For the television systems now generally
used the time available to transform the brightness of a single
element is of the order of 10-7 sec. In the older devices, like the
Nipkow disk and the Farnsworth dissector, the photocurrent from
each element during this 10-7sec had to provide the signal. If,
however, the charge of a photocurrent during a frame period
(g% or 45 sec) can be stored, the result of an illumination of % or

Mica,aluminium
I_ backed

—Supporting
plate

Mutually A
insulated
photocells

Fig. 10.5. Photosensitive target in television pick-up tube

4% sec can be transmitted, instead of the result of an illumination
of 10-7 sec. Thus a gain in sensitivity of the order of 105 can be
expected. All pick-up tubes nowadays in use are storage devices.

In television pick-up tubes the stabilization phenomena are
much more complicated than in cathode-ray tubes. Pick-up tubes
have been developed along various lines, but we shall first consider
an elementary type.

In such a tube the photo-emissive layer is laid on the surface of
an insulating material, e.g. mica. The layer consists of a very large
number of mutually insulated photocells (e.g. of the type (Ag-Cs,O,
Ag—Cs)), the other side of the mica being coated with a continuous
metal layer, fig. 10.5.. Such an electrode is thus composed of a
very large number of small condensers. If an image is projected
.~ on to the photosensitive side of the mica and if the photo-electrons
can be drawn to a collector a positive residual charge is formed on
each element, proportional to the amount of light absorbed. This
charge is measured and at the same time neutralized by scanning
the surface with an electron beam line-by-line. This occurs 25 or
30 times per second. Between two scannings a positive charge is
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accumulated by an illuminated elementary condenser. These types
of tubes are therefore called “‘storage tubes’.

In television pick-up tubes we have the usual two possibilities
of potential stabilization, viz. at ¥V, =0 and V,= V ;. Both
are used; in the first case the target is hit by electrons with nearly
zero velocity, and the positive charge caused by the illumination is
simply neutralized. In the second case the elements are always
bearers of a positive charge, which can vary in magnitude according

Photocells on which Metal backed
optical image is mica
projected

Electron gun

L6lass énve/ope
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200V
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Fig. 10.6. Schematic representation of television pick-up tube with
cathode potential stabilization (cf. C.P.S. emitron)

l

to the amount of light being absorbed. The way in which the
accumulation and neutralization of the charge take place is rather
complicated and will be discussed later on.

The first type of tubes are usually called tubes with low-velocity
scanning or tubes with C(athode)-P(otential)-S(tabilization) [373,
374]. This system of C.P.S. scanning is applied in tubes indicated
with names like orthicon, superorthicon, image-orthicon, C.P.S.
emitron. Tubes of the second type (high-velocity scanning) are
iconoscope, image-iconoscope, super-emitron, eriscope etc.

10.2.1.1. Television pick-up tubes with low wvelocity scanning.

We shall now discuss in more details some properties of tubes
with low velocity scanning. In fig. 10.6 we show the scheme of
a tube, which is now manufactured by E.M.I. in England and
called the C.P.S. emitron. The electron-gun delivers the beam
for scanning. It is focussed by a longitudinal magnetic field and
deflected by the magnetic field of two pairs of coils (the coils are
not shown in the drawing).
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The metal layer at the rear of the target is transparent so that the
photosensitive side of the target, consisting of mutually insulated
photocells which are positively charged, can be illuminated. Fig.
10.6 shows how the scanning beam discharges the elementary
condensers through the resistance R, which is the input resistance
of the video amplifier 4.
 One of the difficulties of this type of tube is that the positive
charge of the target surface under conditions of strong illumination

Electrical image

Output-anode Wl coating(300V)
Rit\um -beam

Cothode_YfE= - Ny g
: i b NScanning-beam
- ==
Gun Multiplier
Glass ‘sheet photocathode

stabilized at. & (-200v)
earth potential Some Volts

Fig. 10.7. Schematic representation of image-orthicon

may be sufficiently high to raise the potential of the surface beyond
V,L. Then the potential of the surface jumps to that of the collector
and a high velocity scanning is started. This instability can be
avoided by inserting a very fine mesh just in front of the target
and adjusting it to such a potential (of the order of 5 V) that VI
will never be reached. This mesh, however, may be the cause of
disturbing effects, due to additional capacity.

