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PREFACE
| The material presented in Chapter I on seéondary emission
by electrons and positive‘ ions has been obtained from the published
literature, although an attempt had been made to bring out those
aspects which are relavent to secondary emission by positrons.

In Chapter II the basic suggesfion that positrons might
liberate secondary electrans by a pbtential ejectioﬁ process was
due to Dre S.Ce Curran, who also suggested the use of an electron

‘multiplier for detecting the secondary élcctrons. The more o
detailed discussion on potential ejection by positrons was an
attempt, by ‘the Authoi', to consider the mechanisms proposed by
Hagstrum for positive ions in relation to positronse In the
remainder of Chapter II Part 1 the Author considers some known
differences in the behaviour of positrons and electrons from the
point of view of the secoﬁdary emission of these particles.

The second part of Chapter I, dealing with the proposed experime;;- .
tal mvethod for investigating secondary emission by positrons, is
originale | |

The apparatus was designed by the Author and constructed
with the co-operation of fhe Laboratory workshop Staff., Most
of the electronics was of standard design, but the 8 KV power
supply (Section III.2) and the special low frequency amplifier
(Section V.5) were designed and constructed in the electronics

Laboratory.

ix



The preliminary experiments on the multiplier performence
des'cri'bed in Chapter III were carried out by the Author.

The experiments on the relative secondary emission of elec-
trons and positrons described in Chapter IV, and the first
two experiments in the main experimental investigation using
copper 64 sources, described in Chapter VI, were carried out by
the Author with the assistance of Mr. P, Carmichael B.Sc.
The remainder of the experimental work was carried out by the
Author unassisted, |

The tentative explanations for the results suggested in
Chapter VII are due to the Author, although a number of discussions
on the interpretation of the experiments have taken place,

nota.'bly With Dre S,Ce Curran,

ACKNOWLEDGEMENTS.,

The Author wishes to thank Mre. TV, Pollok and
Mre Je Lindsay of the Electronics Laboratory, rand. Mre. Re Irvine
of the Department Workshops, for assistance in their reépective
fields.  Tharks are also due to Mr. J.T. Lloyd for valuable
adv:l.ce on techniques, especially in connect:.on with high vacuum
systems, ’

‘I"he.Author would like tb expfess his thanks to
¥r, P, Camicha.el for his co-operation in carrying out some of

the experiments,



The Author wishes to record his appreciation of many
fruitful discussions with Dre S.Ce Curran, who suggested the problem
and supervised the research,

Finally the Author would like to thank Professor P.l. Dee
for his continued interest and enu;.:ouragement in the work, and in
particular for a number of. helpful discussions during the later
stages of the research,

The Author wishes to acknowledge the receipt of & DeSeIeRe
Ma.ir;teﬁence Allowance during the period of the research, without

which the work would not have taken place,

xi



SUMMARY

In Chapter I the existing literature on secondary emission
is reviewed from the point of view of possible effects which
might be observed with positrons.e Secondary emission by
eleé:trons of energy ~ 2 KeV has been extensively studied, and work
on positive ions has béen reporteds No work at all on positrons
has been published, and in the energy region covered by the
present research ( ~ 5 = 500 KeV) there has been no theoretical
work and practically no experimental work on electrons.

Some simple theoretical ideas concerning secondary emission
by positrons are put forward in Chapter II, Secondary emission
by "Potential Ejection", which has been observed for positive
ions but is impossible for electrons, is considered as a possible
process for positrons; if such a process can occur for positrons
it would only be predominent for particles with an energy = 1eV,
Sonme known differences in the behaviour of positrons and electrons
are then discussed, from the point of view 6f any effect these
might have on the secondary emission of the particles. It is
concluded that no large differences are to be expected in the
energy range which can be investigated by experiments which are
‘feasible at present. The second part of Chapter II outlines
the basic principle of the experiment, which was to compare the

secondary emission by positrons and electrons of the same energy

xii



under identical conditions of geometry and target surface,
AP‘spectrometer and a copper 64 source, which emitted positrons
and electrons, provided focused beams of particlese The secondary
electroﬁs were detected with an Alien type electron multiplier,

and the number of primary particles was counted with a thin
windowed Geiger counter, .

