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Preface and acknowledgements. 

The work described in this dissertation is concerned 

with the design, development and applications of an X-ray 

scanning microscope for microanalysis. It was carried out 

by the author in the Electron Microscope Section of the 

Cavendish Laboratory, Cambridge, between October 1953 and 

September 1957. The first year was mainly devoted·to 

preliminary experiments, the second. and third to the construc

tion and development of the instrument, and the fourth to 

applications~ 

The main line of research was suggested by 

Dr. V. E. Cosslett, and, as described in Chapter 1, the work 

is founded chiefly upon the techniques used in the X-ray 

projection microscope developed by Dr. V. E. Cosslett and 

Dr. W. C. Nixon; the scanning electron microscope of 

Mr. c. w~ Oatley, Dr. D. McMullan and Dr. K. C. A. Smith; 

and the method of microanalysis by X-ray emission developed 

by Prof. R. Castaing. At the outset of the work, there was 

available an RCA electron microscope type EMB, and after 

modification this formed the basis of the instrument. 

Further apparatus was constructed in the Cavendish Main Work

shop and within the Electron Microscope Section. 

The originality of the work lies in the adaptation and 

combination of the techniques mentioned above, particularly 



with regard to the following aspects: the evaluation of the 

performance from the established theory of X-ray production 

and electron optics (Chapter 2); the design of the objective.· 

lens for thick specimens (Section 3.5); and the design of the 

scanning circuits (Section 4.3, Appendix 2). Since no other 

instrument of this type at present exists, the applications 

are aleo original, but several of the problems were suggested 

by others, who are acknowledged below. Wherever other work 

has been consulted, specific reference has been made in the 

text, and, except in the design of the pen recorder, which 

could otherwise have been obtained cormnercially, there has 

been no collaboration with any other research student. 

Two short papers have been published in collaboration 

with Dr. V. E. Cosslett (Cosslett and Duncumb 1956,a and b), 

one of which had first been presented at the Stockholm 

Conference on Electron Microscopy 1956. In addition, two 

papers were read at the Symposium on X-ray Microscopy and 

Microradiography in Cambridge, 1956, and are now in the 

course of publication. 

Throughout the work, I have been grateful for the 

continued interest of my supervisor·Dr. V. E. Cosslett, and 

I wish to thank him for his advice and guidance. All the 

members of the Electron Microscope Section have contributed 

in some way, and I am particularly grateful to Dr. W. C. Nixon, 

Mr. J. V. P. Long and Dr. N. A. Dyson for helpful discussions 

on many aspects of the work. I also wish to thank 



Dr. K. C. A. Smith and others in the Engineering Laboratory 

for several conversations regarding the scanning technique. 

The following have kindly provided specimens or suggested. 

problems: D~. E. Smith of the Metallurgical Laboratory (iron 

carbide particles, EN30A steel ); Dr. G. Nagelschmidt of the 
' 

Safety in Mines Research Establishment (lung section); 

Dr. N. A. Dyson of this Section (beryllium foil); Mr. L. Biek 

of the Inspectorate of Ancient Monuments and Historic 

Buildings (whetstone); Dr. N". S. McPherson of Messrs. Bexford 

Ltd. (film base); Mr. D. M. Blow of the Crystallography 
) 

Section of this Laboratory (chromium plating); and, lastly, 

Dr. D. A. Melford of Tube Investments Research Laboratory 

(mild steel showing cracks), who also took the optical 

micrographs associated with the problem. 

For advice in the design and for construction of 

apparatus, I am indebted to Mr. J. Fuller and members of the 

Cavendi~h Main Workshop, and to Mr. R. H. Pryor of this 

Section. Mr. c. K. Jackson has helped with construction of 

the electronics and has provided two X-ray projection micro-

graphs. I am also grateful to Mr. B. K. Harvey for help in 

the photographic work, especially in the preparation of the 

prints for this dissertation, and to my wife for the typing 

and for tracing the line diagrams. 

Finally, I wish to thank the Department of Scientific 

and Industrial Research for a Maintainance Allowance from 

1953 to 1956, and for a Senior Research Award from 1956 to 



the present time, without which the work would not have 
been possible. 

P. Duncumb. 
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CH.APTER 1 

Introduction. 

1.1 

1.1. Methods o~ X-ray microscopy. 

The field which the present work was designed to 

cover can be clearly seen after consideration of other work 

on X-ray microscopy, X-ray microanalysis and scanning 

microscopy. 

There are three established methods of X-ray microscopy, 

which may be described as contact microradiography, reflection 

X-ray microscopy and projection X-ray microsco:Qy. The contact 

method is the simplest; the specimen is placed in contact 

with a photograph:i.c plate and exposed to X-r8'>7s., which may be 

generated by a standard X-ray tube. The. image formed on the 

film at unit magnification is then enlarged optically, so that 

the resolution can be no better than that a~ the optical. 

system, that is, in the region of 0.2 µ. In order to 

al)proach this; resolution a very fine grain film must be used, 

and, in addition, the specimen must be sufficiently far from 

the X-ray source to avoid blurring from divergence of the 

X-ray beam in the thickness of the specimen. 

Early development of the contact method was slow, owing 

to the lack of a suitable film, but in 1938 Clark (1955) 

initiated. the use of Lippmann emulsion, and the method has 

since become a standard tool in the study and testing of metals. 

The X-ray tube is collD!lonl p.er.ated at 10 - 20 kV and a 
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resolution of 1 µ is attainable. 

Engstr6m (1946) has taken up the biological applicat1ons, 
and he and co-workers have studied bone structures, 
microangiography, ~andmany problems in histochemistry (Engstr8m, 
1953). More recently, experiments have been carried out with 
an X-ray .tube operated at only a few hundred volts (Engstr8m 
and Greulich !956). The X-ray intensity is low, but the long 
wavelengths give sufficient contrast with biologicall. sections 
only 2 µ in thickness, and a resolution of 0.2 µ has been 
achieved. 

In the reflection method, X-rays transmitted through the 
specimen are focussed by reflection at grazing incidence from 
curved mirrors to form a magnified image. The refractive 
index of all substances for X-rays is only slightly less than 
unity, so that the grazing angle must be small and is usually. 
less than .1. 0 2 • Fundamentally, the re.solution is limited t .a 
about 70 i by diffraction of the X-rays, but, in practice, the· 
accuracy with which the reflecting surface can be ground 
imposes· far higher limitations • 

. Kirkpatrick and Baez ( 1946' ) have built a two-mirror 
microscope, in which the reflecting .surfaces are crossed to 
gives compensation for astigmatism, and have obtained a 
resolution of 1 µ over a small field. A rour-mirror compound 
microscope has been proposed by Kirkpatrick and Pattee (1953), 
which is expected to give a resolution of 500 i over a field 
of 20 µ. For this performance, the mirrors must be shaped 
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Fig. 1. 1. The X- r ay projection microscope . 
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with an accuracy of 50 i, and the technical diff'iculty of' 

doing this has not yet been overcome. The alignment alf the 

mirrors is also critical. Because o:f these probu.ems, there 

have been ffew practical applications of the reflect.ion method. 

The projection method of' X-ray rni.croscopu has a more 

direct connection to the present work. An electron-oprt,i caJL 

system (Fig. :11.1) forms a demagnified_ image of a thermionic 

electron source·, the cross-over of' an electror1. gun, on a metal 

f'oil target; the electrons are accelerated thFough a potentia1 

commonly between 5 and 20 kV. An X- -ray source o~ high 

intensity per unit area is thus produced, and is used to proje.ct 

an image of the spec:iimen, which is placed close to it, on to 

a photographic plate or fluorescent screen. The t .arget forms 

the vacuum wall, so that the spec:funen i .s at atmospheric 

pressure. 

In contrast with the contact method, the resolution is 

not determined by the thickness of the specimen. Theresa-

lution is. approximately equal to the d~ameter of the X-ray 

source, which is normally in the region of 0.1 - 2 µ, and is 

limited in pra.cti.ce by electron diffus.i .on in the target. 

The ef'fect of electron diffusdi.on can be reduced at the expense 

of X-ray i ntensity by a decrease in the accelerat:iing voltage, 

which also increases the effective wavelength of the X-rays 

and gives greater contrast. For reasons of' stability, it is 

undestrable that the exposure tJ.me should be greater t han 

about 5 mimutes·, which set s a l ower limit to the X- ray 
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intensity. The optimum accelerating voltage is thus deter-
mined for a particular specimen by requirements of resolution, 
intensity and contrast. 

The electron-optical system normally consists of an 
electron gun and. two magnetic lenses. The first lens is 
weak and acts as a condenser, and the second, the objective, 
is strong and provides most of the demagnification; the 
reason for this arrangement is discussed in Section 2.3. 
The part of the electron beam between the objective lens and 
target may be termed the electron probe, and it is possible 
to deliver a current of about io µA into a probe of diameter 
(at the target) of 1 µ, with an accelerating voltage o~ 10 kV. 

The X-ray projection microscope was proposed by 
von Ardenne (1939) and has been developed by Cosslett and 
Nixon (1951, 1953, Nixon 1952), who obtained a resolution of 
0.5 µ at 10 kV.with a biological specimen, using a target of 
1 µ tungsten foil. Metallurgical and other applications, with 
the accelerating voltage increased to 20 kV, have been 
describe.d by Nixon (1954), together with examples of the use 
of a stereographic technique. 

Nixon (1955,a) has subsequently obtained an improved 
resolution of 0.1 µ with an accelerating voltage of 7 - io kV, 
by the use of a thin gold leaf target only . 0.1 µ thick. 
Electrons. penetrate a target of this thickness so that the 
lateral diffusion is reduced. With this resolution, Fresnel 
diffraction at edges in the specimen is sometimes visible , and 
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astigmatism of the pole-piece of the objective lens, due t :o 
imperfect machining, begins to be troublesome. These factors 
must therefore be taken into account if the resoluti.on is to 
be further improved. 

A comprehensive review of all three methods of X-ray 
microscopy has been given by Nixon {1955,b), and more recent 
progress has been reported at a .Symposium on X-ray Microscopy 
and Microradiography in Cambridge (1956). 

1. 2. Methods of X-rav microanalysis. 
Both the contact and. projection methods of X-ray 

microscopy have been applied to microanalysis. The term 
microanalysis will, in this. discussion, be taken to mean a 
qualitative or quantitative analysis of the elements present · 
in a small amount of materia:l. There are three methods of 
X-ray microanalysis, in which measurements are made of X-ray 
absorption, fluorescence or characteristic emission. 

Microanalysis by the absorption method is carried out on 
a thin specimen, and consists of measurement of the· absorption 
of X-rays passing through a selected area of the specimen. 
The absorption is determineQ for two wavelengths, one on either 
side of an absorption edge of the element to be analysed. 
With a knowledge of the appropriate mass absorption coefficients, 
and of the thickness of the specimen, the mass, per unit area 
of the element can be calculated. 

The absorption method was first used in conjunction with 
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contact microradiography by Engstr8m ( 1946), who applied it to 
biological studies. Monochromatic X-rays with wavelengths 
either side of the absorption edge were used to produce two 
images of the specimen, and the intensities transmitted through 
a given area were compared by densitometry of the photographic 
plate. The monochromatic radiation was obtained with a 
crystal spectrometer, which was used to select suitable 
characteristic emission lines, excited either as primary or 
fluorescent radiation. Engstr8m was able to measure amounts 
of less than 1 mg/cm2 o:r phosphorus and calcium in areas o:f 
bone section about (10 µ) 2 • Further applications of the 
absorption method have been described by Engstr8m ( 1950, 1953) 
and by Lindstr8m (1955), who has used a vacuum spectrometer to 
select wavelengths with sufficient intensity from the 
continuous spectrum. 

Long andCosslett (Sympos'ium 1956) have applied the X-ray 
projection microscope to.absorption analysis, and have used 
exclusively a counting technique for intensity measurements. 
In principle, the projection method is capable of giving better 
accuracy and better resolution than the contact method, as it. 
avoids the difficulties of microdensitometry. Long and 
R8ckert ( 1957) have employed the method to measure calcium in 
tooth sections and have obtained an accuracy of 2 % for 
amounts in the region of 1 mg/cm2• 

The fluorescence method of X-ray analysis has been wide].y 
used on a macro- scale for some years (Birks, Brooks and 
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Friedman 1956). The principle is t~ irradiate the: specimen 
with primary X-rays and to record the characteristic f'luores·.cent 
spectrum which is produced. Owing to the wide variation in 
absorption. of' the primary X-rays with dif'ferent types of 
specimen, a theoretical interpretation of' the intensity of' a 
given emission line is not pos.sibl.e. It is therefore; 
necessary to compare the intensity with that from a specimen 
of' similar but known composition. 

Long and Cosslett (Symposium 1956) have carried out 
fluorescent analysis on a micro- scale by the use of' a 
microf'ocus X-ray tube of the type used for projection 
microscopy. A thin specimen is p;J.aced close toi the X-ray 
source, and an aperture used to restrict the area irradiated 
by the primary X-ray beam. Fluorescent X-rays transmitted 
through the specimen away f'rom the primary beam are detected 
with a proportionaJl counter. In this way an area of' (50 µ) 2 

can be analysed, with a comi.centration sensitiViity of 1 par~ 
in 1000 • A 50 kV microfocus tube and crystal spectrometer 
for fluorescent analysis of thick specimens is in proces.s o:t 
construction. With this it is hoped to obtain a resolution 
of 10 µ and an improved sensitivity. No X-ray image 
formation is, of course, possible with the fluorescence· method. 

' The emission method of microanalysis, in which X-ray 
emission from the specimen is excited by direct electron 
bombardment, i _s the method used in the present investigation. 
An electron probe is formed by a technique similar to that in 



- 8 ..: 
1. 2 

the projection microscope, and is used to generate X-rays at 
a point in the surface of the specimen, which must therefore 
be inside the vacuum system. 

The intensity of a characteristic line of the element to 
be analysed is measured by means of a crystal spectrometer and 
counter, and, to a first approximation, is proportional to the 
concentration of that element. Clearly, only a layer at the 
surface of depth equal to the electron penetration (1 - 2 µ) 
can be investigated, but the method has the advantage of giY.ing 
a relatively high resolution (also 1 - 2 µ). 

Emission analysis on a micro- scale was initiated in 
France by Castaing (1951, Castaing and Guinier 1953), who 
employed a conventional electron gun and two electrostatic 
lenses for probe formation. The accelerating voltage was in 
the region of 30 kV and a current of 0.01 µA could be 
delivereQ into a i µ probe. Location of the probe on the 
surface of the specimen was by means of an optical microscope 
built into the objective lens. Castaing established the 
theory of the analysis (1951, Castaing and Descamps 1955), 
which is - discussed in Section 10.1, and applied the method to 
a study of intermetallic diffusion and to the analysis of 
precipita.te:s. He concluded that analysis was possible with a 
relative accuracy of 1 %, and, though his apparatus could 
only deal with radiation as soft as the Ka line of 22Ti, 
predicted that the method could be .extended to cover all 
elements down to 12Mg. 
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It may be noted that, on a macro- scale, MacDonald and 
Harwood (1955) have succeeded in recording photographically 
the characteristic spectra of elements down to 4B'e, by the 
use of a vacuum grating spectrometer. M:uch work remains to 
be done, however, before quantitative results in this region 
can be achieved on a micro- scale. 

Castaing (1956) has recently built an improved instrument 
with two magnetic lenses and a new type of" optical microscope. 
The range of elements has been extended down to 

17c1. 
Metallurgical applications have included studies of selective 
oxidation, segregations, phase equilibrium diagrams and 
diffusion problems (Castaing, Philibert and Crussard 1957, 
Philibert and Crussard 1956). An accuracy of 1 % has been 
maintained and the minimum detectable concentration was found 
to be 0.2 - 0.5 %. 

An instrument, somewhat similar but having a probe 
diameter of 5 - 10 µ, has been constructed in America by 
Wittry ( 1957). In addition to, using a thermionic electron 
gun, he has also investigated the application of a field 
emission source, but this is not yet easily practicable. 

The difficulty of building the optical microscope into 
the objective lens has been overcome b;w Mulvey (1956), who 
has used a single magnetic lens with the specimen mounted on 
a drum. For observation of the specimen surface the drum is 
rotated through 180 °, such that the point of bombardment is 
accurately located under the cross- wires of an optical 
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microscope outside the electron-optical system. Problems 
similar to those mentioned above have been studied. 

The three methods of microanalysis - absorption, 
fluorescence and emission - are essentially complementary. 
The fluorescence method is best suited to the identification 
of a number of elements in the body of a specimen, and the 
absorption method to the quantitative analysis of a known 
element. By the emission method, only the surface of the 
specimen can be investigated, but rapid quantitative results 
are possible with high accuracy and superior resolution. 

1.3. Scanning microscopy. 

In a scanning microscope, each point in the specimen. 
is investigated in ·turn, and the variation of a given property 
is represented as an image having a point-to-point corres
pondence with the specimen. In the present form of electron 
scanning microscope, for example, the imaging property is that 
of electron scattering, which occurs as an electron probe is 
scanned o.ver the surface of the specimen. Contrast is then 
chiefly due to the relief of the surface. The image is formed 
by collection of the scattered electrons to give a signal, 
which is used to modulate the brightness of a cathode ray tube 
spot scanned in synchronism with the probe. The magnification 
is equal to the ratio of the amplitudes of scan on the cathode 
ray tube and on the specimen. 

Af'ter the early work of von Ardenne (1938) and 
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Zworykin (1945), an electron scanning microscope working in 
this manner was built by McMullan (1952, ·1953), and development 
was continued by Smith (1956, Smith and Oatley 1955). The 
instrument uses two electrostatic lenses to produce a probe 
of minimum diameter 200 i, with an accelerating voltage of 
15 kV. The probe is scanned over about 500 lines on the 
specimen surface by deflection coils between the lenses; 
scattered electrons are detected with an open electron multip
lier and the image is displayed on a long-persistence cathode 
ray tube. Smith has established that, with this mebhod of 
collection, the . low energy secondary electrons are mainly 
responsible for image formation. He has improved the 
resolution from 500 i, obtained by McMullan, to 200 i and 
has applied the instrument to the study of etched surfaces, 
fibres, chemical decomposition of silver azide and the forming 
process of point-contact rectifiers. The main advantages of 
the instrument lie in the low intensity of bombardment of the 
specimen (the probe current is of the order of 10-5 µA), and 
in the ability to examine rough surfaces. 

Two types of X-ray scanning microscope must be recognised. 
In the first, the imaging property is that of X-ray absorpt.ion 
in a thin specimen. This will be referred to as the X-ray 
absorption scanning method. The specimen is·. placed in contac.t 
with a thin foil target, in which X-ray emission is excited by 
an electron probe as in the projection microsca~e. The probe 
is scanned over the target, andi.X-rays transmitted through each 
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point in the specimen are collected by a counter, which 
modulates the cathode ray tube as before. The image thus 
obtained is analogous to that with the projection microscope 
and has similar resolution, but the scanning method gives the 
advantage of electronic control of the brightness and contrast. 