The objections to this tube have led to the development of the
image-orthicon [375)], a pick-up tube which is now generally used
in the U.S. In the C.P.S. emitron the target has a double task: it
forms the photosensitive layer and it stores the electric charge due
to the photo-electric emission. These functions are separated in
the image-orthicon (fig. 10.7): the photocathode is a continuous
transparent layer applied on a window; the photo-electrons are
made to form an image on an insulating target, which is scanned
by a scanning beam.

The word ““‘image’ refers to the section of the image-orthicon in
which the electron optical image is formed. The advantage is
obvious: the continuous photocathode is more sensitive than the
broken layer in the C.P.S. emitron; apart from this the stability in
this kind of tube is assured as we shall see.
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‘The method of scanning the charge pattern is most original.
The tube is divided into two sections. The left-hand part is the
scanning section, as in the C.P.S. emitron, but the target is a very
thin sheet of glass. The right-hand part is the image-section, in
which the photocathode is imaged optically on the glass sheet.
The photo-electrons form a positive charge pattern owing to
secondary emission. This positive charge leaks through the glass
and is neutralized on the other side by the scanning beam. On the
side of the photocathode a very fine mesh is inserted, just in front
of the glass sheet. Suppose the cathode of the electron gun is at
earth potential; then the surface of the glass sheet is also at earth
potential, the mesh is some volts above earth potential and the
photocathode itself, e.g. at —200V. The charge pattern on the
glass sheet is established by the secondary electrons drawn from
the glass sheet to the mesh; there is a limit to the potential of the
sheet surface, in the same way as that produced by the mesh in
the C.P.S. emitron.

The distance between glass sheet and mesh determines the
capacity, and therefore the amount of charge which can be collected.
In order to cover a sufficiently large range of illumination this
capacity has to be as large as possible. If the amount of light being
used is too great there is an excess of secondary electrons falling
back on the target. In television pictures this can sometimes be
observed as a halo-like phenomenon: white parts of the pictures
are surrounded by a black area.

The video signal is taken from this tube in a different way to
that from the C.P.S. emitron. To illustrate this we consider a small
area on the target, i.e. the glass sheet, with a positive charge. The
positive area needs a fraction of the scanning beam for neutralizing
the positive charge, and we find a reduction in the returning electron
beam corresponding to the neutralized amount of charge on the
target. This being a low velocity system it is possible to collect the
returning beam quite easily, as the returning electrons follow
cycloid-shaped orbits along the magnetic lines of force similar to
those of the scanning electrons. The returning beam can be col-
lected inside an electron multiplier surrounding the electron gun;
in this way an amplification of the fluctuations is obtained. The
construction of the multiplier is of the “Venetian blind” type. This
‘principle could of course also have been applied in a C.P.S. emitron.

The image-orthicon is the most sensitive pick-up tube used in
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practice, that is to say it has in low illuminations a greater signal to
noise ratio than any other type of tube. In the image-orthicon the
noise level is determined by the shot noise in the returning beam;
in the other tubes, the noise level is determined by the noise origi-
nating from the coupling resistance or the first amplifier tube.

Seconaary Insulated

e/ectrons"} Z— ag?ct/?g/eplgcgf) ‘
image /s projected

Metal backed
mica

Fig. 10.8. Schematic representation of iconoscope

It can easily be seen that in the image-orthicon the returning
beam is strongest in the black parts of the picture being trans-
mitted, so the black parts show the most pronounced noise. As
the depth of modulation of the return beam is as much as 20 to
30 per cent there is another contribution to the noise. To lower
" these noise effects the ‘‘image-isocon’ [376] has been developed.
In this tube the secondary electrons originating from the neutralized
parts on the target are amplified and not the return beam. WEIMER
has succeeded in finding a way to separate the secondary electrons
from the beam of returning electrons. This type of tube, however,
has not yet come into use in regular television broadcasting.

10.2.1.2. Television pick-up tubeswith highvelocity scanning,[377-380]

The simplest form of these tubes is the ordinary iconoscope (fig. 10.8).
A charge pattern is formed in the same way as for the C.P.S.
emitron. Here the target is scanned by a beam of electrons whose
energy is about 1000 eV. The potential of an element after stabili-
zation is therefore a few volts above collector potential and the
element is not able to emit photo-electrons against the retarding
field which is formed between itself and the collector, the energy of
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the photo-electrons being smaller than that of the secondary
electrons. It is, however, obvious that in a system where the
distance between target and collector is great, compared with the
distance between an element and its neighbours, the influence of
the surroundings of an element will be important. The result will

Vst.