Chapter III describes the electron multiplier and the
associated electronics, and discusses briefly some measurements on
its performance, |

In Chapter IV a prellmlnary experiment on secondary emission
without using the spectrometer is described, which confirmed
that there were no large differences in secondary _emission by
electrons and positrons at high energies,

Chapter V describes the P- spectrometer and the rotating coil
method used to measure the magnetic field.

Chapter VI describes the main experiments to determine ] ,
the relative secondary emission of electrons to that of positrons.
Some absolute measurements were also made. It was found that
above ~ 50 KeV 7 was sbout 1,04; as the energy was reduced "\
began to rise rapidly, exceeding 2 below 10 KeV. 4s such large
values of'", were not expected'on any existing theory, a very |
thorough investigation was carried out to establish that the

results were not due to any instrumental errors. The final results.
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for platinum, after all the corrections, none of which was very

large, had been applied, were as follows:-

Energy 6.5 10 20 50-500
Kev
1 325 + 115 | 1.7 40,3 | 1.2 201 | 1.04 & 0,025

A copper=beryllium target geve similar results.

In the final Chapter some tentative explanations for the results |
are put forward, For energies greater than 100 KeV a semi-
quantitative theary is given, It was assumed that the secondary
yield was proportional to the energy loss of the pé.rticles, and
that a primary could produce a secondary as it entered the target,
or as it left the target, if it did so as a result of scattering
within the terget. Using recent data on the energy loss of
positrons and electrons, and jbhe results 6f Seliger, who found that
electrons were backscat_tered by ~ 30% more than positrons, values
of"(l of the right order of magnitude are predicf;ed. Below~ 100
KeV the simple theory breaks down, but other factors which become
important at lower energies enable this theory to be extended, so
that it can possibly account for the results down to 20 KeV, |

This extended theory does not seem adequate to explain the

xiv



large values of "lobserved below 20 KeVe Some very tentative
ideas are put forward concerning processes by which positrons
and electrons might liberate sécondary electrons, which suggest
qualitatively that electrons may be favoured. It is concluded
that more experimental and theoretical work is required before

the results at low energies can be understood.
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CHAPTER I

INTRODUCTCRY REVIEW

I. 1 General

I. 1. (1) The Phenomenon of Secondary Emission, Secondary

Emission (hereafter abbreviated to "S.E.") is the liberation
of electrons when a surface is bombarded with particles. It

(1) in 1902, Almost any

was discovered by Austin and Starke
incident perticles can produce secondary electrons, which may
be liberated fram metals and non metals (both conductors and
insulators),  If the target is in the form of a thin foil
secandaries kare liberated on the exit side as well as on the
entrance side,

I. 1. (2) Scope of previous work and aspects to be considered in

" the Introductory.Review. Most existing measurements ha.vg been

made on metals and for secondaries liberated on the entrance
side, This review will be almost entirely restricted to these
aspects of the subject.

SeE. has been extensively studied for primary electrons 3
,Of energy from ~ 50 = 2000eV, lMost work las been done in

this region because, firstly, experiments are simplest and data

N

= Throughout this Thesis the term"electron® will only

be used for a negative electron.



easiest to interpret, and,secondly, because the results have
important applications to electron multipliers. A few measure-
ments have been made on S.E. by electrons of energy less than
50 eV and greater than 2000 eV,
SeE. by positive ions has been studied by a number of
warkers, mainly in the energy range from a few KeV downwards,
There is a report by Berry (2) of SeE. by neutral atoms, and

(3)

by Hereford of SeE. by mesons. No work at all has been
reported on S.E. by positrons.

In this Chapter the existing literature will be reviewed
from the point of view of possible effects which might be
observed with positrons. The impartant features of S.E. by
electrons of primary energy Ep ~ 2 KeV will be summarised briefly,
as many of the basic properties of S.E. are relevent to any
study of the subjects TFor further information about S.E,
in this region there are sewveral good reviews, such as by
McKay () y Pamerantz and Marshall (5) , Curren (6) » Massey and
" Burhop (7), who review the theoretical side in more detail, and
a book by Bruining (6) , which considers many aspects very fully.
Measurements on electrons in the range of energy where
" positrons are easiest to obtain in the laboratory, iee. 5 = 500
' KeV, will be discussed as fully as possible. When the

present research started there was only one report of work on



S.Ee by electrons in this region, although some work had been done
on the reflection of electrons, which is relevant., Work on
positive ions will be discussed, because they can liberate
secondary electrons by an entirely different process, which is
impossible for electrons, but may under certain circumstances
6ccur for positrons.