The X-ray absorption scanning microscope was first 
proposed by Pattee ( 1953), who suggested the use of a field 
emitter and single electrostatic lens to form the probe. 
Later, however, he reverted to the hot cathode, but no results 
have so far been published. 

The second. type of X-ray scanning microscope employs 
X-ray emiss~on of the specimen as the imaging property, and 
will be referred to as the X-ray emission s.canning microscope. · 
In this case, the electron probe is scanned over the surface 
of the specimen itself, and the emitted X-rays are detected 
by a counter. 

The method shows one important advantage. By the use 
of an energy resolving device to record only the characteristic 
emission line of a particular element, the distribution of that 
element over the surface can be displayed. In this way, the 
surface distributions of different elements in the specimen 
can be interrelated, and the method can be readily combined 
with Castaing's technique of quantitative analysis. Further
more, the difficulties arising from the inclusion of an opticai 
microscope are avoided, since the electron probe can be 
positioned on the surface by reference to the scanning image. 
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Because of electron diffusion in_ the specimen, the resolut.ion 
(-· l. µ) is considerably inf'erior to that of' the electron 
scanning microscope (- 200 i). There are, however, many 
applications where the lower resolution is adequate, and f'or 

-which the possibility of' a qualitative and quantitative study 
of the elements present is the prime advantage. 
along these lines· was suggested to the author by 

Research 

Dr. V. E. Cosslett, and. results have proved the usefulness 
of' the method. 

1.4. The scope of' the present work. 

The main objective of' the work was. the development 
of' an X-ray emissi_on scanning microscope, with provision :tor 
quantitative analysis by Castaing's method. Two other gaps 
were evident in previous work: f'irst, the application o~ a 
counting technique to absorption analysis and secondly, the 
development of' an X-ray absorption scanning microscope. 
These problems could all be attempted with the one instrument, 
but it was more convenient to carry out the absorption 
analysis separately with an X-ray projection microscope; the 
projection method has the advantage_ over the contact method of 
giving an enlarged.visible image, in relation to which the 
counter aperture can be easily set in position. 

Accordingly, the problem of absorption analysis was taken 
up by Mr. J. V. P. Long in this laboratory, who later extended 
the field to include fluorescent analysis, and the author's 
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work was co:nf'med to emissi.on. anal;wsis: and to the s.canning techniques. The intention was to develop first an X-ray 
absorption scanning microscope, and then, with the experience gained, to make provision for emi ss.ion a.canning and 
quantitative analysis. 

Considerations of X-ray intensity {Chapter 2) are 
fundamental to the design of an X-ray scanning microscope, and a preliminary experiment was carried out to measure the, 
intensity from a projection microscope with a proportional counter • Results are briefly mentioned in Section 2.2. 

.An RCA-EMB electron microscope then became available to form the basis of the proposed instrument and was tested both as an electron microscope and, after slight modification, as an X-ray projection microscope (Section 3.1). Further 
modification of the column (Chapter 3) was made to permit 
collection of the X-rays with a counter, and the electronics was constructed (Chapter 4) to convert it for use as an X-ray absorption scanning microscope. Initially a scintillation counter w~s used, but a proportional counter was als.o shown to be suitable for image formation and to provide a certain degree of wavelength discriminat£on {Chapters 5, 7). 

The objective lens for absorption scanning did not allow collection of the X-rays in the backward hemisphere. The first experiments with emission scanning were therefore 
carried out with thin specimens (Chapter 8), emitted X-rays 
being collected after transmiss.ion through the specimen. 
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A proportional C01lllter was.used, and the ability to show up 

the distribution of a particular element was demonstrated. 

After design of a new objective lens, from which X-rays 

could escape in the backward direction, the instrument was 

used for emission scanning with thick specimens (Chapter 9). 

A crystal spectrometer was also constructed, having an energy 

resolution superior to that of the proportional counter. 

This permitted more precise wavelength selection for image 

formation, and. allowed accurate measurement of the intensity 

of a characteristic line for quantitative analysis. 

At this stage, the possibility was realised of the 

alternative use of the X-ray scanning microscope as an electron 

scanning microscope. The scintillation counter, which was 

originally intended_ for collection of the emitted X-rays with 

no wavelength discrimination, was easily converted for 

recording high energy scattered electrons. The image so 

formed, which displayed the relief of the surface, proved a 

useful complement to the X-ray emission scanning image, which 

gave into·rmation on the elements present. No attempt was 

made to attain the high resolution possible with the electron 

scanning method, but the resolution was certainly better than 

that of the emission scanning method. The mechanism of 

contrast formation is fully discussed by Smith (1956). 

Attention was then concentrated on quantitative analysis 

(Chapter 10), and an accuracy close to that obtained by 

Castaing was achieved. 
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Fig. 1.4 The scanning microscope for 

microanalysis by X- ray emission. 



Amplifier 

Fig. 1.3 

Ddlection 
coils 

Sclnt. 
counter 

X-rays 
or 

I 
electrons 

- 16a -

Specimen 
pen 

recorder 

X-rays reflected from 
crystal OT passed 
directly Into counter 

Prop. 
counter 

Amplifier 

Rate Pulse 
meter anal aer 

Block diagram of the scanning microscope. 

- 16 -
1.4 

The different experimental arrangements employed for 
formation of the scanning image are illustrated schematically in Fig. 1. 2. A block diagram of the present apparatus for 
electron and X-ray emission scanning with thick specimens is 
shown in Fig. 1.3. In the centre is the column, in wh:i1.ch 
the electron probe, forme.d by two magnetic lenses, is scanned 
over the surface of the specimen. The scintillation counter 
and scanning apparatus is shown on the left, and on the right is the equipment for analysis of the X- rays emitted from a 
particular point on the specimen surface. The signal from a 
selected emission line can be passed to the display tube, so 
that, with the probe scanning, the distribution of one element in the specimen can be displayed. 

Fig. 1.4 is a photograph of the instl'1.Ullent, in which the 
colunm is again in the centre, the scanning apparatus on the 
left, and the equipment for analysis on the right. The 
f'unction of each component will be described in detail in 
Chapters 3 - 5. 

The work is, thus seen to be ~ounded mainly upon the probe forming technique used by Nixon in the projection mic·roscope, 
the method of microanalysis used by Castaing, and the scanning 
technique developed by McMullan and Smith. Results so far 
published can be found under Cosslett and Duncumb (1956,a 
and b) and Symposium ( 1956). 
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CHAPTER 2 

Theory of the X-ray scanning microscope. 

2.1. Factors determining image quality. 
The image is built up by coll_ection of a limited 

number of X-ray quanta, and therefore the amount o:t information 
that can b,e obtained about the specimen is also limited. In 
order to calculate the number of X-ray quanta required to 
produce an image of given quality, that is, containing a given 
amount ot information, it is necessary to relate this number 
to the factors determining image quality, which are:- (i) the 
number of elements forming the image, (ii) the maximum bright
ness of an element and (iii) the smallest detectable change in 
that brightness. 

If the fluctuations in the brightness B of an element. 
due to noise in the system are invisible, the minimum 
detectable change SB in the brightness is determined by the 
eye. The contrast threshold of the eye is defined as 

SB 
C = B 

and is a function of the brightness to which the eye is 
adapted and of the angle subtended by one image element at the 
eye. Thus, it the number of image elements N2 is fixed, 
and B is fixed, the amount of information is determined by 
c and is limited by the performance of the eye. 

Suppose now that noise in the system is just sufficient 
· to produce a visible variation in the brightness about the 
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mean value B, and that the noise arises from statistical 
fluctuations in the number of quanta n detected by the 

2.1 

counter for one image element. If Bex;. n , and Sn is the 
variation in n which produces the minimum visible change 
6B in B, then °:: = ¥. Sn is related to the RMS 

.1. fluctuation n 2 by a constant k in such a wa;,, that 
...- kn* d th ""' SB - -k1 hi h . un = ~, an ere4ore ~B = .c = , w c gives n2 

Thus if n ~ (k/c)2 the fluctuations are invisible. The 
const·ant k is given by Rose (1948) as about 4 • 

2.1 

If n < (k/c)2 the minimum change in B that can be 
distinguished from a variation due to noise is greater than 
6,B • The amount of information is no longer limited by the 
eye, and is less than that obtainable with no noise. 

The contrast threshold may be obtained from the direct 
measurements of Blackwell (1946), or calculated, with the 
assumption of certain constants far the eye, by a method given 
by Rose (1948). For typical conditions of viewing the image, 
c = 15 % , so that n must be at least 700 for a noise free 
image. If the image is recorded photographically and the 
print viewed under conditions giving c = 5 % , then n must 
be increased to 6300 for a noise free image and more infor
mation is thereby obtained. 

The problem is more complicated if B is not proportional 
to n, and it is characteristic of most types of cathode ra;,, 



- 19 -
2.1 

tube that the brightness is a non-linear function of the 
applied signal. Unless correction is made for this in the, 
signal amplifier, B is related_ to n more accurately by:-
B oc nY , where y is a constant. If y is greater than 
unity there is a tendency for the noise to be more apparent 
in the brighter parts of the image than in the darker; y is 
normally between 2 and 3. Further non-linearity will be 
introduced by the photographic recording, but both these 
effects will be neglected. 

The total number .of quanta composing a uniformly bright 
image is N2n, and if the image is formed in a time T, which 
will be called the integration time of the image, then the 
total rate of emiss,ion of quanta, or quantum intensity, is 

2.2 

where f is the fraction collected by the counter. Thus if 
N2 , T and f are fixed and c is known for the bri ght ness 
B , the emitted intensity for the maximum amount of information 
in the ima~e is given from equations (2.1 ) and (2.2) as 

2.3 

As will be seen in Section 2.4, i t is necessary to work 
with the minimum intensity nt, in order to secure the best 
resolution of t he instrument. McMullan (1952) and Smith (1956) 
have derived an expression for the minimum probe current in 
the scanning electron microscope in a similar way, but quantum 
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noise assumes greater importance in the present case owing to 

the low efficiency of X-ray production and to the mnall fraction 
collected. 

The quantum intensity can be linked to the probe 

current and accelerating voltage by consideration of the theory 
of X-ray production. 

2. 2. 

2. 2.1. 

The production of X- rays. 

The cont inuous spect rum. 

The energy distribution in the continuous spectrum 

of X-rays emitted from an electron-opaque target has been 

investigated experimentally by K.ulenkampff (1922), and. his and 

other work is discussed by Siegbabn (1925). 
Dyson (1956) has 

reviewed more recent work, and has himself confirmed the 

approximately linear relation between the energy/second/unit 

frequency band I y and the frequency )1 , which can be 
expressed as 

Ly = AZi (y O - l1 ) 2.4 
where . Z is the atomic number of the target element, i is 

the current falling on the target and A is a constant. The 

upper limit v 0 to the frequency is given by the Einstein 
relation 

2.5 
where h is Planck's constant and eV0 the electron energy. 

The relation between Iy and v is illustrated in 

Fig. 2.1 and is taken to hold down to a. frequency v
1

• 

Dyson's work, carried out between 6 and 12 keV, suggests 



- 21 - 2.2 
that v1 is the lowest frequency for which accurate correction 
can be made for X-ray absorption in the target - in his case 
corresponding to 2 - 3 keV. His wovk also shows that, in 
terms of the total energy in the spectrum, the radiation is: 
approximately isotropic. 

Integration of equation 2.4 gives the total energy emitted 
per second as fAZi(Y0 2 - Y12 ) - iAZiY0

2 if V1 << V0 • 

Substitution of v0 from equation 2.5 gives 

2 total energy/sec= t e
2 AZV0 .iV0 h 

2. 6 

so that the efficiency of conversion of electron energy into 
X-ray energy is 1 e2 

:a 2 AZVo • 
h 

Measurements of the constant 
1 e 2 
2 2 A have been made by several workers, and. Compton and h . 
Allison (1935) suggest an average value of 1.1 X 10-9 with 
V0 in volts, which gives A= 3.7 x 10-38 in units of 
vol ts/sec2 • For a copper target at 25 kV, the ef:f'tciency 
of energy conversion is thus 0.08 % . 

band 

The number of quanta emitted per second in a frequency 
dv -is I>' dv · t he relation between h r.~.. and v is h v ' ., 

also shown in Fig. 2.1. The total quantum intensity n
0 in the continuous spectrum between v0 and v1 is ther efore 

}

Yo 

nc = AZi( ~~ - l>) dlJ 
v, 

whi ch gi ves nc = e~i~Vo ln ~~ - {V0 - V1) ~ 2. 7 
where eV1 is the quantum energy of X-rays of frequency Y1 • 
A preliminary experiment was made to check this expression 
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using a proportional counter to measure the total quantum 
intensity from the X-ray microscope built by Nixon (1952), and 
agreement to within 1.0 % was obtained f'or V0 :, l..O, 8 and 
6. 5 kV, with correction f'or absorption made down to 
V lL == 1. 8 kV. 

It was f"ound that the factor ~V0 ln ~ - (V0 - v1 )~ in 
equation 2. 7 could be replaced by o. 40 V 1-0. 7 (.V

O 
- V 1 ) 1. 7 

with an error of' les:s·. than 10 % if' V 0 /V1 is between 1. 7 
and 20. The expression for nc then becomes· 

2.8 

If' V0 >> v1 the total quantum intensity in the continuous 
spectrum then varies as v

0
1• 7 , whereas the. total energy 

(equation 2.6) varies as v
0
2. In the case of' a copper 

target with V
0 

= 25 kV and v1 = 2 kV, equation 2.8 gives the 
number of' quanta per incident electron as 3 x 10-3 • 

2. 2. 2. The characteristic spectrupi. 
Dyson has derived an express-ion for the intensity of' 

characteri·stic: radiation on the basis, of' the experimental work 
of' Stoddard (1934), who has shown that, for an electron-opaque 
target, the ratio 

probability of' an electron producing K ionisation R = of energy eVK 
probability of an electron producing 'continuous' 

quantum of energy > eVK 
is approximately co:imstant with varying electron energy 
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eVO > eVK • The number of K~ quanta nx_ radiated per 

second is thus 

~ = Rwa. x (number of continuous quanta of energy > aVK) 

is the fluorescent yield for Ka radiation. 

Therefore 
\ ))0 

"Jl: : Rwa. Ji:',( .AZi~~ - V ) d V 

and hence 

2.9 

Dyson has confirmed this expression for the Ka radiation of 
copper with V

0 
between 9 and_ 12 kV. Equation 2. 9 is als:o 

consistent with the measurements of Braxton, Baez and 

Kirkpatrick (1945) at 15.5 kV, and of Worthington and Tomlin 
(1956) at 30 kV, but gives a value of 7,c_ ab0ut half that 
calculated by the latter authors from wave mechanical theory. 

As before, equation 2.9 can be rewritten aa a power law 

n.... = 0.40 eAZi Rw (V _ VK)1.7 ---~ h2v.KO. 7 a o 2.10 

which is true for V0 /VK between 1.7 and 20. This is 
consistent with an empirical relation derived by early worke.rs 
referred to by Compton and Allison (1935), which indieated 
that z,c oc:. (Vo - VK)l.65 • 

The quantum intensity in the characteristic l ine can now 
be relat ed t o that in the continuous spectrum from equations 

2.8 and 2.10, which give 
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2.11 

I:f this is evaluated_ :for copper , :for whi ch R = 3. 5 (Stoddard), · 

wa. = O. 39' , and VK = 9 kV, wit h v1 set at 2 kV, then 

nK/nc = 0 :for V0 = 9 kV and increases with V
0 

· to a value 

o:f 0.3 :for V0 = 30 kV. For estimation of the minimum 

quantum· intensity to avoid noise in the image, the contribution 

from the characteristic spectrum can therefore be neglected in 
this case. 

2.3. Formation o:f the electron probe. 

2. 3.1. The Gaussian optics of a two lens system. 

Nixon (1952) has described a method in which two 

magnetic lenses can be used to produce an electron probe by 

demagnification of an electron source, - the cross-over of an . 

electron gun. The first lens, the condenser, is weak and the 

focal length of the second, the objective, is made as short as 

possible to minimise aberrations. Under these conditions the 
demagnification 

M-1 = cross-over diameter 
probe diameter ' 

is given by geometrical optics as 

111 

with the notation given in Fig. 2.2a. 

1 2.12 

In practice ff.2 is 

kept approximately constant, and :r1 set by adjustment o:f the 

condenser lens current to give the required value o:f 
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f . 1 f . - 2 d th t t ""' i or a given ens 1 o< ic , an e cons an OJ. proport ona-
lity depends on the electron energy. It is therefore 
necessary to obtain M-1 in terms of ic, preferably in a 
form that is independent of electron energy. 

At one value of' f1 = f1(0) , the condenser lens focuses 
the cross-over on the back f'ocal plane of the objective and. 
1c1 = 0 • f1(0) can be found f'rom equation 2.12 which can 
be rewritten: 

Lrl = ~s ;
2

u _ 1~~f1}~) 1~ 

If' the lens current to give f 1 = f1(0) is ic(O), ~1 can 
be simply expressed by a dimensionless parameter Ic = ic/ic(O) 
in the form 

1~ 2.13 

The relation of M-1 and r:c2 is linear and. is plotted in 
Fig. 2. 2b, no account being taken of ·the change, of sign in 

ic(O) can be quickly measured at any electron energy, 
since, to a. close approximation, it is· the.t current in the 
condenser for which the probe current is maximum. The 
highest demagnification with the condenser under-focused 
(Ic < 1) is thus (s + u)f2-1 - 1, but with the condenser 
over-focused (Ic > 1) the limit is set by the maximum 
current in the lens. 

The dimensions of the present apparatus with the objective 
lens for thick specimens are such that s = 41.5 cm, 
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u = 21 cm and f 2 = 0.4 cm, so that (s + u)f2- 1 - 1 = 155. 
If ic is set at 0.83 x ic(O) or 1.15 x ic(O) , then 
M-:JL = 50 , and a crosar-over 50 µ in diameter is imaged as 
a probe of Gaussian-optical diameter 1 ~· The diameter of 
the X-ray source is, however, larger than the Gaussian-optical 
probe diameter because of aberrations in the optical system 

. and electron diffusion in the target. 

2. 3. 2. Aberrations. 

Nixon (1952) has discussed the types of aberration 
in an electron probe formed on the optic axis of a two lens 
system, and gives them as spherical aberration, chromatic 
aberration, and astigmatism due to ellipticity of the pole
piece. He has shown that, for a probe diameter greater than 
about 0.1 µ, the chromatic aberration is negligible with the 
normal method of HT stabilisation, and that, with careful. 
machining of the pole-piece, astigmatism is also small. 
Smith (1956) has, in addition to these, considered the 
aberration_ due to electron diffraction at the objective lens 
aperture, but this is again negligible for probes of these 
dimensions. 