Veolr.

Vinin

¢} lﬁ
10 7sec Frame period

Fig. 10.9. Variation of potential of target element with time in a tube

with high velocity scanning. Scanning period is between ¢z = 0 and

t =1t,. Betweent = t, and ¢ = ¢, the potential drops gradually owing to

redistributed electrons. Full line: target dark. Broken line: target
illuminated

be that during the scanning of an element only a fraction of the
secondary electrons released is able to reach the collector; only a
small fraction falls back on the original element, but the largest
fraction will fall back on other parts of the target, where the poten-
tial may be higher than collector potential. This is called the
redistribution effect, which is essential for the mechanism of the high-
velocity pick-up tube. The mechanism can be explained roughly
in the following way: Fig. 10.9 shows the variation of the potential
V of an element as a function of time ¢. In the scanning time ¢,
(about 10-7 sec) the potential of an unilluminated element will be
brought from V., to V, (lower curve). From t=t, to
t = t, (approximately ;% sec being the frame period) the potential
will gradually drop, the element receiving continuously secondary
electrons from other elements being scanned. This redistribution
current is at its maximum just after ¢ = ¢;, when the potential is
still high and the beam is hitting adjacent elements.
If the same element is now continuously illuminated it ought
“'continuously to emit photo-electrons. For some time after ¢ = t,,
hoWéver, the potential is high and the photo-electrons cannot

L
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leave the element until the potential has decreased sufficiently due
to the redistribution. Thus photo-emission is only possible during a
fraction of the frame period, and in practice the effective time of
storage is only about 59, of the frame period. As a result of the
photo-electric emission the potential before the next scanning will
be somewhat higher than for an unilluminated element so that the
“jump”’ to the potential of stabilization will be smaller.

Metal backed
P~ mica torget

Photo-electrons Redistributed

I~ electrons
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. electrons
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gun
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Fig. 10.10. Schematic representation of image iconoscope

We can see in this way the importance of the current of redistri-
bution electrons in determining the properties of this kind of tube.
Obviously the high velocity tube is less sensitive than the low
velocity tube, since the effective time of storage in the first is
about 5%, while in the latter it is 100%,. The iconoscope is in fact
too insensitive to be of much practical use for ordinary broad-
casting purposes and is now generally replaced by the image-
iconoscope, a high-velocity tube where the tasks of photosensitive
layer and target are separated as in the image-orthicon.

Fig. 10.10 shows the design of this tube in principle. The photo-
cathode is transparent and its image is electron-optically focussed
on the target, so that secondary electrons are released and a charge
pattern is accumulated. This is scanned by an electron beam in
the same way as in the iconoscope. The image-iconoscope is more
sensitive than the iconoscope for three reasons:

(a) the broken photocathode in the iconoscope is replaced by a
continuous layer (3- to 4-fold gain in sensitivity); (b) there is a
secondary emission multiplication on the target (3- to 4-fold gain);
and (c) in the image-iconoscope the effective time of storage is
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about 30%, of the frame time. It is larger than in the iconoscope
because the secondary electrons producing the charge pattern on
the target are faster than the photo-electrons in the iconoscope
(6-fold gain). Thus the image-iconoscope needs only 1/3 X 1/4 X 1/6
= 1/72 of the amount of light of the iconoscope to give the same
signal.

The difference in the scanning mechanism of low and high velocity
tubes- results in a marked difference in behaviour and picture
quality:

(a) In high velocity tubes the stability of the target potential
is always guaranteed; in low velocity tubes it can only be obtained
with the aid of a mesh.

(b) Owing to the effective time of storage low velocity tubes
may give a ‘“blurred” image of fast moving objects; whereas a
high velocity tube produces a series of more or less sharp pictures.

(c) In tubes with high velocity scanning the density of the re-
distribution electrons is not uniform over all the parts of the target;
different parts of the target are therefore not quite at the same
potential, even without illumination i.e. without impinging photo-
electrons. Signals originating from these potential differences are
called “spurious signals”. These spurious signals are in principle
not encountered with low velocity scanning. Pictures produced by
low velocity scanning arc therefore “flatter’’ than the pictures from
high velocity tubes. Spurious signals can be largely eliminated by
the application of compensating signals generated in outside circuits
and inserted in the video amplifier. Alternatively, an additional
direct current of slow moving electrons from an extra cathode
can equalize the potential differences over the target, usually with
the help of extra electrodes around those places in the target area
where a supply is especially needed. This is a method used in the
P.E.S. photicon; it is also used in the U.S.A. in the iconoscope for
film transmission.* When these precautions are not taken the
intensity of the spurious signals determines the minimum light
levels, at which an acceptable picture can be obtained.