I, 1. (3) The distinction between true secondary electrons and

reflected primary electrons - Definition of the S.E, coefficient.

For electrons as the primary particles it is necessary to consider
carefully what is meant by the term "secondary electron®. If

the electrons which leave the target are examined as a

function of their energy (denoted by E,), there are three
distinct, but not completely separate groups of particles.

(9)

These are illustrated in Figure 1, due to Rudberg » and consist

of (S), true secondaries with a mean energy of a few eV, (R), elas-
tically scattered (or reflected) primary particles whose energy
is equal to E,, end (U), inelastically scattered primaries with
an energy ranging from Just 1es_s than F..p right dowm to ES.
For E_nr 100's of eV the mmber of true secondaries far

b

exceeds the numbers in the other groups. However, as Ep

is increased, the number of true secondaries falls off, while

the number of reflected primaries rises, and for E3 a few
P

KeV the latter will greatly predominate, TIn fact these
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Figure 1, The energy distribution of the secondary electrons
from silver, according to Rudberg (©) « The energy of the
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Figure 2, The yield for platinum as a function of primary
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scattered primaries can themselves prbduce secondaries and.
the situation becomes rather complex., - High energy primaries
will also give X=-rays, which will lead to secondary electrons,
but this effect will be very small, because, as shown in
Section III 3.(5), the production of secondaries by erays is
an inefficient process, |

If the primary particles are positively charged there is
less confusion, as the true secondaries and reflected primaries
 have opposite signs. The scattered primaries can, however,
still produce secondaries, Throughout this Thesis secondaries
produced by scattered primaries are included in the secondary
yield.

For primary particles of either sign the True Secondary

Emission Coefficient, hereafter denoted by SeE.C., is defined as:

§ = Number of true secondary electrons emitted per sec.
=Number of primary particles incident per sec.

_True Secondary Current
Primary Current

1e¢2s The main aspects of work done on Secondary Emission by

Electrons of energy less than 2 KeV.

1.2 (1) Experimental Methods used to investigate Secondary

Emission. The basic principle of nearly all methods of
determining the yield, i.e. the S.E:C. ® s 1s to allow electrons
from an electron gun to fall on a target inside some kind of

Faraday chamber arrangement, which will enable the primary and



secondary currents to be measured directly.
The energy distribution of the secondaries may be measured
by a retarding electric field method, or by a magnetic method,
An important feature of sll experiments is to have a very
cleen surface, as the presence of adsorbed gas atoms may have a
considerable effect on the yield,

I.2 (2) Results of E.;fcperiments

I.2 (2a) The Yield. Figure 2 shows the veriation of § against
Ep for platinum according to Copelandl (10). Flatinum hq.s the
highest value of yield for a pure metal, but the yie;d cu;'ve for
all other metals is very similer in shape. An interesting
cbservation, first made by Baroody (11) s is the existence of a
"Universal Curve" for metals, If the yield curve is plotted in
the form & /g max 28ainst EP/EP max,whére 8 max 1s the maximum
value of § , end By max the primary energy at which § max OCCUTS,
it is found the points for all metels lie very close to one curve,
called the Universal Curve, This is shown in Figure 3. Another
observation is that with only two or three exceptions the maximum
value of S.ER for all pure metals lies between 0.7 and 1.5, which
- is rather surprising in view of the fact that both density and work
function vary widely over the pericdic teble,

The main features of the yield curve may be understood with

the help of a simple physical picture. A primary electron loses
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energy by producing seeon&ary eiectrons inside thé metal,

| and those liberated near the surface are asble to excape.

For a very slo';r primary all the secondaries produced can
escape,and, &s EP rises, so does the yield, A point is
reached, however, when the primary range, R p,excoeds the mean
range of the secondaries, Rs,and these cannot all escape, but
some ere absorbed. As the number of secondaries produced
per cm, of the primary path decresses when E o increases, if
R ~Ry the yield will be a maximum and will begin to fall if
B, is further increased, At high values of E, (~ KeV) the
yield will continue to fall slowly., The yield curve at high
energies will be considered again in Section VI,5,(3b).