The spherical aberration, which alone remains, causes a 
point in the Gaussian-optical image to be spread into a disc 
of confusion, and the bundle of rays representing this point 
has a minimum diameter 

2.14 
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where Cs is the spherical .aberration coefficient of the lens 

and a. the semi-angular aperture of the probe. The aperture 

of the lens is thus chosen to restrict ds to the maximum 

permissible. · 

A new group of aberrations, described by third order lens 

theory (see, for example, Cosslett 1946), appears if the 

electron probe is deflected away from the optic axis, and 

becomes increasingly important as the deflection an.g];e .: is 

increased. The largest useful angle of deflection is taken 

to be that- at which the resultant aberration becomes appre

ciably larger than the spherical aberration alone; and can be 

estimated from the data of Liebmann and Grad (1951). 

For a ray making an angle a.' with the axis of the probe 

-{'Fig. 2.3), the radial component Ari · of the deviation from 

the first order image point is given by 

~ri = a1ri3 + a2ri2a.'f + a3ria.'2f2 + a4a.'3f3 

where a1_4 are the aberration coefficients arising from 

distortion (a1 ), astigmatism and curvature of field (a
2
), 

coma (a3 ) and spherical aberration (a
4

). Liebmann has 

2.15 

• determined these coefficients experimentally- for a lens 

excitation and geometry similar to those of the present case, 

and with his values: it can be shown that Ari is less than 

the maximum value a4a.3t 3 of the spherical aberration term 

for any a.' up to a. and for any deflection .ri up to 

approximately ri = a.f. 

· A magnetic lens has three further aberrations, ·the 
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anisotropic components of distortion, astigmatism and coma, 

which arise from the rotation of the electron beam in the lens 
field, but a similar treatment shows that the same deflection 
limit is applicable. The electron probe can therefore be 

deflected up to a distance of about af, which is the radius 
of the lens aperture, away from the axis without the total 

aberration becoming appreciably greater than that due to 

spherical aberration. If the diameter of the X-ray source is 
d, the number of lines N across the diameter of the lens 

aperture is therefore limited to 2af/d, and, with substi

tution of a from equation 2.14, this becomes 

2 ~2 d ~
1
/

3 
N - - -6 f - d C • 

s 
2.16 

At this point, the reason why the objective lens was 

chosen as the strong lens. is apparent. The alternative method. 
of probe formation is to make the first lens strong and the 

• second weak, as in the double condenser system in recent 

electron microscopes. This has the advantage that the focus 

is brought well outside the lens system, but suffers from 

increased aberrations. The relevant spherical aberration 

coefficient, for example, is that of the weak lens, which may 
be 100 times larger than that of the strong lens, so that 

the angular aperture of the probe would have to b,e drastically 
· reduced if this system were used. Little quantitative 

information is available regarding the variatlon of off-axis 

aberrations with lens· power, and equation 2.16 for the maximum 



. ' . 

- 29 -

number of scanning linea may not be valid. The angle of 
deflection would certainly be decreased, however, and the 
alignment of the lenses, would be more critical. 

In the production of ai point source of X-rays with an 
electron probe, a further effect can be classed as an 
aberration - electron diffusion in. the targe·t. As the 

2.3 

electrons, are absorbed they are scattered sideways throughui 
distance of the s.ame order as the .depth of penetration. This 
effect has been studied by 1the luminescence of single crystal 
phosphors by Ehrenberg and Franks (1953), who observed that, 
with a crystal of dens·i ty close to that of copper, the electrons 
were diffused through a hemisphere of radius approximately 
equal to the depth of penetration. Cosslett (1954) has 
suggested, and experience with the X-ray projection micros.cope 
has shown, that the effective X-ray emission takes place in. a 
smaller volume, and it is proposed to take the diameter °:P 
of the 'disc of confusion' due to electron diffusion as equal 
to the depth of penetration. 

The Thomson-Whiddington law (Whiddington 1914) states 
that 

2.17 
where eV is, the electron energy at depth x in a target of 
density r . The depth of p.enetration, defined as the value 
of x at which V: 0, therefore varies as the square (eV

0 )2 
of the energy of the incident electrons. Later work, reviewed 
by Dyson (1956), has shown that, except possibly for elements 
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of high atomic number, this is not far in error for energies 
of 5 - 30 keV. Thus ~ can be expressed as 

KV 2 
dp = ~ 2.18 

where K is a constant, determined by Terrill (1923), equal 
to 2.5 x 10-12 with dp in centimetres and V0 in volts. 

For small angles of deflection, the diameter of the . 
X-ray source is thus seen to be some combination of the 
Gaussian-optical probe diameter with the discs of confusion 
du.e to spherical aberration and to electron diffusion. 

2. 4. Optimum conditions for a point source of X-rays. 
The maximum current which can be delivered into a 

probe of given Gaussian-optical diameter is limited by the 
emission of the electron gun. 

Langmuir (1937) has related theoretically the axial 
current density ja at the image of the cross-over of a 
thermionic electron source, to the current density jc at the 
cathode. With an aberration-free optical system 

where eVe is the most probable energy of electron emission 
at the cathode. Since V0 >> Ve and sin a• a 

· Vo n2 = Jc - "" Ve 

Haine and Einstein (1952) have shown that the theoretical 

I 

II 

I 
I 
I 
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current density can be closely approached in practice, with the 
normal type of tungsten filament gun operated with jc in the 
region of 2 amps/cm2• They have also checked Langrnuir's 
prediction that, away from the axis, the current density falls 
off according to a Gaussian distribution. 

With these assumptions, Smith (1956) has; given an 
expression for the total current i falling into a probe of 
Gaussian-optical diameter do as 

V !k,2 i = 0.62 jc -O a&n- -Ve 4 - - · 2.19 

where the fraction 0.62 is consistent with the definition of 
d0 as the diameter at which the current density has fallen to 
1/5 of that on the axis. 

Although the aberrations cannot strictly be regarded as 
imposing a further Gaussian spread on each point in this 

distribution, it is a better approximation to assume this 
rather than a linear spread. The diameter of the X-ray source 
is therefore obtained by addition of the aberrations in 
g_uadrature so that 

d2 = Clo2 + dS2 +- Clp2 2.20 
do2 is given in terms of the g_uantum intensity nc by 
substitution in eg_uation 2.8, of · the probe current i from 
eg_uation 2.19, which yields 

d 2 s and dp2 

2.21 

are given by equations 2.14 and 2.18, so that 
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equation 2. 20 for the X-ray source diameter be.comes 

which can be written. as 

d2 = X 2 n + Y a6 + Z Vo4 . a Vo(Vo - V1)1.7 2. 22 

where X, Y and Z are constant for a particular target, 
obje,ctive lens and. cathode temperature. 

For a certain quantum intensity nc, the semi-angle of 
the probe a anQ the accelerating voltage V0 are set to 
make d a minimum~ that is, to give the best resolution. 
Differentiati~n of equation 2.22 with respect to a shows 
that this occurs when ds2 = 0.33 <1o2 ; differentiation with 
respect to V0 , assuming (V

0 
- v1 )1.7 N v

0
1.7, gives 

~ 2 = 0.67 d0
2 • Equation 2.20 then gives the following 

relation between d and the optimum values of do, ds and 

d = 1.4.clo = 2.4.ds = 1a7.~ 
The optim-qm values of a and V0 are thus obtainable in 
terms of d from equations 2.14 and 2.18, and are 

_ ( 2 • _g_:.) 1/3 
a - (C

8 2. 4) 

(f. . d )1/2 and Vo = ( K L 7) 

2. 23 

2.24 

2.25 

Finally, the insertion of these optimum values in equation 
2.21 gives the minimum X-ray source diameter d. for a given 
quantum intensity nc: 
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(....f._)1.35. 1 d4.02 
(1.7K) 2 

so that .m0 varies approximately as d4 and is given by 

_ o. 043 eAZjc ~ 1• 35 d4 
nc - h2v10.7v c 2/3 Kl.35 e s 

2.26 

It is of interest to note that a similar treatment, in which 
d. is minimised for a given total energy of emitted X-rays, 
instead of a given quantum intensity, also leads to approxi
mately a fourth power variation with d and there is little 
difference in the optimum relations between d, do, ds and 

The sharpness of the minimum in d for a given n 0 can 
be obtained from equation 2.22 as a. and V0 are varied about 
the optimum values, and it can be shown that a 30 % variatLon 
in a. or V0 either way from the optimum leads to an increase 
in _ d of less than 25 %. The optimum values of a. and V 0 

are thus not critical. Evaluation of equations 2.24 and 2.25 
for typical values of C8 = 0.4 cm, f: 8.9 gm/cc (copper 
ta~get) ~d d = 1 µ, gives the optimum values of a. and V

0 
to be o. 06 radians·. and 15 kV. 

2. 5. Heat flow in the target. 

Under certain conditions the quantum intensity from 
a source of given size may be limited not by the performance 
of the electron gun, but by the temperature rise in the target. 
Almost all the energy absorbed from the probe is dissipated as 
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heat, only about 0.1 % being used for the production of X-rays, 
and calculation shows that, except for targets thinner than a 
few hundred Angstrom units and of low thermal conductivity, 
cooling by radiation is negligible. Heat is therefore 
transferred from the source only by conduction, which wil1 be 
discussed under two headings: 
( a) 

(b) 

Thin target (thickness t N electron penetration p). 
Thick target (t >> p). 

(a) Thin target (t N p). If t = p, the energy of 
the probe, neglecting back-scattering of electrons, is entirely 
absorbed by the target and is converted into heat throughout 
its thickness. To a first approximati.on the heat flow is 
parallel to the surface and the isothermal surfaces are 
cylindrical (Fig. 2.4a). Cos.slett (1952) gives the heat flow 
under these conditions, which apply to the X-ray projection 
microscope, as 

E(cyl) = 2~At (Tr - TR) 
ln(R/r) 2.27 

where A is the thermal conductivity, and TR and Tr are 
the temperatures at distances R and r from the axis of the 
probe, corresponding to the target ho+der and edge of the 
X-ray source respectively. The temperature within the source 
is greater than Tr by an amount N 0.1(Tr - TR) depending on 
the distribution of energy dissipation across the source, but 
this small increment will be neglected. 

If t < p, some of the electrons pass through the target 
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and only part of the probe energy is converted into heat. The 
fraction of the probe energy absorbed can be obtained from the 

• Thomson-Whiddington law (equation 2.17), and it can be shown 
that, for a given probe energy and source diameter, the rise of 
temperature Tr - TR decreases as t is reduced, reaching a 
value for t << p half that for t = p. Thus, for a target 
of unknown thickness t < p, as often occurs in practice, the 
rise of temperature is no greater than that calculated on the 
assumption that t = p. The conditions for energy dissipa-
tion are, of course, worse when the probe is entirely absorbed 
by a particle supported on a: thin film. 

(b) Thick target (t >> p). If the target- is thi.ck 
compared to the electron penetration, the heat flow has a 
component perpendicular to the surface and the isothermals are 
approximately hemi-spherical (Fig. 2.4b). 
heat flow is given by 

E(spher) = ~rl/'RTR.L 

and since · R >> r 

In this case the 

E(spher) = 27rAr (Tr - TR) 2.28 
Comparison with the heat flow E(cyl) for the same temperature 
rise in a target of the same material of thickness t = p, 
yields 

E~spher) _ £ 1 (R/) E cyl) - t n r 2.29 

If 2r = t and R/r = 1000, then ~t!H)r) = 3.5, and this 
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ratio changes. only slowly as R/r is varied. A thick target 
can thus dissipate more energy than a thin target of the same 
material, but the most important factor in determining the 
maxim'Wil energy dissipation is the thermal conductivity, which 
can vary for differe~t materials over a range of 103 or more. 
Some improvement is to be expected if the probe is scanned 
sufficiently rapidly, that equilibri'Wil is not attained in the 
time that it remains on one image element. 

The X-ray quantum intensity for an electron-opaque target 
when limited by target heating can now be obtained by insertion 
of the appropriate expression for E in equation 2.8, 
rewritten in the form 

2.30 

. where E = i VO • The optimum relations between do, d8 and 
dp derived for the intensity limited by the electron gun no, 
longer apply; it is best now to restrict E to the maximum 
permissible by reduction of do and da with respect to 

KV 2 and if thes_e can be reduced far enough then d = <ip = To 
Substitution for V

0 in equation 2.30, with the assumption 
that (V0 - V1) 1• 7 - V0

1• 7 , then yields 

• 

n _ 0.40 eAZ (!) 0 •
35 E d0.35 c - h2v10. 7 {K) • • 2.31 

For a thick target E o<.- d (putting 2r = d in equation 2. 28) 
and for a target of thickness equal to the penetration this is 
again approximately true (putting t = d in equation 2.27). 
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Therefore, for limitation by target heating 

n ex. dl. 35 
C 

2.6 

whereas for limitation by the electron gun it was found that 

n oc. d4 
C 

The foregoing considerations of the X-ray quantum intensity 

required to avoid quantum noise, and of the limitations to the 

intensity av~ilable, can now be combined to determine the 

performance of the X-ray scanning microscope in its two modes 

of operation - absorption scanning and emission scanning. 

2. 6. 

2. 6.1. 

Theoretical performance of the X-ray scanning 

micro scope. 

Absorption scanning method. 

The geometry of the X-ray space in the arrangement 

for absorption scanning is shown in Fig. 2.5. The specimen 

is adjacent to the target and the diameter of the counter 

aperture is chosen so that the cone of X-rays passing through 

it diverges in the specimen by less than the diameter of the 

X-ray source~ _ If the source diameter is d and the specimen 

thickness a, the fraction of the total X-ray emiss,ion 

collected by the counter is ( d/4a)2 • · Equation 2. 3, for the 

minimum intensity required to make quantum noise invis~ble, 

then becomes 

(4a) 2 
(d) 

As a typical example the target is taken as copper, having 

lr 
I 

I 
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a thickness· equal toJ the electron penetration, and the counter 

aperture is chosen to give an unspoilt resolution with 

specimens. having .a thickness a up to 

a = 100d 

The integration time T is. determined by the pers:istence 0£ 

the display tube and. is taken as T = 5 sec, also k = 4 and 

C = 15 %. 

Therefore 2.32 

nt is> put equal to nc , .which is given for gun limitation by

equation 2.26, and with the following values:-

A = 3.7 x · 10-38 V/sec2 v1 = 2 kV 

Z = 29 

jc = 2 A/cm2 

f = 8. 9 gm/cc 

the equation becomes 

N = 2. 6 x 1.09. d2 

Ve::: 0.25 V 

Cs= 0.25 cm 

K = 2.5 X 10-12 

(Gun limited) 2.33 

For heat limitation nc is given by equation 2.27 for 

cylindrical cooling and. by equation 2. 31, and the values 

~ = 0.9 cal/crn/sec/oc 

Tr - -TR = 1000 °c 
yield 

R/r = 1000 

(Heat limited) 2.34 

Finally, the maximuxm number of lines. from consideration 

of deflection aberrations is given from equation 2.16, setting 

2.4.ds = d and f =Cs= 0.25 cm: 

N = 0.75.d-2/3 (Deflection limited) 2.35 
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These relations between N and d for a copper target 
are shown graphically in Fig. 2.6. It must be emphasized 
that the theoretical treatment cazf _only be considered approxi
mate, but the following conclusions can be drawn for this 
example. 

A noise-free image of about 200 lines can be obtained 
with a resolution of 2 - 3 µ. In order to achieve this the 
current density in the probe must be the maximum the gun can 
provide, the target temperature close to the melting point and 
the probe deflected through as large an angle as possible 
without off-axis aberrations. The required accelerating 
voltage and probe current are about 25 kV and .- 25 µA 
respectively. In practice (Section 3.1), the probe current 
to melt a copper target was somewhat lower than expected, and, 
in order to give a convenient margin, it was not normally set 
at greater than half the theoretical value for melting. 

2. 6. 2. Emission scanning method. 

In contrast with the absorption scanning method the 
resolution is not dependent on the solid angle of the collected 
X-rays, which can therefore be made as large as is practicabie. 
With the objective lens for thick specimens the effective 
counter aperture is 4 mm diameter at 16 mm from the specimen, 
so that a fraction 3.9 x 10-3 of the total emission is 
collected, instead of 6.2 x 10-6 with absorption scanning. 
Equation 2.3, with the same values for T, c and K as for 
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absorption scanning, now becomes 

N2 = 2.8 X 10-5 nt 

Two specimens, having widely different thermal conducti
vities, will be taken as examples - pure copper and a typical 
rock. For copper, the three relations between N and d, 
giving the limitations due to the gun, heating in the specimen 
and off-axis aberrations, are obtained in the ~ame wa:y as for . 
absorption scanning; the relevant equation for heat flow is 
2. 28. The numerical values assumed are the same, except that 
Cs= f = 0.4 cm, as is appropriate to the objective lens for 
thick specimens, and the relations, are 

N = 5.6 X 1010.~ ( Gun limited) 
N = 2.6 x 106• do. 575 (Heat limited) 

N = 1. o. d- 2/ 3 (Deflection limited) 
The gun and deflection limitations are shown graphically in 
Fig. 2.7; the limit due to heating is off the graph and is 
never reached. It is seen that an image of 400 lines with 
a resolution of 1 µ is attainable, and this requires an 
accelerating voltage of 15 kV and a probe current of 1 µA. 

For a rock specimen, the following constants were assumed, 
but woµld vary widely with the type of rock: 

A. = 4 X 10-3 cal/cm/sec/OC (Kaye and Laby 1948) 

z = 14 (mean) Tr - TR = ·400 °c 

~ · 
= 3 gm/cc 

and the limitations are 

N = 1.8 X 1010. d2 (Gun limited) 
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N = 6.2 x 104.d0• 675 (Heat limited) 
N = 1.o.d-2/3 (Deflection limited) 

These are also shown in Fig. 2.7, and the heat limitation is 
now important, owing to the relatively low thermal conductivity. 
An image of 200 lines is possible, with a resolution of 
2 - 3 µ; this would require an accelerating voltage of 25 kV 
and a probe current of o. 2 µA. 

Theory thus indicates that a useful image having a 
resolution of the order of 1 µ, can be obtained, both by the 
absorption and by the emission scanning method. Development 
of the microscope, first for absorption scanning and later fo,r 
emission scanning, was therefore commenced with the foregoing 
principles in mind, and experiment showed that the theoretical 
treatment was not far in error. 
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Fig. 3.1 The RCA-EMB electron microscope. 
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CHAPTER 3 

The elec;tron-optical system. 

Preliminary experimental work with the RCA-EMB 

ele.ctron microscope. 
3. L 1. Electron microscopy. 

3.1 

Af'ter the initial experiment, mentioned in Section 
2.2, with the X-ray projection.microscope built by Nixon, an 
RCA electron microscope type EMB became available to form the 
basis of the proposed scanning instrument. This has three 
magnetic lenses and. is shown in Fig. 3.1. The accelerating 
voltage is variable from 30 to 60 kV, and the power for the 
gun and lenses is generated. by valve circuits in the rear of 
the instrument. A resolution of 50 i was obtained by the 
previous worker, after correction had been made for pole-piece 
astigmatism. 