(d) It would seem at first sight desirable that the generated
signal should be a linear function of the amount of light. A general
expression is S = CI”, where S and I are respectively signal output
and illumination and C and y are constants. Low velocity tubes

* P, ScHAGEN; Thesis, Amsterdam 1951.
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deliver a signal for which y = 1, with the restriction that the signal
becomes independent of the illumination as soon as the rise of the
potential on the target surface is stopped by the action of a mcsh.
In tubes with high velocity scanning y << 1, and the signal gradually
tends towards a saturation value with increasing illumination
(fig. 10.11). Before passing judgement, however, we must consider

Signal
T Low velocity

High velocit,

—— Jllumination

Fig. 10.11. Signal characteristics of tubes with low and high velocity
scanning

the receiving end. The light output L of the cathode-ray tube
depends on S according to the relation L = (5", where y, > 1
(mostly ¥ ~ 5/2) depending on the properties of the electron gun
in the receiving tube. Thus L = C,I"". For the best result y,y
must ~ 1. In practice, without any additional y-corrector, a high
velocity tube gives a picture of better quality than a low velocity
one.

The differences summarized above determine the advantages
and disadvantages of the two scanning systems. In transmitting
systems where a high definition is required the high velocity scanning
method will be preferred, since a high resolution capacity is more
easily obtained with high velocity than with low velocity electrons.
Nowadays low velocity tubes (image-orthicons) are in common use
in the U.S.A. In Europe both low and high velocity systems (image-
iconoscope) are used.

10.2.1.3. Monoscope

A monoscope, as it is termed, is a tube which is often used for testing
a television transmitter. This tube is provided with a target (e.g.
aluminium with a thin oxide layer), on which a test pattern is drawn
with earbon. The differences in secondary emission yield enable a

11
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signal to be obtained when the target is scanned in the usual way.
A similar tube has been constructed by K~xorL and TrEILE [381] for
the transmission of arbitrary pictures which can be drawn on the target.

10.2.2. Viewing Tubes with Storage.

In cathode-ray tubes used for television reception (kinescopes) the
elements of the fluorescent screen are successively hit by an electron
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Fig. 10.12. Storing and emission of energy by a phosphor in a
cathode-ray tube

beam; its intensity is determined by the signal obtained from the
pick-up device. In the type of tube described in Section 10.1 an
element of the fluorescent screen receives the full energy of the beam
during 10-7 second; a fraction of this energy is emitted in the form
of light during the next frame period. A cathode-ray tube is in
fact a storage system, but it stores energy rather than charge
(fig. 10.12). :

The specific loading of an elementary area is high; extremely so
in tubes for projection television [382], used in combination with
an optical system and projector screen, where specific loadings of
the order of 100 kW/cm? during the scanning period of 10~7 second
are normal. Since the capacity for storing energy in fluorescent
powder is limited (especially in high efficiency phosphors of the
sulphide type), the amount of light as a function of the loading

terids to a saturation value. Another disadvantage, demonstrated -
by HaaxTsEs and DE VRIJER [383], is that phosphors with a short
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decay time (e.g. for sulphides ¢ =~ 10~ second) tend to give pictures
with “flicker”.

A continuous loading of the screen is preferable. This can be
carried out by applying a charge storage principle. Examples
described in the literature [371] operate on similar lines. A charge
pattern is written by a writing beam on a grid, the surface of which
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Fig. 10.13. Principle of a cathode-ray viewing-tube with storage

is covered with an insulating layer. A continuous current, origina-
ting from another gun or photocathode, “flooding” this grid is
controlled by the charges. Thus the charges determine the trans-
parency of the grid for the flooding electron current, so that a
picture can be observed on a fluorescent screen placed on the other
side of the grid (fig. 10.13).

The decay time of the charge pattern on the grid should be of
the order of a frame period, for a longer decay time will give rise to
“smeared” pictures. The decay time can be calculated, for example,
as it equals the RC time of the condenser formed by the insulating
layer.