It seems reasonable to suppose that the sbove considera-
tions would apply to S.E. by positrons, and that these
particles would probably behave like electrons in producing
secondary electrons, unless some other factors, not relevant
for electrons, became important. This possibility is examined
in Chapter 11,

I.2. (2b) Dependence of the yield on Angle of Incidence and

Work Function, The yield is strongly dependent on angle of

11} V
incidence, as the curves in Figure 4,due to Muller (12), show,
The rise in§ observed as the eangle of incidence is increased

occurs because the path of the pri.mary electron inside the

metal will lie nearer the surface, allowing more secondaries



to escape, These considerations also apply to high energy
electrons, to high energy positive ions and presumebly to |
positrons. | |

The dependence of S.E. on work function is interesting.
McKey ) has plotted § o e8ainst work function (See Figure 5),
and observed that in genersl a metal with a high work function
has a high S,E, This is surprising and one might have expected
exactly the reverse; eﬁdentiy other factors predominate in
deteminmg the yield, Bruining (13) has shown that for a given
surface a decrease in the work function does in fact result in
an increased yleld, but to a very much lesser extent than for
photo-electric emission. Sixtus (%) suggests that this is
because a change in wdrk funcfion wi.ll probebly be small compared
to the meen energy of the secondaries,

According to Bruining (8) for very low primary energies
(E, 2 50 eV) the work function is predominent in determining the
yield, while at high energies (B x few KeV) density is probably
more important.

As the work function is important in determining the escape
of secondaries, rather than their rate of production, Bruining's
considerations will probsbly aprly to S.E. by positrons through
any process similar to that which occurs for electrons, but not
necessarily for any other pﬁcess by which pc:sitrons might
liberate secondary electrons, ' .
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I. 2 (2¢c) Influence of other factors on the yield. The S.E.

yield seems remarkebly insensitive to a great many factors e.g.
the temperature of the target and whether the target is in the
solid or liquid state. Most factors which do affect the yield
can be shown to produce a change in the work function. Two f‘urther :
factors which are of importance will be mentioned here. The
first of these is the effect of activation, which is of great
importance in relation to electron multipliers, and much work has
been doﬁe on this subjects Figure 6 due to Allen (15) shows the
effect of activation on the yield from a copper-beryllium alloy
(such an alloy was used by the Author)e For further details on
activation the works of Allen (15, 16) should be consulteds The
second factor, which is relevant to the proposed experiments, is
that the yield is independent of the primary current for metals,
(This is not the case fir insulators where local charging up of
the surface can occur). It follows that the work of the Author
using very small currents indeed may be linked up with other

work where large currents ( ~ Ma's) were used.

I. 2, (2d) Properties of Secondary Electrons. The energy

distribution of secondary electrons was mentioned in Section
I. 1. (3)s Further curves showing in more detail the energy
distribution of the true secondaries are shown in Figure 7.
These were obtained by Kollath (17) » using a refined technique,

He observed that all the maxima lay between 1.4. and 2,2 eV,
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and, perhaps rather unexpectedly, the complete absence of any

very low energy secondaries. Bruining (@) has suggested that

the absence of any very slow secondaries may arise from the
internal reflection of very slow electrons at the sﬁrface

potential barrier of the metal, The distribution curves

were almost independent of primary energy from EPN 20 eV

to 1000 eV, At greater values of Ej more high energy *secondaries"”
were observed, but these were probably inelastically reflected
primary electrons,

The angular distribution of secondary electrons has been
studied thoroughly by Jonker (18) , and observed to follow a
cosine law closely. The angular distribution of the emergent
secondaries throws light on the angular distribution at the
point of origin, Jonker concludes from these and other
measurements that this is isotopic.

I.2.(2e) Secondary Emission for Primary Electrons of energy

less than 50 eV, A certain amount of work has been done in

this region on SeE. and on the reflection (elastic and inelas-
tic) of electrons from surfaces. For very slow primaries

no distinction is possible between a true secondary and a
reflected primary, and presumably a value of EIJ is reached
where the primary has insufficient energy to liberate a
secondary, and all outgoing particles are elastically or

‘inelastically scattered primariess This part of the subject



is reviewed by Bruining (8) and will not be considered further
here.

I. 2. (3) Theories of Secondary Emission by electrons of energy

less than 2 KeV.