In order to provide experience in its operation, the 
instrument was used for a short time as an electron microsco~e. 
Several specimens were examined, including some oxide smokes, 
and. Fig. 3.2 shows cubic crystals of magnesium oxide at a 
magnification of 70,000. The dark and light bands 
associated with some crystals are due to Bragg reflections in 
a strained. region. The resolution appears to be about 70 i, 
and. the performance was therefore considered to be satisfactory. 
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3.1. 2. X-ray microscopy'. 

The next step was. t ·o c-0nvert the electron microscQ>Pe for use as an X-ray projection mic:roscope. It was intended 
t o use an accelerating voltage of 20 - 30 kV, in which region the scanning microscope was expected to operate, and particular points, to be noted were the resolution, exposure time and limit on target loading due: to melting. 

The conversion was made without the need to dismantle the column. Two lenses only were r equi red, and it was convenient to use the objective and projector lenses as condenser and 
objective respectively (Fig. 3.3). The new condenser required no pole-piece, and the new objective accomodated the pole-piece from the objective lens of the electron microscope. The pole-piece carried the aperture, target and grid test specimen. 

The: .. ::fluorescent screen or photographic plate, each about 
3 x 2 cm in size, was mounted. in the electron diffraction 
chamber at a fixed distance of 6 cm below the target. The only significant difference from the conventional X-ray 
projection .microscope was that the target no longer formed the vacuum wall; the specimen and plate were in the vacuum. For measurement of the probe current, the target was insulated 
from the aperture and holder, and earthed through a microannneter. 

Results are illustrated in Fig. 3.4 which shows 
200 mesh/inch copper grid and 800 mesh/inch silver grid, at 
a magnification of 330. The target was 3 µ copper foi1, 
the accelerating voltage 30 kV and the probe current 1 µA. 

I' 
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The light lines running down the centres of some of the silver grid bars reveal flaws, which are also visible under the 
optical microscope. The resolution appears, from the width of these lines, to be about 2 µ. This is. consistent with 
the prediction of the Thomson-Whiddington law with Terrill's 
constant (equation 2.18) that, under these conditions, electron diffusion would be expected to enlarge the X-ray source to 
about 2i µ.. 

The expa,sure time for Fig. 3.4 was 1 minute, so that, if it had been possible to reduce the target - plate distance 
from 6 cm to the more normal value of 2 cm, it would have 
been only 7 seconds. Comparison of these figures for 30 kV with the experimental data of Nixon (1952) for 10 kV indicates a factor of 10 in the exposure time if other conditions 
remain unaltered. This cannot be used to deduc:e the relative X-ray intensities with any degree of accuracy owing to the lack of information on the characteristics of the photographic 
emulsion and its: X-ray absorption. The .ratio does, however, 
appear to b~ consistent with the ratio 8:. 5 of characteristic plus continuous quantum intensities, predicted from equations 2. 8l and 2. 11. 

In a separate experiment, the Thomson-Whiddington law 
was again verified by progressively increasing· the accelerating voltage until electrons penetrated a foil of known thickness, 
which was determined by weighing. The onset of penetration. 
was marked by a rapid increase in brightness of the fluorescent 

i 
I 
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screen. For a copper foil of thickness 3.02 ~' this occurred 
at a voltage of 33 ± 2 kV; which is in good agreement with 
the value of 33 kV predicted by the Thomson-Whiddington law. 
Similar conf'irmation was obtained with a foil of 1 µ tungsten. 

From theoretical considerations of the heat dissipation 
in the target (Section 2.5), a foil of 3 µ copper would be 
expected to melt when the current in a 30 kV electron probe, 
giving an X-ray source 2t µ in diameter, reaches about 26 µA. 
In order to check this figure experimentally, the· probe current 
was slowly increased by adjustment of the gun and the condenser 
lens, and the best focus was maintained until the target was 
punctured. The X-ray source diameter was less than 5 µ but 
was difficult to estimate·accurately. The current at which 
the target melted was reproducible to within a few microamps, 
the mean value being 20 µA. This showed that the theoreti~al 
value of 26 µA was not greatly in error. 

The final experiment carried out with the instrument as 
a projection microscope was a check of the magnitude of the 
off-axis aberrations in the electron probe. Deflection coils, 
fed by variable DC, were installed in the column, and test 
grids were photographed at various aniles of deflection up to 
0.1 radian. At this angle, which was the maximum to be used 
in the scanning microscope, the resolution deteriorated by less 
than 2 µ. This is in agreement with equation 2.15, which 
predicts an enlargement in probe diameter of about 1 µ. 
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3. 2. General design of the electron-optical system. 
From the foregoing theory and confirmatory experiments, it was possible to lay down the general design of the electron-optical system for the scanning microscope. A system of two magnetic lenses with the normal type of electron gun was expected to give a satisfactory performance, limited by the electron gun, heating in the target or deflection 

aberrations (Figs. 2.6 and 2.7). The gun and deflection 
limits were shown to depend on the spherical aberration 
coefficient of the objective lens (equatio~s 2.16, 2.26), 
which was therefore designed to have as short a focal length as possible. This meant that the focus would be inside the lens, and that it would be necessary to deflect the electron beam before the lens. 

The system, therefore, uses deflection between the lenses, as in the scanning microscope of McMullan and Smith (Section 1.3), and is otherwise similar to the two lens X-ray projection microscope, for the design and construction of which there was adequate data available. It is to be contrasted with the proposed scanning microscope of Pattee (Section 1.3), which employs a field emitter, single electrostatic lens and 
deflection after the lens. 

The RCA-EMB electron microscope provided a good starting point for the project, since the electron gun and condenser 
lens, vacuum system and power supplies needed little or no 
modification. There was no need to invert the column, as in 
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the projection microscope, and the gun and condenser iens 
could remain in the same position. The lens toi be used as 
objective had to be supported in such a way as to leave space around it for the attachment of counters and spectrometer, 
and suffic,ient length of column above it for the deflection 
system. Since the volume of the column was to be reduced, 
no air iocks were considered necessary, so that the pumping 
system could be simplified. The only modification desirab1e in the power supplies was, reduction of the minimum accelerating voltage from 30 kV to 10 kV. For experiments below this 

range, a separate supply was availab)le. 

3.3. The electron gun and condenser lens. 
The gun in the., RCA-EMB electron microscope is. of 

conventional design, consisting of a tungsten hairpin filament, flat grid aperture, and anode concave towards the filament. 
It was originally intended to be used with z.ero grid bias, the grid being directly connected to one side o~ the ~ilament. 
Previous workers had, however, modified this gun to operate 
with self-b,ias, varied by switching in eight different 
resistors between cathode and grid. It was possible to adjust the height of the filament without breaking the vacuum, but not to centre it. The whole .gun could be tilted and traversed 
relative to the condenser lens during operation. 

In view of the need for a controllable and stable beam 
current for quantitative X-ray measurements, two modifications 

I 
I 
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were considered necessary. First, it was desirable to alter 
the bias system to giv.e a smoother control of the beam current. 
A self-bias arrangement was preferred to battery bias or to 
bias from a resistance chain across the high voltage, since 
with self-bias any tendency for the beam current to drift is 
largely compensated by the corresponding change of grid bias. 
This choice was later conf'irmed by Long, who tried all three 
methods for absorption analysis (Section 1.2). It has the 
disadvantage that the resistance must be varied in steps by a 
multi-way switch, as the high resistance required is not 
available in the form of a rheostat. 

In the present biasing arrangement (Fig. 3.5) the beam 
current can be varied from 1 to 100 µA, provided that the 
filament is at the correct height relative to the grid aper-
ture. A 21-position switch gives sufficiently small steps, 
each increasing the beam current by a factor of 1.25, and 
suitable resistance values were chosen from the data of Haine 
and Einstein (1952). These ranged from 3.25 to 450 megohms, 
which made -it necessary to reduce leakage in the switch by 
painting round the studs with anti-tracking .. compound. · .· ·The 
whole assembly fitted conveniently inside the existing corona 
shield. 

The second modification consisted in fitting controls for 
centring the filament during operation of the gun. This gives 
direct correction for wander of the filament during a long run, 
which can otherwise cause fluctuations of a few percent in the 
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Fig. 3.7 Bias system and electron gun. 
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current. in the electron probe. It also makes the initial 

centring of a new filament in the grid aperture much less 

critical, and removes the need for flashing the filament in 

vacuum before mounting. This modification was easily carried 

out on the RCA gun by enlarging the hole H (Fig. 3.6) and 
rounding the flange F. 

The filament support can thus be 

pivoted about the flange in two perpendicular directions by 

screws at the top, turned by insulated rods projecting through 

the gun shield. Operation is smooth and it is possible to 

maintain the probe current constant to within i % should any 

drift of the filament occur. 

The filament height is adjusted by the screw shown, 

accessible only when the high voltage is off. 
The filament 

itself is a hairpin of .004" diameter tungsten wire and the 

tip is set in the plane of the grid aperture, which has a 

diameter of 2 rmn. The bias system and gun are shown in 

Fig. 3.7 with the corona shields removed. 

No alteration was made to the existing tilt and traverse 

controls for the gun, nor to the condenser lens, which is 

operated with a current of up to 120 mA. 

3.4. The beam deflection system. 

The deflection system is housed inside the colunm 

between the two lenses and scans the electron probe in two 

dimensions over the surface of the target or specimen. From 

consideration of the lens aberrations with a deflected probe 
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(Section 2.3), the system was designed to deflect the electron beam to a maximum angle at the objective lens aperture of 0.1 radian. For the beam to pass through the aperture at such an angle it must be deflected twice along its path. Electrostatic deflection involves the use of impracticabl ~ large voltages under these conditions, and it was therefore decided to employ magnetic deflection in an arrangement similar to that used by Smith in the electron scanning microscope. 
The path of the beam, deflected in one dimension , is shown in Fig. 3.8. The first set of coils deflects the beam through e1 away from the axis of the column, and the. second .set returnsit through e2 to intersect the axis at the objective lens aperture at an angle 63 = 62 - 61. The ratio 62J'e1 is constant for small angles and is determined by the geometry of the system. Each set of coils consists, as in Smith's design, of a hollow sg_uare of Ferroxcube made from four mitred bars, with identical windings on all four limbs. Opposite coils are wound so as to produce assisting fields at the centre, and corresponding pairs, line and frame, in the two sets are connected i"n series. Each set is clamped at the corners as in Fig. 3.9, which shows only one pair of windings, and a brass shield down the middle prevents the insulation on the windings from becoming charged. 

• For e3 = 0.1 radian, considerations of the size and inductance of the second set of coils made it desirable that 62 should exceed 63 by as little as possible, and the two 
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sets are therefore separated asfa~asspace permits. In 
addition, the second set is placed close behind the lens 
aperture, so that the beam remains in the homogeneous part 
of the deflecting field when e3 is large 9 but not so close 
that the iron of the lens acts as a magnetic short circuit. 
The dimensions chosen with the two objective lenses used are 
given in Fig. 3.8. 

The number·of turns in each set of coils was fixed for 
the thin-specimen objective lens after some preliminary DC 
experiments with similar coils in the positions chosen • 
Simple theory gives the magnetic field required to deflect a 
25 kV electron beam through 0.1 radian in a distance of 1 cm as 50 gauss. It is not easy to calculate the number of 
ampere-turns which will produce an equivalent field for coils of this type, owing to the spreading of the field. The DC 
experiments suggested that 50 ampere-turns for each limb of 
the second set would be suf:t'icient, and would. be balanced by 
5 ampere-turns in the first. This is conveniently given by 
25 mA flowing through 2000 turns per limb in the second set 
and 200 in the first. With these values the inductance is 
small enough to avoid all but slight ,distortion of the image; 
at the same time the current may be supplied by small power 
valves. No allowance was made in the calculation, however, 
for the reduced. efficiency of the outermost turns, and the 
deflection obtained in practice with these coils was 
O. 08 radian. 

, I 
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When the thin-specimen objective lens was replaced by the lens for thick specimens, the number of turns per limb in the second set of coils was reduced to, 1300 to give the correct ratio of 6:a/e1 f'or the new geometry. The maximum angle of deflection was reduced to 0.05 radian, but the increased focal length of the new lens preserved the same area of scan at the specimen. 

As will be described in Section 4.1, it is necessary to switch off the electron probe at the end of each line scan to give a reference black level to the display tube circuits. This is accomplished by deflecting the beam away from the objective lens aperture, by means of an extra pair of windings on the first set of coils. The required angle of deflection is only 0.01 radian and 100 turns per limb are sufficient. 

3. 5. Objective lenses. 
3. 5. 1.. Objective lens for absorption and emiss.ion 

scanning with thin specimens. 
The f'irst objective lens to be used in the scanning microscope was the projector lens from the RCA electron microscope. In the same unit, there is a separate lens and specimen chamber for electron diffraction work, neither of which was used. It is not possible to extract X-rays radiated in.the backward hemisphere, and the lens is therefore only suitable for the study of thin specimens; the X-rays are collected on the axis of the column after passing through the 
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specimen (Fig. 1.2a, b). The X-rays may be generated eitheP 
by a thin foil target adjacent to the specimen (absorption 
scanning) or by the specimen itself (emission scanning). 

The pole-piece used in the lens was one designed by a 
.previous worker for the objective lens of the RCA electron 
microscope. It is symmetrical, having a bore of 5 mm and 
a gap of 3f :rmn, and has provis.ion for correction of astigma
tism by means of iron screws adjustable in the brass spacer~· 
The normal focal length was 2t :rmn, which, for 25 kV electrons, 
was produced by a current of 130 mA in the lens winding of 
13, OOO turns. Thus, with the maximum probe deflection of o. os radian, the raster covered a square of side 0.4 mm on 
the target or specimen, and, at this lens power, was rotated 
through about 90 ° by the action of the lens field. The 
aperture, target and specimen were accomodated in a holder 
fitting into the pole-pi ece from above. 

For absorption scanning, the X-rays were collected through 
a beryllium window 1/16" in diameter either by a scintilla
tion counter attached to the underside of the objective lens, 
as shown in Fig. 3.10a, or by a proportional counter. 

Slight modification was required ~or emission scanning, 
since it was found, with grid test specimens, that the X-rays 
produced by electrons passing through the holes and striking 
the beryllium window were many times more intense than the 
X-rays emitted. by the grid bars. It was therefore necessary 
to deflect the transmitted electrons away from the window. 

I 
I 
I 
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This was accomplished by mounting the window on the end of a 
short length of tube projecting below the lens (Fig. 3.10b), 
and deflecting the electrons into the wall of the tube by means 
of a small permanent magnet. The point of impact at the wall 
was screened from the window by an aperture. The X-rays were 
collected by a proportional counter, which was supported less 
than i cm away from the protruding beryllium window. 

3. 5. 2. Objective lens for X-ray emission and electron 

scanning with thick specimens. 

With the experience gained from the use of the 

objective lens for thin specimens, a new objective lens was 
designed with provision for collecting X-rays emitted from 
the surface of a thick specimen. Later it was found to be 
also possible, with no modification to the lens itself, to 
collect scattered electrons, so that the apparatus could be 
used either for X-ray emission scanning or for electron 
scanning (Fig. 1.2c, d). 

Particular points to be borne in mind in the design of 
the lens were that the focal length must be no longer than a 
few millimetres (Section 3.1), and that the X-rays must be 
collected at as large an angle to the surface as possible to 
reduce absorption in the specimen (Section 10.1). The 
specimen surface must be normal to the axis of the lens, since 
the depth of focus of the electron probe, with the semi-angular 
aperture normally used of 0.05 radian, is only of the order 

11 
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of 10 µ. 
If the specimen is mounted inside the pole-piece 

and the X-rays are collected through the pole-piece gap, these 
points are satisfied. 

Moreover, the pole-piece should be at 

the top of the lens so that the second set of deflection. coils 

is not too :fl'ar removed from the aperture. 
Further consideFa-

tions were that the specimen should be movable. in three 

dimensions, and insulated from the lens to permit measurement 
of the incident current. 

The pole-piece (Fig. 3.11) is asymmetric in form to allow 

as much room as possible for movement of the specimen, and 

was designed ffrom the data of Liebmann (1955,a). 
The upper 

and lower bores are 3 mm and 6 nnn respectively, and the gap 
is 6 mm. 

.An excitation of 1650 ampere-turns gives a focal 

length of 4 mm for 25 kV electrons, and the focus lies in 

the plane of the lower pole face. 
With the maximum angle of 

deflection of 0.05 radian, the electron probe scans a square 

of side 0.4 mm, and, as before, the raster is rotated through 
about 90 o. 

The two halves of the pole-piece are machined 

from soft iron and held together by a brass spacer to form a 

single unit, which may be inserted and clamped into the lens 
from underneath. 

Two holes in the spacer allow X-rays to 
leave the pole-piece through the gap. 

The aperture is 

contained in a holder which fits into the upper bore of the 

pole-piece, _ and may be removed from above. 

The complete lens is shown in Fig. 3.12. The 

scintillation counter for formation of the scanning image is 
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mounted on the left hand side, and is arranged in this diagram 

for X-ray collection. 
The phosphor is located behind a 

beryllium window, 0.005 11 in thickness, just outside the 

pole-piece gap, and the light generated passes along a perspex 

light guide to the cathode of the photomultiplier, which is 

clamped to the outside of the lens. 

On the right hand side, X-rays pass out of the lens to 

the spectrometer and proportional counter for analysis. The 

window is again just outside the pole-piece; it is 1/8 
11 

in 

diameter and consists of o. 005 " beryllium foil. 
"Mylar" 

plastic foil only 0.0005 11 in thickness is sufficiently 

strong as a window and absorbs less of the X-rays, but in the 

present arrangement was difficult to hold firmly in position. 

The tube through which the X-rays pass out can be filled with 

hydrogen instead of air to reduce absorption, and is inclined 

at an angle of 20 ° to the surface of the specimen. 

transmit a cone of X-rays of semi-angle 5 °. 
It can 

The top surface of the lens is coned inwards so that the. 

deflection coils can be close to the aperture, and has a 

groove to locate the deflection coil holder. 
The lens 

winding, consisting of 13,000 turns ot 28 SWG double silk 

covered wire, is in one section below the X-ray exits, and 

requires 125 rnA to focus 25 kV electrons. 

The specimen is mounted. at the top of a tube pushed up 

from.underneath the lens. 
rt is held in a detachable cap, 

which accomodates specimens up to 1/8" diameter and 3/8 
11 
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long. 

The lens can also be used f'or absorption scanning, as 

X-rays transmitted through a thin specimen can be collected 

through a window at the bottom of' the tube. 

The specimen tube is gripped by two 0--rings, the lower of' 

which f'orms the vacuum seal. 
Screws which bear on the disc 

carrying the lower 0-ring allow the tube to be tilted about 

the upper 0-ring, and by this means the specimen can be 

adjusted laterally with an accuracy of a few microns. 
Verti-

cal movement is provided by a screw which locates the bottom 

of the specimen tube, an~ which is made from an insulating 

material to isolate the specimen tube from the lens. The 

tube can also be independently rotated. 