In practice this principle has never been used for cathode-ray
tubes with phosphor screens; direct view tubes have the advantage
of being free from saturation effects, and flicker can be avoided by
the choice of a phosphor with a sufficiently long decay time. Never-
theless, for a projection system where an enlarged picture is pro-
jected of the phosphor screen of a cathode-ray tube, a charge
storage system could be useful to avoid saturation of the phosphor;
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but charge storage has not yet been used in projection tubes,
either. '

There is, however, one special example in projection television
[384] where application of the storage principle has given extremely
good results. In this system, called “Eidophor”, invented by the
Swiss physicist FISCHER, a charge pattern is written in an oil film;
under the action of electrostatic forces the surface is deformed.
If this oil film is inserted in a ‘“Schlieren” optical system, the
deformed places in the oil film allow the passage of light originating
from an external light source. The system is thus in fact a light-
relay.

It is obvious that the decay time of the oil deformation is of
essential importance. Let us call the frame period 7' and the
effective time of opening of a picture element 7 (v << 7). Then
a fraction % of the light flux entering the element will be allowed
to pass. Thus % determines the illumination of the projection

screen, which should be as great as possible. In the eidophor system
the oil on which the information is written is conductive, its con-
ductivity being chosen so that an optimum decay time is obtained.
The result is an effective light storage time of about 709%,.

10.2.3. Systems where Writing and Reading occur Pericdically.

Many systems have been described, where writing and reading
take place periodically. One well known example is the transmission
of films by television with the aid of pick-up tubes. In sucha system
writing takes place during the frame fly back, when the scanning
of the target is stopped. Reading takes place in the way described
in Section 10.2.1. There are also tubes provided with two guns,
one for writing, the other for reading [371]. These systems can
be used, for example, to transform one television standard into
another. We shall describe in more detail the “graphecon’; in
this system use is made of a form of amplification, which is essenti-
ally an “internal” secondary electron amplification.

In a graphccon the radar picture known as a ‘“plan position
indicator’” (P.P.I.) can be transformed into a television picture
without using optical means. A P.P.I. pattern is generally written
completely in some seconds, whereas in normal television systems a
charge pattern is read 25 or 30 times a second. The writing system




TUBES WITH SURFACES OF AN INSULATING MATERIAL 153

of the transformation tube must therefore accumulate a charge of
such an amount that a few hundreds or thousands of scanning
periods are possible, each providing a signal of sufficient amplitude.
Such a tube has been developed by PENsax [3853]. In order to get
sufficient charge by the action of the writing beam, an electron
multiplication effect is used, of a general type called ‘‘conductivity
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Fig. 10.14. Principle of bombardment-induced conductivity

induced by electron bombardment”. This phenomenon has been
studied during the last few years by several authors [386-389].
This induced conductivity can be observed, if a thin layer of an
insulator like silica, aluminium oxide, or evaporated antimony
trisulphide is sandwiched between two metallic electrodes and the
insulating layer is pierced by a beam of fast moving electrons
(fig. 10.14). If such a potential difference is applied between the
two metallic electrodes as to give a field strength of the order of
10% to 10% V/em a conduction current can be observed, which is
many times larger than the bombarding electron beam. PENsak
[390] found by gradually increasing the energy of the bombarding
electrons the conduction current starts when the electrons just
pierce the layer. The multiplication effect is at its maximum when
the amount of energy lost by bombarding electrons is also at its
maximum. The amount of energy lost in the layer shows a maxi-
mum as a function of the energy of the bombarding electrons.
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In the case of a 1-5 u silica layer, for example, the maximum
effect is observed at a bombarding voltage of about 14 kV. With
a gradient of 106 V/em a multiplication of 30 is found. The effect
is still greater at higher temperature and multiplications up to
50,000 have been recently obtained.

Fig. 10.15 shows the way this effect is used in the graphecon.
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Fig. 10.15. Schematic representation of graphecon (PENSAK)

The target consists of a metal plate covered with a film of insulating
material having a thickness in the order of } u. The writing gun
gives a beam of 10,000 eV, which penetrates the film completely,
while the reading beam of 1000 eV scarcely penetrates it. Suppose
the metal base of the target to be at approximately —50 V, the
collector being at zero potential. The writing beam tends to bring
down the surface potential to that of the metal base; the reading
beam restores it to collector potential by the emission of secondary
electrons. So when a picture element is negatively charged by the
writing beam it gets a small amount of positive charge each time it
is being scanned, giving a signal which can be taken from the
resistance inserted in the target lead. A special circuit is needed to
prevent the pulse originating from the opening of the writing beam
becoming visible in the television picture. Different types of tubes
have been developed, including one with a double-sided target.