Secondary Emission is a very complex phenomenon and it
is worthwhile to outline briefly the sort of problems which
have to be solved in any theoretical treatment. The
complexity arises because S.E., unlike photo-eleci?ric emission,
is a volume, rather than a surface, phenomenon. Secondary
electrons are produced inside the metal, and must move through
the lattice before escaping.

The first pro'biem is the "Primary Interaction". The
interaction between a primary ‘particle and an electron inside
‘the metal must be considered and momentum trensferred to the
latter mst be calculatede It is also necessary to consider
the "Primary Energy Ldss ," which determines the energy of a
primary et any depth, on which depends the ability of the primary
to produce secondary electrons. - The last and perhaps most
complicated aspect of the process, is the interaction between
the slow secondaries moving about i#side the metal with
conduction electrona, A secondary may be scattered or ebsorbed
and finally it must retain sufficient energy to penétrate
the surface barrier and escape,

Each of these problems is difficult to solve and at

/
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présent each lacks a satisfactory solution.s Experimental
data which would throw vlight on them is hard to obtain, in
particular regarding the behaviour of both primary and
secondary electrons inside a metal.

A number of theorles of S.E. have been put forward.
Bruining (19), and later J énker (20), have developed a
phenamenological theory, which is basically a mathematical
fomule.ytion of the simple physical picture outlined in Section
1.2.(2a)s It predicts the shape of the yield curve, the
existence of a Universal Curve, and the effect of angle of
incidence fairly well, but requires to assume a number of
experimental paremeters. This tﬁeory is important becausé
it gives physical insight into the Jprocesses involved.

(21)

Quantmn' mechanical theories have been developed by Frghlich

(22)

Wooldridge s Dekker and Van der Ziel (23) and others, and

theories using the free electron approach have been formulated

(11) (25)

by Bg.roody and Kadyschevitsch « Even these more
r:i.gofou_s théories usually reqt;ire to assume experimental
parameters in order to predict the magnitude of the yield.
The general agreement ‘between the cbserved yieid curve and
those predicted by the quantum mecha.nicai and free electron
* theories are shown in Figure 8, due to Brophy (26) .

- Although most theories will predict some experimental results,

11
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other data will often be ::Ln complete dlsagreement with theory,
The best overell picture is probebly obtained with a ‘combina-
tion of different theories. | |

" In conclusion it must be stated that the théoretical
position is not yet very satisfactory and further reliable
experimental data is required before this can be greatly

improved.
I,3c Secondary Emission by Electrons of energy from a few KeV

up to 500 KeV.

I.3. (1) General. This is the region where the Author's work
on SeE. by positrons lies, The range was determined by the
availability of positrons, rather than any considérations as
to which}region migh_t be most interesting to study. In fact
(See Chapter II, Part 1.) one would iike to investigate

S¢E. by much lower energy positrons.

Most of the Author's measurements consisted of comparing
SeEe by electrons and positrons, and in this section the
existing date on electrons will be reviewed. Up to the time
of the Author's work there was, apert from early investigations
by Stehberger (27) and Schonland (26) s only one report of
S.E. by electrons in this region, by Trump and Van de Graaff (29,
They used primary electrons of energy from 20 :— 300 KeV,
Recently a further set of measurements was reported by

Miller and Forter 2%)from ~ 20 KeV extending up to 1.2 MeV.

12



There is no theoretical work at all in this region,
probably due to the increased complexity. The primary energy
loss could be treated by means of the Bethe (31) ionization
formula, which is well established in this region, but that
would oniy be one step towards a theoretical treatment.

The experimental methods used in this region are basically
the seme as those outlined in Section I.2.(1) .for lower
primary energies, the electrons being obtained from an
accelerator, It is impoftant,however, to separate experimentally
the different groups of "secondary"™ particles descﬁbed in
section I.1.(3). To do this a retarding potential meﬁhod was
used, which also enabled the energy distribution of the

secondaries to be measured,

I.3.(2) Experimentsl Results., Figure 9, due to Trump and

Van de Graaff (29), shows the variation with primary energy
of the total secondary yield and the high energy component of
the yield, Figure 10, which is a replot by Allen (16) ¢
l’igure 9 shows the variation with energy of the loﬁ energy
component, assumed to be largely true secondary electrons,
The high energy or reflected component increases with energy

up to E_ ~ 100 = 200 KeV, after which it is practically

b
independent of energy. The constant value reached depends

on the material and is roughly proportional to demsity, The

13
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yield of true secondaries is e decreasing function of energy
in the whole region, but falls more slowly at high primary
energies until it also tends to become independent of energy
between 200 and 300 KeV, Again the value reached is roughly
proportional to the density of the material,

Trump and Van de Graaff observed that much of the low
energy .component of the yield had energies ~ a few eV,
and there were not many particles between 20 eV and 800 eV,
the highest retarding potential used.