The probe current meter, through which the specimen tube 

is connected to earth, is a mirror galvanometer, critically 

damped by an .Ayrton shunt to give three ranges of' approximately 

1 cm, 10 cm and 100 cm per microamp. 
The current indicated 

is less than the true probe current owing to the back

scattering of electrons f'rom the surf'ace of' the specimen. 

For an iron specimen this reduction is 20 - 30 %. 

For quantitative measurements of the X-ray intensity it 

was later found necessary to eliminate electron-induced 

contamination of the specimen (Section 10.2). This was 

accomplished by cooling a surface close to the specimen. A 

third hole was bored into the pole-piece gap from the front 

to allow a copper rod, which is cooled outside the lens by 

izmnersion in liquid air, to be inserted to within a short 
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distance of the specimen (Fig. 3.13). Heat insulation is provided by a stainless steel sleeve, soldered to the rod outside the lens and fitting into an 0-ring seal at the centre. 

3. 6. The complete column. 
A drawing of the complete column with the thick-specimen objective lens is given in Fig. 3.14; the previous arrangement with the thin-specimen objective was the same except for the position of the second set of deflection coils. Apart from the modifications to the electron gun already described, the upper part of the column as far as the condenser lens is unaltered from the RCA electron microscope. Beneath the condenser there is a small chamber containing the first set of deflection coils. This is mounted on the main section of the column, which is taken from the original electron microscope and embodies an adjustable platform for centring the colunm above it. The second set of deflection coils is contained in the bottom of the main section and located on the objective lens, which is· supported by a framework attached to the floor. 

in Fig. 1. 4. 

The external appearance of the column is shown 

Only one aperture is used in the column, positioned in the principal plane of the objective lens (Fig. 3.11), and no spurious electron reflections. have been noted. Access to the aperture is obtained through a door at the bottom of the main section. The door carries four glass-to-metal seals 
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for the current supplies to the second set of deflection coils, 
and also a small fluorescent screen which can be moved into 
the electron beam for aligning the gun and condenser lens. 
The screen is viewed through a glass window in the front of the 
main section. 

The electron beam is shielded from stray magnetic fields 
between the lenses by a mu-metal screen around the first set 
of deflection coils, and by a further mu-metal tube extending 
down to the second set. Slight intensity modulation of the 
electron probe is still present, resulting from stray AC field 
above the condenser lens where there is no screen, but this 
has a negligible effect on image qualityL 

The column is evacuated through manifolds between the gun 
and condenser lens and in the main section, as in the electron._ 
microscope. In addition, a. junction is made through a plate 
attached to the bottom of the objective lens so that the lens 
is pumped on both sides of the aperture. Demountable joints 
are sealed with flat gaskets or 0-rings, not shown in Fig. 3.14. 
The pumping system is conventional, consisting of a rotary 
backing pump and the RCA oil diffusion pump with reservoir 
and bypass ; the RCA flap valve was replaced by a plunger 
type of valve operated from the front of the column. The 
working vacuum, as measured above the !'lap valve by a 
calibrated ionisation gauge, is better than 4 x 10- 5 rrnn Hg. 
The gauge built into the instrument is of the thermocouple 
type, and is useful in the range of -3 1 - 10 mm Hg. It is 
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necessary to let the whole colu..rnn down to atmospheric pressure 
to change the specimen, but a working vacuum is regained in 
5 minutes. 
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CHAPTER 4 

Equipment for formation of the scanning image. 

4.1. General design. 

The equipment for image formation was designed to be suitable for both the X-ray absorption and emission scanning methods; the difference lies mainly in considerations of 
X-ray intensity (Section 2.6). Later it was found possible to use the s:ame apparatus with little modification for electron scanning. Formation of the image with X-rays of a selected wavelength, being a method of analysis, is describ:ed in the next chapter. 

It is seen from the theory leading up to equation 2.3, 
that the X-ray intensity required to make quantum noise 
invisible is reduced by using a long integration time in the formation of the image. The integration is carried out most simply by displaying the image on a cathode ray tube with a long afterglow. This type of tube is also helpful in the 

location of the electron probe on the specimen surface for 
emission analysis; the image persists for long enough after the scan has been stopped to allow accurate visual positioning of the spot on the selected feature. For this purpose, the position of the spot must at all times directly represent 

that of the probe. 

The integration time used for calculations in Section 2.6 . was 5 seconds. An image then persists at a useful brightness 
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for approximately 20 seconds, which is about the longest time convenient in practice to wait for a new image after specimen movement or change of magnification. 
Ideally, the display tube should be able to resolve the number of lines which would cover the maximum area scanned by the electron probe without overlapping. This number was related to the X-ray source diameter in Section 2.6, and lies in the .region of 200 - 400 : :eor the X-ray absorption and emission scanning methods. A display tube was chosen which can resolve about 300 lines at a brightness suitable for 

• photographic recording, so that it is sometimes necessary to increase the magnification, by reducing the area scanned by the probe, in order to see the finest detail in the image. Lt has the advantage, however, of requiring a low anode voltage, and is electrostatically deflected. The corresponding number of lines for the electron scanning method, to which the 
microscope was later made convertible, is in the region of 1000, so that some advantage would be gained by replacing this tube by one having a better resolution. 

The scanning circuits must therefore be able to generate a raster consisting of at least 300 lines. However, in cases where the available ~uantum intensity is low - e.g. 
for absorption scanning at low voltages - it is desirable to use only part of the display tube screen, in order to reduce the effective number of lines in the image. It is sometimes an advantage to accompany this by a corresponding reduction 
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in the number o~ lines in the raster in order to avoid over-
lapping. Line and frame frequencies should not, therefore, 
be interlocked and it was decided to employ simple sequential 
scanning with free running time bases. 

The upper limit to the line frequency is set by the· 
inductance of the deflection coils in. the column. Distortion 
of the sawtooth waveform of the current becomes appreciable 
at about 150 lines/sec with the maximum amplitude of scan, 
but this limit could be increased at the expense of' simplicity 
in the deflection coils and scanning circuits. Also, there 
is the condition that the line frequency must be at least 
fifty times the lowest frequency passed (at half maximum power) 
by the signal channel. If this is obeyed, the drift in the 
DC level of the signal during the period of one line, due to 
the discharge of the coupling condensers in the signal channel, 
is less than 12 %, and this produces a negligible effect on 
the image. Without the use of' unduly large coupling conden
sers, the lower half-power frequency passed by the signal 
channel can be made about · a c/s. From these two conside-
rations, the line frequency was chosen to be about 
150 lines/sec. 

The ratio of line frequency to frame frequency is equal 
to the number of lines in the raster, so that the frame scan 
must normally be operated at i frame in 2 seconds. This 
means that 2t frames occur in the integration time of the 
image, so that about 5 frames are required to build the image 
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brightness up to maximum, af'ter which it remains approximately 
constant. To reduce the number of lines in the raster below 
300, the frame frequency must be increased and the amplitude 
of scan reduced. Control of the time bases must therefore be 
as flexible as possible. 

In the electron scanning microscope of McMullan and Smith 
it is necessary to make the frame frequency a submultiple of 
the mains, in order to stop movement in the image due to the 
action of stray mains fields on the electron probe. This is 
unnecessary in the present instrument as the pro,be diameter, 
about 1 µ, is comparatively large. However, some precaution 
of this sort may have to be taken if :full use is to be made of 
the resolution attainable with the electron scanning method. 

At the end of each line the DC component of the signal 
at the display tube must be restored to its correct level. 
For this purpose the electron probe is switched off during 
the line fly-back, so that a pulse is transmitted giving the 
zero signal level, which is clamped to a fixed potential at 
the grid of the display tube. 

The theoretical performance is attained if noise in the 
signal arises only from the statistical ,fluctuations in the 
number of quanta representing each image element - a condition 
which is satisfied_ by the use of a scintillation. counter to 
detect the X-rays. This requires only a small additional 
amount of gain to modulate the display tube, so that amplifier 
noise is negligible. In addition, it may be used to colliect 
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scattered electrons instead of emitted X-rays. 
The period of the highest frequency that the signal 

channel must pass is about twice the time spent by the scan on each image element. In. the present case, therefore, the upper half-power fre~uency passed. by the signal channel must 3002 · be 2 x 2 : 22 kc/s. If this value is exceeded, fluctuations of the signal within the period of one image element may cause unnecessary enlargement of the spot on the display tube. 
To summarise, a display tube was chosen having a screen with an integration time of 5 seconds and a res:olution of 300 lines. The time base frequencies were set at about 

150 lines/sec and t frame/sec for normal use, but provision was made to, vary the number of lines in the raster and to 
reduce the area scanned, both on the specimen and on the 
display tube. A scintillation counter was chosen as the 
X-ray or electron detector and the signal channel was designed to pass frequencies from 3 c/s to 22 kc/s. 

In the remainder of the chapter, the scintillation 
counter, time bases and display tube are described in 
sufficient detail for an understanding of the function each fulfils; the circuitry is dealt with more fully in Appendices 1 - 3. The equipment is situated to the left of the column in the present arrangement, as shown in Figs. 1.3 and 1.4. 

4. 2. The scintillation counter and amplifier. 
The scintillation counter comprises a phosphor and_ 
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a photomultiplier tube, and is used as a detector either of 
emitted X-rays or of high energy scattered electrons. The. 
action of scintillation counters is discussed fully by Birks 
(1953). Light produced in the phosphor by the absorption of 
an X-ray quantum or an electron is conveyed to the cathode of 
a photomultiplier, which gives a current pulse of magnitude 
roughly proportional to the energy absorbed. No use is made 
of this property of energy resolution in the present case, as 
it is relatively poor compared to that given by the 
proportional counter, nor are the individual pulses resolved 
at the normal rate at which quanta are absorbed. The average 
photocurrent, therefore, is approximately proportional to the 
total energy absorbed in the decay time of the phosphor, which 
must be short compared to the period of one image element. 

Because the charges liberated at the photocathode by 
X-ray quanta of different energy are not the same, the 
fluctuation in the photocurrent is greater than that calculated 
in the theory of Section 2.i, where each quantum was assumed 
to carry equal weight in determining the image brightness. 
In view of the approximate nature of . the criterion of noise 
visibility, however, this effect is neglected. 

The ways in which the scintillation co,unter is used for 
absorption, emission or electron scanning differ only in the 
type and. mounting of the phosphor. For the absorption 
scanning work the phosphor was placed directly on the photo
cathode, (Figs. 4.1a, 3.10a). Initially, a crystal of sodium 
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iodide was used, about 3/8 11 square and 1/16 11 thick, and 

was sealed in a container to avoid discolouration rrom 

moisture in the atmosphere. 
X-rays entered through a glass 

window, about O. 0005 11 thick, on the upper side and light 

passed out through a glass plate on the lower. 
The ins:ide of' 

the container was coated with magnesium oxide to ref'lect as 

much light as possible on to the photocathode. 

Sodium iodide was used successf'ully f'or some time, but 

the crystal had to be cleaned f'requently, as it was di:t':t'icult 

to make the container completely airtight. 
For this reason 

it was eventually replaced by anthracene, which is unaff:t'ected 
by moisture. 

Anthracene gives about half' the light output 

of' sodium iodide (13 compared to 27 photons/keV absorbed), 

so that extra gain had to he provided by the photomultiplier. 

However, the signal-to-noise ratio was apparently unchanged, 

implying that the use of' anthracene entailed no loss in the 

ef':t'ective number of' X-ray quanta f'orming the image. 

For emission scanning, with the objective lens for thick 

specimens, the phosphor is separated f'rom the photomultiplier 

by a perspex light guide (Figs. 4.lb, 3.12). 
This enables 

the phosphor, which is again anthracene, to be placed adjacent 

to the beryllium window near the centre of' the lens, and the 

photomultiplier to be mounted outside the lens. The 

anthracene is surrounded by a metal collar, which is attached 

to the end of' the light guide and coated on the inside with 
magnesium oxide. 

The ef'ficiency of' light collection is 

I I 
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further improved by a reflecting foil of aluminium, transparent 
to the X-rays, covering the open end of the collar. 

The arrangement for electron scanning is similar (Fig. 
4.1c), but the phosphor is brought inside the vacuum by a 
longer perspex rod to which the vacuum seal is made. 
Scattered electrons can then impinge directly on the phosphor, 
but the trajectories are curved owing to the action of the 
lens field. For this reason, the phosphor is brought to a 
distance from the specimen of the order of the radius of 
curvature of the trajectories, which, for 25 keV electrons 
moving normal to the maximum field in the gap, is about 2 mm. 

For collection of scattered electrons a plastic phosphor 
is used, which has the advantage that it can be machined 
accurately to fit inside the restricted space in the pole-piece 
gap. The phosphor is in the form of a rod 3/16" in diameter 
cemented, outside the gap, to the perspex light guide. The 
end is bevelled and covered with a film of aluminium to reduce 
light losses and to prevent stray light reaching the photo-
cathode from inside the column. The film also serves to 
discharge the phosphor and is connec,ted to earth through a 
brass sleeve. 

The plastic phosphor has an even lower light output than 
anthracene (2 photons/keV), but this is more than balanced by 
the greater intensity of electrons leaving the specimen 
compared to X-rays, and by the larger solid angle subtended 
at the specimen. At 25 kV with a copper specimen and with 
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a given current in the probe, the light falling on the photocathode is about 300 times more intense with the arrangement for collecting scattered electrons than with that for emitted X-rays. If the plastic phosphor were used for both purposes, with an electron-opaque covering for X-ray collection, it is estimated that the ratio of light intensities would then be about 200 • 

The photomultiplier has a photocathode 3/8 "in diameter, and 11 stages of multiplication. It is operated at a voltage of between 600 and 2000 V, which is derived from a stabilised supply and varied to give the required gain in the signal channel. The photomultiplier and the resistance chain which supplies the dynodes are housed in a metal case, and are shown in Fig. 4.2. The signal from the anode is passed through a condenser to isolate the high voltage, and into a cathode follower unit attached to the bottom of the case. 
The output from the cathode follower is taken to the amplifier, which gives a fixed gain of about 80. From the amplifier the signal passes to the grid of the display tube, where the peak- signal required for viewing is about 10 volts, and for photographic recording about 1f volts. The lower and upper half-power frequencies passed by the signal channel are 3 c/s and 25 kc/s respectively; the upper limit could easily be extended to about 150 kc/s if a higher scanning speed should become desirable. 

I 
I I 
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4.3. The scarming circuits. 

The scarming circuits comprise line and frame time
bases, each arranged to feed one pair of deflection plates in 
the display tube in synchronism with the corresponding 
deflection coils in the column. The optimum line and frame 
frequencies were discussed in Section 4.1, and, for normal 
operation, using the maximum area of the display tube, are 
150 lines/sec and 0.5 frames/sec. 

The line time-base supplies the X-plates of the display 
tube with sawtooth voltages of 130 V peak-to-peak, balanced 
so that the mean potential of the plates is constant. Similar 
voltages are generated by the frame time-base, but these are 
subsequently attenuated to compensate for the greater 
sensitivity of the Y-plates. The deflection coils in the 
column require a current varying from + 25 mA to 25 mA 
for the maximum scan of the electron probe, and line and frame 
coils are of equal sensitivity. Under these conditions t he 
i mage magnification is about 200. It may be increased up 
to a maxim'Ulll of about 2000 by reduction of the current to 
the coils with the same output to the plates. The output 
valves which feed t he plates and the coils are directly 
coupl ed, so t hat , when the scan i s stopped, the el ectron probe 
may be set at a desired point in t he spec i menby r ef e r ence to 
the position of the display t ube spot. 

The time-bases are constructed on separate chassis 
contained in one unit beneath the di splay and monitor tubes, 

I 
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as shown in Fig. 4.3. They are similar in design and the arrangement of the controls is identical. The potentiometers varying the peak current in the deflection coils are linked externally by a chain drive, and together control the magntti-cation. With the full area scanned on the displaw- tube, the line and frame frequencies are variable by the sweeQ speed controls from 50 - 250 lines/sec and 0.25 - 2 frames/sec. The area scanned on the display tube may be reduc·ed, in conjunction with the area scanned on the specimen, in two; ways. First, the line and frame amplitudes may be reduced with the frequencies unchanged, and hence with a constant number of lines in the raster. Secondly, the amplitudes may be reduced with the line frequency and frame sweep speed kept constant. This preserves the original spacing between lines. In each case the arnpli tudes can be reduced to about one sixth of maximum. 

During the line fly-back of approximately i m-sec a current of about 50 mA. is passed through the beam blanking coils. At the end of each frame the line time:...base is quenched, so that the frame fly-back, which lasts about 10 m-sec, is outside the raster. This also has the effect of superimposing the lines in successive frames, since both time-bases start together in each frame. 
An illustration of this method of scanning is shown in Fig. 4.4a, photographed from the display tube with no modulation • . The exposure was long enough to include several 
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frames, and the frame frequency was increased above normal to 

show the lines, each frame being scanned from b-0ttom to top 

and each line from right to left. Slight barrel distortion 

is apparent, arising from the curvature of the display- tube 

screen. Line fly-back is not visible, owing to the beam 

blanking, and frame fly-back is outside the raster. 

The synchronisation with the electron probe is demons

trated by comparison with Fig. 4.4b. This is an optical 

micrograph (x 200) of a steel surface, on which electron

induced carbon contamination had been deposited under the same 

scanning conditions as in Fig. 4.4a. Contamination is 

discussed in Section io.2, and here serves to show up the path 

of the electron probe. The diagonal marks are scratches in. 

the surface. Apart from slight thickening o~ the right hand 

end of the lines in Fig. 4.4b, aesociated with distortion of 

the sawtooth current in the deflection coils, the rasters. 

appear identical in line spacing and in the ratio of line and 
frame amplitudes. 

Power for the scanning circuits is derived from the stabi

lised supply- at the bottom of the rack in Fig. 4.3, which gives 

~- 300 V, - 200 V and 6.3 V AC. This unit also supplies 
the display tube circuits. 

4.4. Display and monitor tubes. 

The cathode ray tube used for the display is an 

electrostatically deflected tYI>e with a long persistence 
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screen 5f " in diameter. It is mounted (Fig. 4.3) beside a 
tube of the same size and construction, having a short 
persistence screen, which is used to monitor the waveform of the signal. Both tubes are run with an anode voltage of 
2 kV, provided by an RF oscillator in the unit below the 
time-bases. 

The screen of the display tube is of the double layer 
type (zinc sulphide, zinc cadmium sulphide), giving a blue 
flash and a yellow afterglow. The persistence, which may be 
defined as the time taken for the brightness to fall from 
1 ft. lambert to i % of that value, is given as 20 seconds. 
The decay is not exponential and the effective integration 
time is about 5 seconds .• 
in Section 2.1, is 2 - 3. 

The garrnna of the screen, defined 
Some experiments were made with 

a non-linear amplifier to permit variation of the gamma of the image on the display tube, but this was discarded in favour of the control of the contrast provided by the method given in 
Section 6.2 and by the photographic recording process. 