10.2.4. Storage Tubes for Electronic Computing Machines.

. Iﬂ:}t,he past few years storage tubes have become of importance
for-electronic computing machines. In these machines it is necessary
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to write and read numbers as quickly as possible and to store them
for a controllable time. Many different storage systems have been
proposed, one of them being the storage of electric charges on an
insulating target, i.e. an all-electronic system. We have seen already
that systems with two stable potentials can easily be achieved; if
one potential corresponds to the digit 0 and the other to 1, the
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Fig. 10.16. Storage tube by Dopp, KLEMPERER and YouTH [391]

consequence will be that in this type of storage device it is practical
to write numbers in the binary system.

One such tube, for example, has been developed by Dobpp,
KrempErRER and YourH (fig. 10.16). It is a kind of cathode ray
tube in which the target is similar to that in the iconoscope (fig. 8.4),
but its mosaic is beryllium with superficial beryllium oxide, instead
of silver-caesium, and V,1~50V. A very fine wire screen (40
meshes/cm) serving as a collector is laid in front of the target. Two
guns are used, one giving a focussed beam of 2000 eV electrons for
writing and reading, the other a 100 eV defocussed beam ““flooding”
the target for holding. By deflecting the focussed beam and by
interrupting it opening at discrete deflection positions it is possible
to write a pattern on the target. The authors were able to write
between 256 and 1024 digits on a target of 100 cm?2.

It is obvious that in this system the writing beam always charges
the target surface to collector potential (zero). The differentiation
- between 1 and 0 is made by the positive pulse of 100 V given to
the signal plate when the beam current is opened (fig. 10.17).

It can easily be seen, that the current originating from the holding
gun can retain the stored information, if the negative potential of
the cathode is about equal to the positive pulse applied for negative

I MR
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writing; the ‘‘positive” spots are then held at collector potential
and the negative spots at the cathode potential of the holding gun.
Tor the reading process the signal plate is gated with a special pulse
of 450V in order to obtain signals of different sign. Access to
any spot is possible within 25 us, which gives time for all the
operations necessary for locating and reading or writing the
information.
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Fig. 10.17. Writing process in tube of fig. 10.16
(a) writing positive on positive spot
(b) writing positive on negative spot
(c¢) writing negative on negative spot
(d) writing negative on positive spot

Recently Rajcuman [392] has developed a tube in which a
somewhat similar method of storing, reading and writing is used.
The method of selecting a special spot on the target surface is,
however, quite different. RascamaN has used a flat cathode,
which is able to emit electrons from 256 different areas, each cor-
responding to a different area on the target surface. By means of
an ingenious grid system he is able to select one of the cathode areas
for emission and to prevent emission from the rest of the cathode;
this tube, therefore, does not need the deflection technique used in
other systems.

WiLniams and Kinsur~ [393] have used in their computing
machine the simplest form of electrostatic storage system-—an
ordinary cathode-ray tube with the phosphor screen acting as a
storage surface. The front face has an externally applied metal
coating, which serves as the signal plate. A pattern is written in
the same way as in the system of Dopp, KLeMPERER and YouTw.

When the electron beam is directed at one of the points of the
pattern, this point gets a positive charge and § > 1. Some of the
secondary electrons are distributed over the surrounding area,
causing a negative charge. Thus a potential mountain arises at a
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point P as is shown in fig. 10.18a. Let us call this situation 0.
If the figure 1 has to be written, the beam is moved to an adjacent
area to a point . Now a positive charge is formed at ¢ and the
redistributed electrons will neutralize the positive charge at P.
Thus when the beam moves from P to @ the mountain moves
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Fig. 10.18. Writing *‘0” and ‘‘1” in storage tube by
WirLiams and KiLBURN [393]

from P to @ as well. The situation with the mountain at @ will be
called 1 (fig. 10.18b). Thus the pattern consists of pairs of points,
one corresponding to 0, the other to 1.

Reading and holding occurs at the same time. Suppose the beam
is directed at P. When a mountain is found at P(0), nothing changes,
no signal is obtained, and the beam will be blocked. If, however,
there is a mountain at @ a signal will be observed at P. This signal
can be used for moving the beam to . The old situation will then
be restored and the beam be blocked.

The technique of storing numerical information in electronic
tubes is quite new, and further developments can be expected.
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