There are a few recent measurements of S.E. at very
high primary energy, such as by Pomerantz et aI(LB.Z)at 103 MeV
and Tautfest et al(.jj at 4100 MeV, These are not really
rele\;ant to the present investigation, but did show that the
energy distribution of the slow secondaries was s:unilar to that
observed at low primary energy, and that the yield was nearly
independent of energy.

If a thin target is bombarded with electrons and the
emergent particles are examined;two dlstinct groups are
observeds There is a fast group of transmitted primaries and
a slow group of secondaries, This was examined by Wecker (31")
who observed that the yield of slow secondaries was of the

same order of magnitude as that obtained for secondaries

emerging on the entrance side, This is mentioned here because

14



some of the Author's results suggested that it might be
interesting to observe the S.E. on the exit side produced by
positrons,.

Tolie Seconda_ry_mission by Positive Ions

Teh. (1) Introduction, SeE. by positive ions is in general

quite a different phenomenon to S.E. by electrons. Positive
ions are able to liberate seconda.ty-electroﬁs by an entirely
different mechanism, the process of potential ejection. As
such a process might occur for positrons, this section will
largely be devoted to a consideration of the mechanism of
potential ejection, and in Chapter II the conclusions reached here
for positive ions will be considered in relation to positronse
Before going on to discuss potential ejection a few general
remarks will be made about S.E. by positive ions, The
liberation of secondary electrons by positive ions is very
important from the point of view of gas discharges, where electrons
are produced at the cathode by positive ion bombardment.  SeE.
by positive ions has not been studied to nearly the same extent
as electron induced S.E., largely due to the difficulty of
obtaining homogeneous ion beams, and to the fact that the state
of the surface is of even greater importance than in the case of
electrons. This is because S.E. by low energy-positive ions is
more a surface effect than S.E. by electrons, due to the extremely

short range of slow ions,



The general experiméntal methods are similar to those mentioned
in Section I.2.(1) for electrons. Experimental investigations
of SeE. by positive ions of energy from a few KeV downwards,
where potential ejection is important, have been made by
Penning (35), Jackson (36), Qliphant (37), Healea and
Houtermans (38), and recently by Hagstrum ,39), whose work is
notable because of the care he toc;k to obtain atomically

clean targets. Theoretical work in this energy range has

| 40) 1
been done by Qliphant and Moon ( s Massey (1)

(42)

, Cobas and
Lamb » Shekhter (43) s and Hagstrums The work of
Hagstrum forms the basis of the account giveh belows

Iele(2) The Theory of Secondary Emission by Positive Ions

ToLs (2a) Processes by which secondary electrons may be

liberated. Secondary electrons may be ejected by two processes.

Firstly there is "kinetic ejection", in which the energy
supplied to enable an electron to escape from the metal, éomes
from the kinetic energy of the incident particle, This process
can occur for S.E. by any particle, and it is the only possible
process for electrons. The second process is that of
"potential ejection', and has been considered in relation to
positive ions. In this process two conduction electrons in

the metal are involved; one neutralises the ion, and the excess

potential energy recovered by the ion on neutralisation is

16



availeble to eject a second conduction electron, which appears as
a secondary electmﬁ, The ejection of an electron from the
metal in this way may be considered as & collision of the
second kind between the excited atom (i.e, the ion which has
been neutralised) and a conduction electron, or as an Auger
process by which the excited atom de-excites itself by particle
emission, Oliphant and Moon considered the former while
Hagstrum suggests that the latter is a bette:" representation.
Kinetie e;jeotion predominates for ion energies of more than
a few KeV, and potentiel ejection is favoured at low ion energies,
especially if the ion has a high ionization potential,

Toke(2b)e The mechenism of the liberation of secondery electrons

by potential ejection, Hagstrum copsiders two processes of

potential ejection, These are the "One Stage" or "Direct"

process and the "Two Stage" process, Although the latter is more
probable if energetically possible, the former is simpler and

will be described in order to illustrate the basic mechanism of
potential ejection, The two stage process, and one other possiblé
process will then be mentioned.