The screen resolution is to some extent impaired by the 
layer giving the afterglow, and it is therefore desirable to 
photograph only the exciting flash. This is done by the use of an orthochromatic emulsion, which is relatively insensitive to the yellow of the afterglow. At the brightness of the 
exciting flash normally used for photography (Section 6.2), 
it is possible to resolve a raster of about 300 lines; for 
viewing, when the maximum brightness in the afterglow is 
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increased to approximately 0.7 ftc lambert, the resolution 
drops to 200 lines. 

Deflection of the spot on the display tube is carried 
out, as mentioned in the previous section, by the application 
of balanced sawtooth voltages to the X and Y-plates. On the 
monitor tube, the spot is deflected in the X direction by the 
line time-base and in the Y direction by an amplifier fed by 
the signal modulating the grid of the display tube. It thus 
shows a waveform changing as different lines are scanned in 
the image, or if the frame scan is stopped, the waveform of a 
particular line can be examined. Initially, it was intended 
that the photographic recording of the image should be done 
from the monitor tube, and provision was made for the two, 
tubes to be switched in parallel. Better results were 
obtained, however, by recording the blue of the display tube 
rather than the green of the monitor, and the monitor is now 
used only to show the signal waveform. 

Each tube has the normal brightness and focus controls, 
and in addition it is possible to adjust the anode voltage to 
be equal to the mean voltage of the deflection plates, in 
order to give the minimum astigmatism in -the spot. 
Calibration of the brightness control_ of the display tube, 
and of the monitor screen, makes possible accurately repro-
ducible conditions for photographic recording. Both tubes 
are screened with mu-metal to avoid deflection of the spots by 
the stray magnetic field from nearby mains transformers. 

I 

I , 
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4. 5. Camera. 

For a large part of the work, a camera taking 

quarter plates was employed, mounted on the frame supporting 

the column about 2 feet from the display tube. Plate 

changing and focusing were tedious, and, when the need arose 

to take a rapid series of exposures, it was replaced by a 

camera taking 35 mm film which can be fixed rigidly to the 
display tube. 

The new camera is shovm in position in Fig. 4.5. It · 

consists of a Leica 1C body and a 5 cm f/2 Summar lens, 

s~parated by an extra distance of 1 cm. The image on the 

film is reduced 5 times from that on the screen. The camera 

is supported by a framework carrying a plate, to which the 

lens is screwed and the body is clipped. The framework is 

open so that the display tube may be viewed during exposure, 

which must therefore be carried out with the room darkened. 

The camera body can be replaced by a ground glass screen on 

which to focus the image, or by a plate holder if single plates 

are requir~d. Wind-on of the film occupies only a few seconds, 

and the body accomodates sufficient film for 36 exposures. 

Provision is made for a colour filter to be supported 

between the screen and lens, for use in conjunction with 

colour film. This is employed in one of the methods described 

in Section 5.4, by which a micrograph can be obtained showing 

the distribution of each element in the specimen in a 

different colour. 



CHAPTER 5 

Equipment for analysis. 

5.1. Crystal spectrometer. 
The crystal spectrometer was added to the existing apparatus for analysis, which consisted of proportional counter, amplifier, pulse analyser and ratemeter, soon after the new objective lens was installed. Analysis is thus possible either with the spectrometer or with the proportional counter and pulse analyser, and in both cases the spectrum can be recorded automatically with a pen recorder. In the present arrangement, the apparatus for analysis is situated on the right of the column (Figs. 1.3 and 1.4). 

The main considerations in the design of the spectrometer were: (i), the X-ray path in air should be as short as possible; (ii), the crystal should be ·removable to allow X-rays to pass directly into the proportional counter; ( iii ), means should be provided for rotation of the crystal by hand or by motor. 

Long (Symposium 1956) has carried out some experiments with a spectrometer of a particularly simple form, and the design is based on his instrument. Instead of the normal arrangement, in which the X-ray detector is moved in an arc round the crystal with twice the speed of rotation of the crystal, the proportional counter has a large window and is set in a fixed position close to the crystal. 
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At the expense of a slightly increased background 
relative to the height of characteristic emission peaks, due 
to the greater amount of scattered radiation accepted by the 
counter, the three requirements above are met in a simple 
design, and the spectrometer has proved satisfactory both with 
flat and with curved crystals. The scattered radiation can 
be reduced if necessary by the use of the proportional counter 
and pulse analyser to select only X-rays which are Bragg 
reflected, so that the backgroun~ is then formed only by 
continuous radiation. 

A diagram of the spectrometer, as it appears from the 
front, is shown in Fig. 5.1. After leaving the specimen, 
X-rays pass out of the right hand side of the objective lens 
through a chamber filled with hydrogen (Fig. 3.12) and into 
the spectrometer in air. This is attached to the framework 
which supports the column, and comprises a goniometer head 
holding the crystal and a proportional counter for detection 
of the diffracted radiation. 

The hydrogen chamber is closed by a window of 12 µ 
ttMylar", over which is placed a slit aperture. The width of 
the aperture determines the divergence of the X-rays striking 
the crystal, and is chosen to match the tolerance of the Bragg 
angle f'or the crystal in use, which is dependent upon the 
degree of perfection of' the crystal lattice. The crystal, 
which is about 1f x 1 x 0.1 cm, is mounted at a distance of 
1! cm from the aperture on a perspex platform, clipped to a 
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goniometer head having an axis of rotation in the surface of 
the crystal. It can be rotated through an angle of about 
40 °, which permits a range o:f e, the angle between the X-ray 
beam and the surface o:f the crystal, of 10 - 50 °. Rotation 
at a speed of 1 °/minor 1/4 °/minis effected by a synch
ronous motor coupled to the goniometer head by a gear train 
and flexible drive, or, alternatively, the motor can be 
released by a clutch, and the rotation performed manually. 
The change in e which accompanies movement of the X-ray 
source :from one end of the scan to the other (in the plane of 
Fig. 5.1) is about 0.08 °, and possible error arising from 
this in quantitative analysis is discussed in Section 10.3. 

The proportional counter is supported with its window a II 
further 1t cm from the crystal, and may be moved by hand 
about the axis of rotation of the crystal. The window 
subtends an angle of' about 40 ° at the crystal, which can 
thus rotate through 20 ° without movement of the counter, 
provided that the width of the X-ray beam is sufficiently 
small. Between the aperture and the counter window is a 
guard to prevent radiation scattered by the aperture from 
entering the counter. 

To pass the emitted X-rays directly into the counter, 
the crystal and goniometer head can be lifted clear of the 
X-ray beam, and the counter moved into direct line with the 
specimen and aperture. For maximum intensity, the aperture 
is removed, and the counter advanced up to the window of the 
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(a) crysta1 in position. 

(b) X-rays direct into counter. 
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hydrogen chamber. The window measures 1.6 cm by 6 mm and is 15! cm from the specimen. The spectrometer is shown with the crystal in position in Fig. 5.2a, and with direct collection of the X-rays in Fig. 5.2b. 
Initially, a flat crystal of lithium fluoride was used. This gives a high reflected intensity, and_ cleaves easily along its reflecting planes. The spacing 

is 2.014 i, so that as e increases from 

d of the planes 

10 ° to 50 o, the range of wavelengths reflected, as given by the Bragg law A= 2d sine, is 0.70 i to 3.08 i. This includes the Ka. lines of the elementa from 21sc to 42Mo and the La lines 
Lithium fluoride can thus be used in the microanalysis of a wide range of elements, but, as will be seen in the next section, the efficiency of the counter drops off rapidly at the shorter wavelengths. 

Fig. 5.3 shows the emission spectrum from a fragment of Ferroxcube, a material containing iron, manganese and_ zinc. It was plotted with a flat crystal of lithium fluoride, and the width .of the Fe Ka peak, at half maximum height is about 0.25 °. In this case the aperture used was sufficiently. small that it produced_ negligible broadening, so that 0.25 ° may be taken as the tolerance of the Bragg angle. For optimum conditions the width of the aperture is chosen to subtend about this angle at the specimen; if it is greater, the background is increased relative to the peak height, and if it is less, the peak height is reduced. With the aperture 
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chosen in this way, the peak width is about 0.3 °, which 
corresponds to a change of 0.018 i in wavelength, and the Ka 
line from 26Fe at 1.937 R is completely separated from the 
Ka line for 25Mn at 1.910 i. Corresponding Klines :erom 
elements adjacent in atomic n_umber are thus resolved, and this 
is true over the whole range of the spectrometer. 

For ~he analysis of elements emitting longer wavelengths 
than can be reflected by lithium fluoride, the crystal can be 
replaced by ethylene diamine tartrate. This has a spacing of 
d = 4.40 R, and reflects a wavelength of 6.75 Rat the 
maximum angle of e = 50 °. The wavelength range is thus 
extended to include the Ka radiation of 15P at 6.15 R, 
though, as will be seen in the next section, the windows and 
air path transmit only 2 % of X-rays of this wavelength. 
The transmission would be increased, however, to about 40 % 
if the air path were replaced by hydrogen and the beryllium 
window in the lens replaced by "Mylar". 

After some work had been done with a flat crystal, the 
need arose to obtain sufficient reflected intensity to form 
an image on the display tube. This technique is fully 
described in Section 5.4. The reflected intensity may be 
increased by the use of a wider aperture and a crystal curved 
to such a radius that the whole X-ray beam is incident at the 
Bragg angle. In the normal curved crystal spectrometer, one 
crystal is used for a range of Bragg angles by maintaining _ 
the X-ray source, crystal and detector on the circumf'erence 
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oi' the Rowland circle - a circle oi' diameter equal to the 

radius of curvature of the crystal. 
In the present case, the 

source-to-crystal distance is i'ixed, and each emission line 

requires a crystal oi' dii'i'erent curvature ii' the Bragg 

condition is to be strictly obeyed. 
However, as suggested 

by Long, the tolerance on the Bragg angle is su:t:t'iciently 

large that a single curved crystal gives a usei'uJ. increase in 

intensity i'or several emission lines, without a serious 

increase in the peak width. 

The range oi' elements covered by a single crystal may be 

i'ound i'rom the geometrical conditions in the i'ollowing way, 

Ii' the crystal is assumed to be Small compared to its distance 

D i'rom the specimen (Fig, 5.4) and is set to rei'lect a wave

length i'or which the Bragg angle is e, then the radius oi' 

curvature oi' the suri'ace such that the X-reys are incident 

at an angle e at every point is R.= D cosec e. 

crystal is now rotated to reflect another wavelength, the 
If the 

incident beam, emitted over an angle at the specimen oi' a, 

strikes the surface oi' the crystal with a range oi' angles 
e to e + se . By simple geometry se is given by: 

se = a}i cosec e - 1J' from ·which the value of e f·or which 86 becomes the maximum permissible can be evaluated. 
In the present apparatus 

D = 17 cm and the aperture width was chosen to give a= 1.3 °. 
Thus, i'or a crystal o:t' lithium i'luoride curved to a radius oi' 

35.3 cm, which is correct i'or Fe Ka, the range o:t' e i'or 
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which se < 0.25 ° extends from 23.7 0 to 36.5 0 corres-' ponding to the Ka radiation of' 24Cr to 28Ni • The range 
can usefully be extended to include 22Ti and 30Zn' though 
the peak width is then about 0.4 o 

A method for curving lithium fluoride has been described 
by Priestley (1955), and was adopted here. A metal surf ace 
ground to the desired radius of curvature is heated to 
500 °c, and the crystal is pressed against it by a strip of 
spring steel. In this way, a crystal 2 mm thick can be 
curved to a radius as small as 5 cm. It is not possible to 
curve crystals of ethylene diamine tartrate satisfactorily. 

5.2. Proportional counter. 

The use of a proportional counter for the detection 
of soft X-rays has been described by Curran, .Angus and 
Cockcroft (1949), and by Arndt and Riley (1952), who employed 
a sealed-off glass counter for X-ray diffraction measurements. 
Arndt, Coates and Crathorn (1954) have since developed a 
counter through which the gas mixture is passed continuously 
at atmospheric pressure. This avoids the need for the 
rigorous cleaning necessary in the assembly of a sealed-off 
counter, and permits the use of a thinner X-ray window, since 
small leaks are no longer important. Long (Symposium 1956) 
has used a flow counter for absorption and fluorescence 
measurements with soft X-rays, and Dyson (1956) has carried 
out quantitative measurements of emission spectra by this 

I 

I 
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means. Both have employed cylindrical counters with a gas 
mixture of argon and carbon dioxide, and it is on their work 
that the use of the present counter is based. Advantage is 
taken of the energy resolving property of the counter in 
qualitative work, but for quantitative work the wavelength 
separation is carried out by the crystal spectrometer. 

The emission scanning work with thin specimens was 
carried out with a proportional counter constructed by Dyson. 
For the quantitative work with thick specimens, a counter 
made by Long has been adapted for use in the crystal spectro-
meter. It will suffice to describe the latter, since it 
differs significantly from Dyson's counter only in having a 
larger window. 

A plan of the counter is given in Fig. 5.5; it was shown 
in position in the spectrometer in Fig. 5.2. The cathode 
consists of a brass tube about 6 " long with an internal 
diameter of 2 1/8 II• The anode wire, which is molybdenum-
tungsten 60 µ in diameter, is stretched along the axis of the 
tube between glass-to-metal seals in the end plates. There 
is a single window of 12 µ "Mylar't clamped in position with 
an 0-ring seal, and coated on the inside wtth a conducting 
film of aluminium. It is restricted by a plate to an effec-
tive size of 1 x 2 cm. Two pipes in the end plates allow 
passage for the gas, which is mixture of 99.95 % pure argon 
with 2 - 5 % of carbon dioxide. The gas was at first mixed 
in the laboratory but was later obtainable sufficiently pure 
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commercially. Before entering the counter it is dried over silica gel, and on leaving is bubbled through oil to prevent diffusion of the air into the counter and to give a visible indication of the rate of flow, norxnally about 8 cc/ min. A compartment at one end o:t the counter carries the :final smoothing circuit for the stabilised HT supply. The potential applied to the anode wire is variable up to 2 kV positive with respect to the cathode, which is at earth potential. It is necessary to insulate the body of the counter :from the spectrometer, the only earth c.onnection being made through the amplifier. This considerably reduces the tendency of the amplifier to pick up interference from the mains and from nearby RF oscillators. A second compartment at the other end carries the coupling condenser, which is connected to the amplifier through a coaxial cable 6" I.ong. The counter is operated with a gas multiplication as low as possible, consistent with an adequate signal-to-noise ratio in the · amplifier, in order to delay the onset of space charge effects as the counting rate is increased. The best value for the multiplication was found to be about 350, and the RMS amplifier noise is then about 1 % of the pulse height for Fe Ka. radiation. Depression of the pulse height by space charge in the counter is then less than 2 % for counting rates below 1.5 x 104 /sec. The potential of the anode wire required to give this multiplication is 1820 V. 
The pulses produced by monochromatic radiation show a 
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spread in height, due to the statistical fluctuations in the 

gas multiplication and in the number of primary ion pairs 

produced by each quantum. 
The energy resolution may be 

defined as the half-width of the distribution (at 60 % height) 

relative to the average pulse height, and is given by Sharpe 

(1955) from theory as (..i_)!, where N is the average number (3N) 
of primary ion pairs. 

Thus at the wavelength of Fe Ka. 

radiation, of which each quantum of 6.3 keV energy gives 

rise to an average of 
210 primary ion pairs, the counter 

should give an energy resolution of 
1 

( 4 )2 _ % 
( 3 X 210) - B 00 

In practice, the distribution for Fe Ka radiation 

obtained shows a half-width of 9 %, and is given in Fig. 5.6. 

The width of the channel accepted by the pulse analyser was 

f volt, which causes negligible broadening. 
The energy 

resolution of the counter is thus in good agreement with the 
theoretical value. 

With this resolution, the counter is 

unable to resolve the Ka. and K~ lines of a given element, but 

can partially separate the c.ombined K radiations of elements 

differing by_ about 3 in atomic number, as illustrated in 
Section 6. 3. 

This is true for a wide range of elements. 

The curve in Fig. 5.6 also shows a smaller peak, arising 

from the escape of argon Ka fluorescence quanta from the 
counter. 

When this occurs, the energy absorbed by the 

counter is reduced from that of one Fe Ka quantum (6.3 keV), 

by an amount equal to the energy of one A Ka quantum ( 2. 9 keV), 

so that a pulse is produced corresponding to a quantum of 
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6.3 - 2.9 = 3.4 keV. The height of the escape peak depends 
on the geometry of the counter and on the fluorescent yield of 
the counter gas; in the present case it is less than 10 % 
of the main peak. 

The background counting rate arises from cosmic and gannna 
ray activity, giving about 2 counts/sec, and from leakage 
across the glass insulation supporting the anode wire, giving 
up to a further 3 counts/sec. The leakage pulses could be 
eliminated by the inclusion of a guard ring around the surface 
of each insulator, held at the potential of the anode wire, 
but this background- is negligible. 

The efficiency of absorption of the counter as a function 
of wavelength may be calculated from the mass absorption 
coefficients for argon, and the relation is plotted in Fig. 
5. 7 ( curve a). In the same diagram, the curves for the 
transmission of X-rays through other absorbers in the X-ray 
path from the specimen are also shown (curves b, d, e), and 
the product of these curves gives the overall detection 
efficiency (curve _f), for X-rays passing directly into the 
counter. If the X-rays are first reflected by the crystal, 
the curve is modified by the reflection coefficient, but no 
attempt has been made to measure this effect. The wave-
lengths of the Ka and La radiations of some elements are 
marked on the abscissa, and the detection efficiency (curve f) 
is seen to be greater than 50 % for a range of elements 
including chromium, manganese, iron, nickel, copper and zinc. 
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If the lowest useful efficiency is taken to be 20 %, the counter can be used ffor the Ka radiations of 18A - 37Rb and for the La radiations of 47Ag - 92u. There is a gap between these ranges in which the element of most interest is 
Also marked on the abscissa are the ranges of wavelengths for which the spectrometer can be used with crystals of lithium fluoride and ethylene diamine tartrate. 

The detection efficiency can be increased for the longer wavelengths by shortening the air path between the hydrogen chamber and the counter, as described in the previous section. Alternatively, the hydrogen path could be extended up th the counter, and, if the beryllium window at the centre of the lens were replaced by "Mylar", the detection efficiency would be represented by curve c. This the best that could be achieved-with the present apparatus. 

5. 3. Pulse amplification, sorting and counting. 
The electronics associated with pulse analysis consists of the 2 kV counter supply, pulse amplifier, pulse monitor, single channel pulse analyser, ratemeter and pen recorder. Apart from the pen recorder,, which is fully described in Appendix 4, the units are all standard and the circuits are available elsewhere. The counter. supply and ratemeter were constructed by the author, the pen recorder in conjunction with Long, and the pulse analyser by another 

worker. 