The one stage ;procéss. | The potential diagram of an atom

with jionization potential Vi a distance d from a metal with
work function § is shown in Figure 11 (a). ( is the width of the
conduction band end W, =0 + @. While the approaching ion is still

outside the metal, a conduction electron e, with a potential energy P

2
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below the vacuum level,penetrates the potential barrier and
neutralises the ion by falling directly to the ground state.
The excess potential energy of the atom (neutralised ion) is.
equal to Vi = [3 and is available to eject a second conduction

electron e 1 which requires an energy & to escape from the metal.

The kinetic energy of e, outside the metal will be E = Vi -X -5,

1
with a maximm value E_ max. =Vie~2g whenX= p= ¢, and

a minimum value E min. = Vi = 2 Wy, whenX =P= Wy,

- The Two Stage Process. In this process Hagstrum assumes that the

electron,es, "tunnels" through the barrier to a metastable level M
(excitation potential V,), in the ion, This is the first stage
and is illustrated in the potential diagram in Figure 11(b). Itv
follows that this process can only occur if a. suitable metastable
level exists, In the second stage or "Auger de-excitation" a
second conduction electron,e,, falls directly into the ground state
of the atom, and the excess potential energy recovered, Vi -8,
causes e, to be ejected with a kinetic energy Ek’ where

E max, = Vi =X = J, vhenph= @, and E,_ min, = Vi = = W,, when

p _

-'_-'- Wao

In both these processes the excited atom may decay by
radiation, but Shekhter (%3) has shown the probability of this is
very small, The actual yield of segmndary electrons observed

is limited by solid angle coﬁsiderations. :

18



A further process of potential ejecfion. Oliphant and Moon

suggested an alternative process, in which a faster ion entered
the metal before neutralisation. In this case the whole
ionization potential would be available, and if a second conduction
electron was ejected it would have a kinetic energy given by R

Fk = Vi - of , where ¥ is the energy required to extract the
electron from the metal, Hagstrum's experimental results did

not support this process and he suggested (Oliphant's experimental
evidence for it was due to He TTions in the He Tbeam, The process
is included here because it might occur for positrons when no
other process was energetically possible,

I. 4 (2c) Experimental evidence for potential ejection,

‘Hagstrum's experiments yielded much data which supported the
direct and two stage processes of potentiai ejection, The two
most important results were as follows: (1) The observation
that for low energy ions the yield was nearly independent of
ion energy and was larger for ions with a high i‘oniz_ation
potentiale (2) Good agreement between the maxixﬁmn energy of
the ejected electrons, calculated from the expressions above,
and the measured values.

Ioh. (3) Secondary Emission by High Energy Positive Ions,

A little work has been done on the S.E. by positive ions with

energies more than a few KeV, notably by Allen (M")

, Hill et al, (5)

19



(46)
and Aarst et al, s The main features of the yield curve are

a broad maximm at some 100's of KeV and high values of the yielg,
often from 10 - 15, Typical yield curves are shown in Figure 12,
due to Allen,

I,5, Conclusion to Introductory Review

In this Teview an attempt has been made to outline the
scope of the existing work and thus to indicate which aspects
require further study, Of tfhese, S.E. by positrons stands
out, and the fact that no work at all has been done on this subject
is itself sufficient justifi;:ation for the proposed investigation,
This investigation was largely a comparative study of S,E, by
positrons and electrons of energy 500 KeV down to the lowest
energy possible, (In practice this was ~ 5 KeV for positrons),
Other reasons for such a study include the fact that there exist
some interesting possibilities which might make positrons behave
differently from electrons, Of these, one has already been
discussed for the case of positive ions, and will be considered
in relation to positrons in Chapter II, Soame further considera-
tions which might be relevant to S,E, by positrons are also
discussed in that Chapter, A further reason for the proposed
stud& is that there exists so little data on any aspe'cts of S,E,
in the energy region to be investigated, .Also, th_e present

theoretical position is not satisfactory and new data on positrons
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and also on electrons might throw some light on this, in
particular,towards the formulation of a theory at higher energy.

The review has also attempted to bring out the aspects of
the existing literature ﬁhich might be relevant to S.E. by
positrons, As there is no existing work on this it has only
been possible to consider the subject in a general way, rather
than specificslly in relation to positrons,

Most of the basic properties of S.E. by electrons have been
mentioned in the section dealing with lower primary energies.
In the absence of any data on positrons it seems probable that
these general considerations would also apply to S.E. by
positrons, unleass some other factors became important for these
perticles,

The section on high energy primary electrons was included
in order to compare the results of the Author's experiments
on electrons and positrons with existing data on electrons,

The section on positive ions outlined the mechanism of
potential ejection, which is relevant because under certain
conditions ppsitrons might liberate secondary electrons by this
process, and behave more like positive ions than electrons.
Electrons are not able to eject secondaries by potential ejection.
It must be pointed out, however, as stresseq'in Chapter II, that

if the process of potential ejection occurs for positrons it
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would only be predominant for very slow positrons of energy
~ 1 eV or less. It is nevertheless important because it
does illustrate one way in which S.E, by electrons and positrons

could be quite different.
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CHAPTER ITI

PART 1, SCOIE THECRETICAL IDEAS CONGERNING SECONDARY EMISSION

BY POSITRCNS

THere is no existing theory on S,E, by positrons and in
the first part of this Chapter a few simple theoretical
considerations regarding S,E, by positrons will be given,

II, 1. (1),. Potential Ejection as a possible process by

which positrons might liberate secondary electrons,

~ An interesting pos'éibility, first suggested by Curran (47) R
is fhat .under certain con;iitions jpdsitrohs might be able to
liberate secondary eléctrons by a process of potential ejection
similar to that known to occur for positive ions, which was
described in Section I, I (2b)s Such a process would be
impossible for electrons,

If a positron, as it approaches a _metal surface, draws

out a conduction electron from the metal, it may capture this
electron and be neutralised to form positronium, This is
analogous to the caxe of a positive ion becoming reutralised at
a metai surface and the considerations put forward below £ollow
the same general lines as those which were given in Chapter I
for positive ions, The formation of posit;-onium wiJ;l make
available a potential energy V = V; = X where*V; is the
"ionization potential" of positronium and X is the energy

required to extract the neutralising electron, This excess

23



potential energy may produce a radiating transifioh of the
.excited positronium, or cause a second conduction electron
to. be ejected from the metal and appear as a secondary
electron with kinetic energy Vi = V3 - X-[, where b is the
energy required to remove the se;:ond eledtron from the metal,
It must be assumed that the excéss potential energy will be
given up befare the positi'onium annihilates, but this is
probable, as most annihilations occur in the ground state,

It can be shown theore;tically that positronium has energy
levels like a hydrogen atom, except that the reduced mass in
the spectral terms makes the energy levels, E,, one half of -those
for hydrogen, Hence the value of V; for positronium is |
 x 13,6 = 6,8 eV, and Vi = 6,8 -X- Do

The mximm and minimm values of Vi can be determined
as described in Section I, L, (2b) for the direct process of
potential ejection by positive ions, For positrons the low
value of V; leads to the result that Vi min, = 0: V) max, =
6.8 = 2 g, where # is the work function of the metal, It |
follows from the value of Vi max, that if positrons can liberate
secondai'y electrons by this process at all, they will only do so
from metals with 4 £ 3ok eV, .

| It is possible that the fwrther process of potential

ejection suggested by Oliphant and Moon for a faster ion, which



was mentioned in Section L%, (2b), might be favoured for
| S.E. by positrons, In such a process the positrbn is neutralised
inside the metal and all the potential energy recovered is
available to eject a secondary electron; the kinetic energy of the
ejected secondary, Vk, is therefore Vi - [& i,ee 6,8 - 2 . Thus
ell conduction electrons for which FA 6,8 eV are ava;ilable for
e:jec,:tion, and this includes many electrons too deep down in

the conduction band to take part- in the other process, In

that process‘the poSitron in'beracf.é with two conduction electrons
for which (X + B ) « 6,8 &V, The maximm and minimm of Vi
for the second process are given by Vi min = 6.8--??3L where Wa =

jo+ # and = the width of the conduction band and Vi max, = 6,8 - f,
From the value of Vk max, it follows that this process can only
occur for metals with £ ~ 6,8 €V,

There is one very important conside