I I 
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The amplifier is the Harwell type 1008, and consists of a pre-amplifier and main amplifier. The gain of the two 
units is set at 160,000 and, with the counter operated at a voltage of 1820 V to give a gas multiplication of 350, this gives a pulse height of 16 V for Fe Ka radiation. The time constants of integration and differentiation are made as short as possible without spoiling the energy resolution, in order to minimise the shift in the DC level at the discriminator grid for high counting rates, and to reduce the number of coincidences. With settings of 0.3 µ-sec the pulse 

length is about 2 µ-sec (decay to 5 % maximum height), and the RMS noise level is 0.1 - 0.2 volts. 
The amplified pulses are monitored blf an oscilloscope, which is triggered by the rise of each pulse. It gives 

visual indication of the presence of a strong characteristic line absorbed by the counter, and perniits an approximate but rapid measurement of t he pulse height. 
The amplified pulses are also passed into a pulse 

analyser, of a type described by Farley (1954). This can 
be used either as a simple discriminator to pass pulses with greater than a certain height, or as a si~gle channel pul se analyser to pass pulses with a given range of heights. The 
width of the c11annel is variable between 1 

2 and. 7! volts 
and the bottom level between 5 and 50 volts. It can 
resolve pulses less than 1 µ- sec apart and delivers pulses 
of a constant height and length. 
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The pulses leaving the pulse analyser are fed to the 
ratemeter, which is a modified version of the Harwell type 
1037A. It has four ranges ext-ending :from 102 pulses/sec to 
105 pulses/sec for full-scale deflection, and gives an 
accuracy of 1 %. The integration time constant can be 
varied up to 1 second, 10 seconds or 40 seconds depending 
on the range. A circuit is included to fix the dead-time p 
of the counting system, so that the counting loss from 
coincidences can be accurately obtained from the relation 
n = n'(1 +- np) , where n and n' are the true and_ observed 
counting rates respectively. p was set at 5 µ-sec, and 
the fractional counting loss at 104 c-0unts/sec is then 5 %. 

The reading of the ratemeter is duplicated_ by the pen 
recorder, so that spectra can be. automatically plotted as the 
crystal in the spectrometer is rotated. The recorder gives 
a :full-scale deflection of' 11 inches in 2 seconds, and has 
an accuracy of better than 1 % of full scale. 
speed is normally 1/ 4 "/min. 

The chart 

The most important property required of the counting 
system, for accurate quantitative work by the method described 
in Chapter 10, is proportionality of the measured counting 
rate and true X-ray intensity. Calibration of the ratemeter 
and pen recorder is then necessary at only one point in each 
range, and small errors in calibration are then cancelled out 
if two intensities falling in the same range are compared. 
The linearity has been checked by a plot of the counting rate, 
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as registered. by· the pen recorder, against the indicated probe current. The relation was found to be linear to within 1 % for observed rates up to 2 x 103 counts/sec, and for loss-corrected rates up to 2 x 104 counts/sec, at which space charge in the counter and inaccuracy in the determination of the dead-time begin to take effect;. To avoid change of range on the ratemeter, it is c~nvenient to take 104 counts/sec as the maximum rate, and the.· accuracy with which intensities can be measured, provided. that the statistical error is negligible, is 1 %". 

5.4. Formation of the image with a selected emission 

line. 
A particular characteristic line emitted by the specimen may be selected either by the crystal spectrometer, or, with the X-rays passing directly into the proportional counter, hy the pulse analyser. The choice is determined by the energy resolution reg_uired. and b;y the X-ray intensi.ty available, and is discussed in Section 6.3. The selected pulses are taken from the first stage of the ratemeter, and have a uniform height and a length eg_ual to the dead-time. Provision is made for adjustment of the height and the pulses are passed to the grid of the di splay tube. With the beam scanning, an image is thus obtained of the distribution of the element emitting· the selected line • 

. The pulse height determines the brightness of the spot 
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in the durati.on of the pulse, and the counting rate and pulse 
length fix the fraction of the period of one image element 
for which the spot is at this brightness. The average 
brightness is thus proportional to the counting rate, so that 
the effective ganuna of the display tube with pulse modulation 
is unity, instead of the value of about 2.5 obtained with 
amplitude modulation from the scintillation counter. 

A disadvantage of pulse modulation is that the spot on 
the display tube is larger, because of the increased peak 
brightness, and the number of lines resolved in the image is 
estimated at no more than 200. Also, the maximum counting 
rate at which the proportional counter can be used without 
space charge effects is about 2 x 104 counts/sec, which is 
lower by a factor of about 300 than the rate required to 
give a noise-free image (fnt 

k = 4 ~ T = 5 sec, c = 15 %). 

in equation 2.3, with N = 200, 

Nevertheless, a useful image 
can be obtained; the amount of noise in the image for several 
different counting rates will be illustrated in Fig. 9.3. 

Results are normally presented in the form of several 
micrographs, each representing the distribution of one element 
in the specimen. .A:n alternative method has been developed, 
whereby the distributions are shown on one micrograph by 
depicting each in a different colour. The distributions are 
photographed in register on colour film, either from the 
display tube or from black-and-white prints, each with a 
different colour filter placed over the camera lens. .A:n 
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image of the specimen surface is thus built up, showing the 
distribution of each element .in the colour of the filter 
through which it was recorded, and in this way the relative 
positions of the elements can be easily appreci ated. With 
direct photography of the display tube, the process need 
take no longer than for recording in black-and-white. 
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CHAPTER 6 

Experimental procedure. 

6. 1. Alignment of' the ele.ctron--optical system. 

6.1 

The electron gun, condenser lens and objective lens. 
are aligned in the foJ.lowing wa:y. In the· assembly of the. 
electron gun with a new filament, the tip of the r.ilament is 
positioned approximately in the centre of the grid aperture 
and in the same plane, by means of the lateral and height 
adjustment controls. The gun is then fixed in position. and 
the column aligned as well as possible by eye. Final adjust
ment is carried out under working conditions with the 
time-bases off, and with the beam current from the gun set at 
minimum by the bias control. The adjustment is done in. three 
stages. 

(1) With the condenser lens off, the fi~ament centring 
controls are adjusted to give the maximum current in the probe. 
This condition is recognised by observation either of' the 
probe current meter or of the signal monitor tub,e. 

( 2) The intermediate s.creen is. interposed between the 
lenses, and the whole gun traversed with r~spect to the 
c.ondenser lens to the po si t:Lon where, as· the condenser current 
is varied, the spot on the screen expands and cont.racts 
without lateral movement. 

Operations. (1) and (2)· are repeated, once being sufficient, 
and the beam then lies on the axis of the ·condenser lens and 
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approximately on the axis. of the objective. 
(3) With the screen removed, and the condenser lens set to focus the beam on the objective lens aperture, the gun anQ condenser are traversed together, with respect to the 

objective lens, to the position giving maximum probe current. Alignment is then complete; a circular probe of diameter 1 µ is easily obtainable and the probe current is constant for all angles of deflection. 
In the course of a long run, the tip of the filament sometimes drifts away from the centre of the grid aperture, causing a reduction of a few percent in the probe current. This can be directly corrected by adjustment of the filament centring controls, and is the only realignment necessary between changes of filament. The life of a filament is about 30 hours with a current of 1.9 - 2 amps; this current is sufficient to maintain the gun in the saturation condition (Haine and Einstein 1952). 

The beam current from the gun is set by the bias control. ITnder normal conditions at 25 kV, a current of about 30 µA is suitable. With the correct setting of the condenser lens it is· then possible to deliver a current of 5 µ.A into a probe of about 1 µ diameter. The probe diameter may be estimated from the resolution of the scanning image, or more accurately from the slope of the waveform on the monitor tube with the probe scanning across a discontinuity. An increase in beam current beyond 30 µA does not give an appreciably greater 
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current density in the probe, and leads to overheating of the 
aperture, which, at 30 µA, attains a high enough temperature 
to eliminate formation of carbon contamination. For experi
ments with an accelerating voltage of 10 kV or below, however, 
the current density iB increased by a higher beam current, 
and currents up to 100 µA have been used. 

With a given beam current from the gun, the probe current 
is controlled by the condenser lens, and for absorption 
scanning, is set to the maximum of 5 µA for a 1 µ probe. 
For emission and electron scanning a probe current of 0.1 µA 
gives adequate X-ray intensity both for image formation and 
for quantitative analysis, but, if the specimen has poor 
thermal properties, a value of less than 0.1 µA may be 
necessary. Maximum current in the condenser lens reduces 
the probe current to about 0.01 ~A, but for still lower 
currents, it is: necessary either to reduce the beam current 
or to use a smaller aperture in the objective lens. 

After setting the beam and probe currents, the objective 
lens current is adjusted to bring the electron probe in :f'ocus 
on. the target or specimen. The. quickest method of doing 
this is by observation of the signal waveform on the monitor 
tube. The probe is set to scan along a line and the focus 
is adjusted to give the maximum slope at discontinuities in 
the specimen - a procedure which takes only a few seconds. 



- 96 - 6.2 

6. 2. Adjustment of the scanning image obtained with 

the scintillation counter. 
In the present experimental arrangement (Fig. 1.3), 

the specimen is first examined by formation of an electron or 
X-ray emission scanning image with the scintillation counter. 
With the specimen movements in the thick-specimen objective 
lens, it is possible to cover an area of about 2 nm square 
on the surface. A search is usually carried out at the lowest 
magnification of 200, and when a region of interest has been 
positioned in the middle of the field, the magnification. is 
increased until the resolution is limited at the specimen 
rather than at the display tube. The operation of the time
bases and the facilities for reduction of the area of scan on 
the display tube have been described in Section 4.3. 

The maximum and minimum brightnesses in the image, the 
ratio of which may be termed the contrast, are together 
determined by the amplitude of the signal and the DC bias on 
the grid of the display tube. The signal amplitude is 
adjusted by the HT applied to the scintillation counter, and 
the DC bias by the brightness control. 

Normally, the DC bias is set c·lose to> the level corres
ponding to black on the screen, and the signal amplitude 
adjusted to give the maximum brightness. desired. If, however, 
as, frequently occurs, the signal varies little about a 
relatively high level, the contrast can be enhanced by lowering 
the DC bias and increasing the signal amplitude. This is 
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illustrated in Fig. 6.1, which shows the signal waveform for a line scan across a feature, with low and with increased contrast. Further control of the contrast is afforded by the photographic recording process. 
For viewing, the DC bias and signal amplitude are adjusted by eye, but for recording, they are set to values determined beforehand to suit the characteristics of the film and to give the required exposure time. The brightness control of the display tube and the Y-axis of the monitor tube screen are both calibrated in increments representing lf volts at the grid of the display tube. For Kodak R55, a fast ortho-chromatic emulsion, the DC bias is normally set to 3/4 volt above black level and the signal amplitude at lf volts above the bias. The exposure is then 2 minutes with an aperture of f/2, and the whole range of brightnesses in the image is recorded on the film. 

6 • . 3. Qualitative microanalysis. 
6. 3.1. Procedure. 

When 13-Il emission or electron scanning image has been obtained on the display tube, the next step is to identify the elements at a point of intere'st in the, surface. The scan is stopped and the electron probe is located on the selected point by positioning the spot on the image afterglow on the display tube; the image persists at a useful brightness for about 20 seconds. Movement is effected by the time-base 
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X-rays are emitted from a volume of the order of 1 µ 3 in the surf'ace, and the characteristic emission of elements within this volume may be identified either with the crystal spectrometer or with the proportional c,ounter. The choice of' the more suitable method in a given case is discussed in the second half of this section. 
If the crystal spectrometer is used, the crystai is normally set to rotate at 1 °/min, and a complete peak is plotted with the pen recorder in about 30 seconds. An integration time of' i - 2 seconds in the ratemeter reduces the f'luctuation in the background as far as possible without attenuation of the peak height. For the detection of elements at concentrations of less than about 1 %, the crystal is scanned at 1/4 °/min with an integration time of 10 seconds; the lowest concentration detectable is discussed in Section 10. 5. Since the chart speed is known (1/4 1t/min), the plotted spectrum can be calibrated against Bragg angle, from one known peak. Alternatively, the chart can be correlated with the reading_ of the goniometer head, which is previously calibrated in te_rms of Bragg angle. 

If the X-rays are passed directly into the proportional counter, the pulse height distribution is plotted with the aid of the single channel pulse analyser. The channel, which is set at the minimum width consistent with an adequate 
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counting rate, is scanned through the distribution of pulse 
heights, and the count rate recorded either automatically or I I 
manually. 

For the preliminary investigation of the main constituents 
of the surface of an unknovm. specimen, it is convenient to 
use a combination of these two methods. The X-rays are first 
passed directly into the proportional counter, and the 
electron probe is moved to explore the surface. At the same 
time the pulse monitor is observed, and the emission of a 
strong characteristic line is immediately detected as a bright 
group of pulses of a particular height, ·Which can be accurately 
measured by the pulse analyser as described. In order to 
check whether or not the radiation consists of two 
characteristic lines not resolved by- the proportional counter, 1 1 

the identification can be confirmed with the crystal spectro
meter by plotting the appropriate part of the spectrum. 

After identification of the constituents of the surface, 
the radiation of one element can be selected, by spectrometer 
or by counter, and used to form a scanning image of the 
distribution -of that element. Under these circumstances, in 
which the display tube is pulse modulated, the brightness of 
the image for a given counting rate is controlled by the 
length and height of the pulses. The length is kept constant 
at 5 µ-sec, and the height, as measured on the signal 
monitor, is varied according to the counting rate, to give 
the required brightness. The pulse height consistent with 
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an exposure time of 2 minutes was determined experimentally 
as a function of counting rate, and, at 1000 counts/sec, is 
about 10 volts; the degree of quantum n9ise for different 
counting rates is illustrated in Fig. 9.3. 

6. 3. 2. Choice of crystal spectrometer or proportional 
counter for identification or image formation. 

The crystal spectrometer and proportional counter 
can each cover approximately the same range of elements. The 
variable factors that determine which should be used to selec.t 
a given characteristic line for identification or for image 
formation are:-

( i) the separation in atomic number of the elements' 
present, 

(ii) the concentration of the emitting element 
and ( iii) the maximum probe c.urrent tolerated by the specimen. 
(i) determines the required energy resolution, (ii) the ratio 
of pealt height to background, and (ii) and (iii) together fix 
the counting rate in the characteristic line. Owing to the 
interrelation of (ii) and (iii), it is not possible to derive 
a general rule for the choi.ce of the more suitable method by 
treating each factor separately, and this discussion will only 
indicate. the considerations involved by reference to a 
particular example. 

In Fig. 6.2, the K spectrum from a given specimen is 
plotted (a) with the crystal spectrometer, and (b) with the 
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proportional counter alone. A curved crystal of lithium 
fluoride was used in the spectrometer. The specimen consisted 
of a copper grid lying on an iron surface, and the probe was 
set to scan across an equal amount of each, so that the 
specimen was effectively 50 % Fe and 50 % Cu. 

The poorer energy resolution of the proportional counter 
is immediately noticeable; it fails to resolve Ka from K~, 
and only partially separates the combined K radiation of iron 
from that of copper (SZ = 3). Consequently, with the 
proportional counter, the ratio of peak height to the back'
ground of the continuous spectrum is greatly reduced. 

In the proportional counter spectrum, the area under the 
combined Ka and K~ peaks of iron is about 3000 counts/sec, 
and the probe current was 0.003 µA. With the crystal 
spectrometer, the counting rate for Fe Ka was also about 
3000 counts/sec, but the probe current in this case was 
O. 08 µA. About 1/30 of the Fe Ka radiation falling on the 
crystal at the correct Bragg angle was therefore reflected 
into the counter. The aperture on the lens window was the 
same width in each case, and cut the window (1.6 x 0.6 cm) 
by about half , to match the size of the crystal. 

In this example, therefore, either the spectrometer or 
the counter could have been used for identification, and, if 
the minimum rate required for a scanning image is taken to be 
1000 counts/sec, either could have been used for image 
formation. It is of interest now to observe how this 
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conclusion is modified as each of the fac:tors ( i), ( ii) and 
(iii) is varied in turn. 

(i) Separation in atomic number. It is evident that 
if the elements were separated by less than 3 in atomic 
number, the peaks plotted with the proportional counter would 
combine into one broad peak. The spectrometer must therefore be employed for identification or for f'ormation of the image 
if SZ < 3, - a rule which holds over a wide range of Z. 

(ii) Concentration of the emitting element. It is 
estimated from the proportional counter spectrum that the 
Fe K peak would just be detectable against the background if 
it were 1/5 of its present height, that is, if it were · 
emitted by a region containing 10 % Fe. With the crystal 
spectrometer, the minimum detectable concentration is esti
mated by the e~'l)eriment described in Section 10.5 at 0.1 %. 
The spectrometer must therefore be used for the identification 
of elements with a concentration o~ less than 10 %. For 
formation of the scanning image, 1000 counts/sec would be 
obtained in both cases from a concentration of. 15 - 20 % iron, though, with the proportional counter the separation from the 
continuous background would be poor. 

(iii) Probe current. If the current in the probe were 
reduced to 0.001 ~A, which is the minimum value used in 
practice, the counting rates from pure iron of Fe Ka with the 
spectrometer and of Fe K with the counter, would be 
80 counts/sec and 2000 counts/sec respectively. These rates 
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are well. above the counter background of 5 counts/sec, and 
are suf'ficiently high to avoid the necessity for a 1ong 
integration time in the ratemeter to reduce the statistical 
fluctuation. Both methods are thus applicable to the 
identification of iron with currents down to 0.001 µA. For 
image formation with the spectrometer, 1000 counts/sec would 
be obtained at a probe current of o.oi µA and with the 
counter at 0.0005 µA. The counter must therefore be used 
if the probe current is less than 0.01 µA. 

The detailed conclusions above are valid only for one: 
particular specimen studied with the present experimental 
arrangement, but the discussion indicates the considerations 
to be made in any given case. As a general conclusion, it 
may be stated that the proportional counter is useful for 
the rapid identification of elements in high concentration, 
and for image formation when, because of specimen heating, 
the probe current must be severely reduced; in other 
conditions the use of the spectrometer is preferable. 

, I 
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CHAPTER 7 

Results wi..th the X-ra.y absorption scanning method. 

7. li .. Test grids. 

The first experiments we.re designed to check the 
resolution o-f 2 - 3 µ, predicted theoretically in. Section 2.6 
for a noise-free image of about 200 lines. The accel.erating 
voltage was 25 kV and the target was 3 µ copper foil. A 
test specimen consisting of 200 mesh/inch cop:p:er grid and 
800 mesh/inch silver grid was studied, and the transmitted 
X-rays. were detected with the scintillation. counter. The 
aperture of the: counter was chosen to, give a depth of focus 
at the specimen of about 100 times the X-ray source diameter 
(Fig. 2. 5), that is, O. 2 mm for a resolution of 2 µ. The 
exposure time was i minute and the noise visibility is 
approximately the same in the f'ollowing pictures as it was on 
the screen. 

The type of image obtained in the earliest work is 
illustrated in Fig. 7.1. At this stage, correction had not 
been made for the dif'fering sensitivities of the X and Y-plates of the display tube; in the X direction -the magnificat,ion is 
about 200 • Also, the circuit for switching off the electron probe at the end of each line was not in operation, so that 

black on the display tube corresponded to the minima of t:he 
noise fluctuations rather than to zero signal. The apparent 
noise was thus increased, and because of this, the resolution 
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is difficult to judge, but appears to; be no bette,r than the width of the silver grid bars - about 6 µ. The performance thus falls short of the theoretical, and some improvement was therefore to be expected by correction of these instrumental defects. 

After the X and Y sensitivities had been corrected and 
:OC: restoration installed, a similar specimen appeared as in Fig. 7. 2a, reproduced at the s:ame magnification of 200 as the visual image. The area scanned on the target was the 

maximum of 0.4 mm square, and the grids appear uniformly 
sharp out to the edges of the picture; the resoluti.on is 
estimated at about 2 µ from Fig. 7.2b, which shows the central area at a higher instrumental magnification of 1600. The noise is just visible, but to a lesser extent than in the 
first example. Fig. 7.2c shows the same grids photographed by the X-ray projection method. The band representing a step on the edge of the larger. grid gives a good test of the resolution and of the ability to distinguish regions of low 
contrast. It is visible on all three micrographs, and the quality of the scanning picture (a) approaches that of the 
projection picture (c). 

The theory, which predicted the possibility of a 200 line noise-free image of resolution 2 - 3 µ preserved 4o the edge of the field, was thus approximately verified. Efforts were then directed towards exploring the. possible advantages of the absorption scanning method over the projection method. 
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7. 2. Adjustment of contras.t. 

One possible advantage whfch the absorption scanning 
microscope.· has over the projection instrument is that the 
contrast of the image can be controlled electronically. The 
contrast, defined as the ratio of the maximum to the minimum 
brightness i:a the image, can in principle be increased to the 
maximum which can be shown on the display tube for any type of 
specimen, however thin. In practice, however, the increase 
in contrast is limited by the corresponding increase in noise 
fluctuations. 

One method of contrast enhancem~nt is by adjustment of 
the grid bias of the display tube in conjunction with the 
amplitude of the modulating signal, as described in Section 6.2. 
This method was used for Fig. 7.3a, which shows a specimen of 
fine emery paper at a magnification of 560. The target was 
3 µ copper and the accelerating voltage 25 kV. Fig. 7.3b 
shows the same specimen taken under the same conditions with 
the projection microscope. The image on the fluorescent 
screen of the projec.tion instrument was so lacking in contrast 
that it was only possible to focus by means of a separate grid 
specimen, but the contrast was greatly increased in the photo
graphic recording process. The scanning method has the. 
advantage that the image is immediately visible with a high 
contrast, but the recorded image is no better than that 
obtained by the projection method, and some noise is visible. 

A second method of increasing the contrast with the 
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scanning microscope is by us.e of the proportional counter and 
pulse analyser, which are set to produce an image with only 
the long wavelength component of the erni tted sp.ectrum. 
Fig. 7.4 shows. part of a 200 mesh/inch copper grid and 
soo ·mesh/inch silver grid at a magnification of 1200. The 
accelerating voltage was again 25 kV and the target 3 µ 
copper. In (a), the image was formed by selection of Cu Ka. 
radiation and the copper is almost indistinguishable from the 
unobstructed beam; copper is almost transparent to its own 
characteristic radiation. In (b), only radiation softer than 
Cu Ka. (1.5 i) was selected, and the contrast is increased. 

Comparison of Fig. 7.4b with Fig. 7.2a, obtained with the 
projection microscope., shows that in this case, however, there 
is no appreciable gain in contrast with the method of wave-
length selection. I.t was not possible to select a softer 
band of wavelengths owing to the reduction in intensity and 
increase in noise, which is already plainly visible; the 
exposure time was 3 minutes and could not be greatly 
increased. 

Because of the noise limitations, therefore, neither 
method of contrast enhancement gives a distinct advantage to 
the scanning microscope over the projection iastrument., except 
for direct observation of the image. The effect of· quantum 
noise could be reduced by the u·se of a larger counter aperture, 
but only at the expense of a smaller depth of focus at the 
specimen. 



- 108 - 7.3 
7. 3. Comparison of screen brightnesses of scanning and 

projection microscope~ 
The second possible advantage of the absorption 

scanning method over the projection method lies in the ability 
to control the brightness of the. visual image independently-
of its size. In the projection microscope, the brightness 
of the fluorescent screen can be increased by setting it 
closer to the target, btut, sinc:e the size of the image is 
reduced, there comes a point where the grain of the screen 
limits the resolution of the: image. In order to decide 
whether the sc@.Il!ling method can give a useful degree of image 
intensification, that is, whether there is. a greater amount 
of information obtainable from the image, it is necessary to 
compare the brightnesses of the two images under conditions 
of equal numbers·. of image elements: and equal X-ray intensity. 
If the brightness of the scanning image is greater, and the 
image is free of noise, then the eye can d.ete.ct a smaller 
change of contras,t than in the projected image, and more 
information is therefore obtainable (Section 2.1). 

The scanning method makes less efficient use of the total 
number of quanta emitted than the projectio~ method, since, at 
any instant, only the quanta passing through one image element 
in the specimen are effective. On the other hand, the image 
is built up over a longeT period of time than in the 
projection method, for which the integration time is that of 
the eye, and the projection method also loses because of the 
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low efficiency of production o~ light quanta at the screen and the small fraction of these passing into the eye. 
Calculation of the relative brightnesses is difficult because of the uncertainty in the efficiency of the screen, and in its thickness and grain size. An experimental com12ariso,n was therefore made under typical working.conditions, though this can only be considered approximate owing to, the 

subjective judgment involved. 
The experiment was carried out in conjunction with 

Nixon's (1954) improved projection microscope. The 
accelerating voltage of both the scanning and projection 
instruments was 15 kV, and the probe currents were set at the maximum for an X-ray source diameter of 1 - 2 µ. The counter aperture in the scanning microscope was: chosen, as before, to give .a depth of focus at the specimen about 100 times the diameter of the X-ray source. Under these 

eo~ditions, the noise in a 200 line scanning image was barely perceptible. 

The fluorescent screen of the projection microscope, observed with a low power optical microscope, was moved. up to the target until the relation of image width to grain size was such that about 200 elements were distinguishable across the image. This occurred at an image diameter of about 
0.5 cm, corresponding to a grain size of 25 µ, and the 
projected image then contained about the same number of image elements as the scanning image. 
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The brightness of the fluorescent screen was then 
compared with that of the display tube by means of a sensitive 
photometer. To within the probable error in the settings 
made above, which was estimated at a factor of 2, the two 
brightnesses were found to be equal. Thus, if the projected 
image on the fluorescent screen were observed through a 
microscope having; a magnif'ication of' about 20 with no loss 
of brightness, it would appear to have the same size, bright
ness and number of' image elements as a no~se-free image on 
the scanning microscope. The scanning method thus gave no 
useful degree of image intensification. 

With a- lower X-ray intensity, as would be given at 10 kV 
with a resolution of 1 µ for example, the image given by the 
scanning method would be brighter than that on the· fluorescent 
screen of the projection microscope, but quantum noise would 
be plainly visible. 

In the projection method, a screen of finer grain could 
be placed closer to the .target, with a resultant increase in 
brightness, and still resolve the same number of image 
elements. Greater optical magnification of the screen would 
then, however, be necessary, which at s.ome point would be 
impossible without loss of brightness. 

The noise limitation is again the factor limiting the 
usefulness of the X-ray absorption scanning microscope as an 
image intensifier. With the diameter of the counter aperture 
chosen for this experiment, the scainning method can give a 
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brighter image than the projection method only if some 
quantum noise is. all.owable. Image intensification is 
discusaed in detail by Teves and Tol (1952). 

7.3 
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CHAPTER 8 

Thin specimen studies by the 

X-ray emission scanning method. 

Test grids. 

The modification f'rom abs:orpt,ion to emission scanning 

was, in the first instance, carried out without alterat~on of' 

the objective lens; emitted X-rays: were collected by the 

proportional counter af'ter transmission through the specimen 

(Fig. 1. 2b). The proportional counter was not able to count 

sufficiently fast to give an image free of noise with a 

reasonable exposure time, but this disadvantage was outweighed 

by the possibility of wavelength selection. The counter 

aperture was increased in. size to collect a larger fraction 

of the emitted X-rays; the diameter was no longer limited by 

depth-of-focus requirements as in the absorption scanning 

method. It was thus :possible to work with a lower acce].era

ting voltage than previously, and to obtain a better 
resolution. 

Fig. a.i shows 1500 mesh/inch silver grid at a magnifi

cation of 600, recorded with an exposure time of 5 minutes. 

The accelerating voltage was 10 kV. The Width of the bars 

is about 3 µ, and the resolution is estimated at 1 µ. The 

dark line running down the centres of one set of bars is due 

to their triangular cross-section; X-rays transmitted through 

the centre of a bar are absorbed more strongly than at the 
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edges. 

The use of the energy resolving property of the counter 
is illustrated in Figs. 8.2a and b, which show a specimen of 
200 mesh/inch copper grid and 800 mesh/inch silver grid. 
In this case the accelerating voltage was 20 kV, in order to 
excite both characteristic radiations strongly. In Fig. 8.2a 
the channel of the pulse analyser was set to select pulses 
from Cu K radiation, so that the copper appears brighter than 
the silver, and in Fig. 8.2b the Ag L radiation was selected 
with the reverse effect. Owing to the imperfect energy 
resolution of the counter, an appreciable part of the 
continuous spectrum from both grids also falls into the 
selected channel, so that discrimination is not complete, but 
the possibility of showing up the distribution of a particular 
element in the specimen is demonstrated. 

8. 2. Iron carbide particles. 

As an illustration of the way in which small_ 
particles in the specimen can be separately identified, a 
specimen was ch9sen consisting of a field of iron carbide 
particles. These were taken from a steel by an extraction' 
replica technique, which left the particles supported on a 
carbon film in the same relative positions as. in the matrix. 
The steel had been subjected to a long age-hardening process , 
during which the particles had grown to a size of 1 - 2 µ. 

Fig. 8.3 shows the particles on the carbon film supported 
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by a 200 mesh/inch copper grid, at a magnification of 440. 
The pulse analyser was set to pass pulses of Fe K radiation, 
and to exclude, as far as possible , the stronger Cu K 
radiation from the grid. By this means, the particles appear 
at a brightness comparable to that of the grid. 
time was 5 minutes. 

The exposure 

After the image had been obtained on the display tube, 
the scan was stopped and the probe positioned on several of 
the particles in turn, including, for example, the two marked. 
By measurement of the pulse height the emitted characteristic 
radiation was identified as being Fe K. Calibration of the 
pulse height scale was effected with a radio-active source of 
Fe55

, which emitted Mn K radiation by K-capture. As noted 
in Section 2.5, electron-opaque particles supported on a thin 
film can dissipate only a small amount of energy, and, for 
both the image formation and identification, the probe current 
had to be reduced to less than 0.01 µA to avoid damage to 
the specimen. 

After examination in the scanning microscope the specimen 
was transferred to an electron microscope, where the same 
group of particles was· visible. The size was confirmed as 
being 1 - 2 µ, and the carbon film, which was then more 
easily visible, was found to ruptured in some places. where 
the probe had been stopped on a particle with too high a probe 
current. For quantitative work , where a higher probe current 
is desirable and where the mechanical stability of the 
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particle is important, a different method of mounting the· 

particles to give better cooling would be necessary. 

The experiment thus demons.trates that the probe can be 

positioned on a particle ot size equal to its own diameter, 

and illustrates the use of the proportional counter and pulse 

analyser for identification. 

Lung section. 

The same technique: of location and identification 

was applied to a biological specimen, consisting of a section 

of human lung, in which were embedded particles believed to 

be tin oxide. The recorded image is shown in Fig. 8.4 at a 

magnification of 180, without wavelength selection by the 
proportional counter. 

The tissue is only faintly visible, 

and the particles themselves, being denser, appear bright by 
eompari son. 

The probe was stopped on several of the particles and 

the pulse height of the characteristic radiation measured. 

The wavelength of Sn La. radiation is 3.60 i, and the wave

lengths of the La lines of 49In and 
51

sb on either side 

tin differ from it by only 4 %, which is less than half the 

energy resolution of the counter at this wavelength. 
With a 

counting rate of less than 100 counts/sec, due to the nec·es

si ty for a low probe current, there was therefore some 

uncertainty as to which of these three elements was present, 

but the average of several measurements indicated tin. The 
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Fig. 8.6 Impurities in beryllium 

foil (X-ray projection). 
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Fig. 8.5 Impurities in beryllium foil. 
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use of' a crystal spectrometer, which was later developed, 

would remove this doubt. 

8.4 

The experiment thus showed that the instrument was likely 

to be of' value in the biological f'ield as well as the 

metallurgical. 

8. 4. Impurities in berylli'lmLt 

In the course of some work on soft X-rays, an.01ther 

worker was led to suspect the presence of" dense impuri t ,ies in 

a piece of beryllium foil. The foil, 25 µ in thickness, was 

examined by the emission scanning method and numerous 

inclusions were found in the surf ace. 

In Fig. 8.5a, part of the surf'ace is shown at a magnif'i

cation of'. . 180 with no wavelength discrimination. The 

impurities., being denser than beryllium, emit more strongly 

and show up as bright. In Figs:. 8. 5h, c and d, the pulse 

analys.er was set to pass the characteristic radiation f'rom 

three types of' impurity in turn, which, by measurement of' the 

pulse heights, were identified as containing manganese, nickei 

and calcium respectively. The distributions of' the three 

elements are thus shown up aeparately. 

Fig. 8.6 shows the same piece of' beryllium at the same 

magnification taken with the X-ray projection microsco.pe. 

There appears to be a greater number of' inclusions per unit 

area, which indicates that they are distributed throughout the 

thickness of' the f'oil, but no identification is, of' course, 
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possible with the projection microscope. 
8.4 

The probe was stopped on one inclusion of each type in 

turn, and Fig. 8.7 shows the spectra of pulse heights recorded 

automatically with the pulse analyser in conjunction with the 
pen recorder. 

The positions of the Ka. lines of the elements 

from potassium to copper are marked on the pulse height scale, 

which was calibrated by Mn K radiation from the radio-active 

source, and the peaks are sufficiently sharp to all.ow the 

emitting element to be identified unambiguously. 
As would 

be expected with a proportional counter, some overlap occurs, 

particularly between the manganese and nickel peaks, and this 

gives rise to incomplete separation of the distributions in 

Figs. 8. 5b, c and d. 

It has been suggested that the extreme brittleness of 

beryllium is partly accounted for by the presence of such 

impurities as were identified in this example. 
Further study 

of different samples and correlation of the size and distri-

bution of the impurities with the physical properties may shed 

some light on the problem. 

From the results of this early work with thin specimens, 

it appeared that there would be numerous appl~cations in the 

study of the surfaces of thick specimens. 
The objective lens 

was therefore replaced by one designed for this purpose, and 

provision was made for the attachment of a crystal spectrometer 

for quantitative work. 
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Fig. 9.1 200 mesh copper 

and 1500 mesh silver grids, 

and signal waveform. 
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CHAPTER 9 

Thick specimen studies by the X-ray 

emission and electron scanning methods. 

Test grids. 

9.1 

The introduction or the new objective lens, in which 

emitted X-rays or scattered electrons can be collected from 

the surface of a thick specimen, made it possible to extend 

considerably the applications of the instrument. The 

addition of the crys.tal spectrometer gave a second method for 

the identification or selection of a characteristic line, and 

permitted accurate measurement of its intensity. 

The character of the image is somewhat altered with the 

emitted X-rays collected directly from the surface without 

transmission through the specimen; the relief of the surface 

plays a greater part in the contrast. Fig. 9.1a shows 

200 mesh/inch copper grid and 1500 mesh/inch silver grid at 

a magnification of 375. Emitted X-rays were collected b~ 

the scintillation counter in a direction towards the bottom 

of the picture. The thick bars of the smaller grid thus 

appear to cast a shadow on the surface of the larger as if 

illuminated from this· direction and their triangular profile 

is also visible. The accelerating voltage was 25 kV and 

the resolution appears to be about 1 µ; an improvement to 

about 0.5 µ was found to be possible with a voltage of 10 kV, 

but this advantage was outweighed by the insufficient 
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excitation or many characteristic lines (e.g. Cu K radiation 

is excited at 9 kV). Subsequent work described in this 

chapter was carried out With the same accelerating Voltage. 

Part or Fig. 9.1a is shown in Fig. 9.1b with a higher 

instrumentai magnirieation or 1300 • The wavero:rm or the 

signaJ. representing the line marked across the bottom or the 

Picture, as it appeared on the monitor tube, is shown in 

Fig. 9.lc. The objective lens can be rocused rapidJ.y by 

adjustment or the current to give the sharpest peaks, rrom 

the shape or Which the X-ray source diameter can be measured. 

There is a certain amount or quantum noise present causing 

broadening or the trace, Which was recorded as the super-

Position or about 300 separate scans. 

A comparison or the X-ray emission scanning image With 

that obtained by collection or the high energy scattered elec-
trons is given in Fig. 9. 2. 

rn this case, the 1500 mesh 
grid is reversed so that the r1atter side or the bars is 

uppermost. In the. X-ray elJlission Picture (a), there is 

little detail Visible in the bars, but using scattered 

electrons (b), the topography or the surrace is clearly shown 

up. The resolution is also improved in the electron scanning 

Picture, and is estimated at 0.5 µ. The electron scanning 

method is thus useruJ. ror correlation or the X-ray image With 
the surrace relier or the specimen. 

The use or the crystaJ. spectrometer ror the selection or 

one characteristic line ror image fformation is illustrated in 
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Fig. 9. 3, Which shows the effec,t or varying the c:ounting rate. 

The grids are 200 mesh copper and · 1500 mesh silver, shown 

at a ma:gni:J:ic,ation or 350, the image being :J:ormed with Cu Ka 

9.2 

radiation. 
Owing to the energy resolution of the spectre-

meter being superior to that or the proportional c,ounter, 

very little or the continuous radiation :J:rom the silver is 

recorded compared to the example or Fig. 8.2, and the silver 
appears almost black. 

The counting rate given :J:or each picture in Fig. 9.3 was 

that obtained when the probe was stationary on the copper, 

and reduction or the counting rate is accompanied by an 

increase in the graininess due to quantum· noise. 
With a 

counting rate or 500 counts/sec, the gain in the signal 

channel had to be increased to such an extent that individual 
quanta produced specks in the image. 

The minimum useful 

discrimination required. 
counting rate :J:or a given specimen depends on the contrast 

Sut':J:icient to establish the presence of a given element, and 
A rate of 500 counts/sec is 

is given by a probe current or on].y 0.01 µA it: the element 
is in. 100 %. concentration. 

9-. 2. 
Iron oxide Particles. 

The crystal spectrometer in conjunction with the 

scanning method gives a rapid and positive means or identi:J:i-

cation of particles a few microns in size. 
A problem of 

this nature arose in the investigation or the purity or some 
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9.2 thick aluminium foil, which was to be used to support a thin film of a poor thermal conductor for study in the microscope. The X-ray emission scanning image of part of the aluminium surface, formed with the scintillation counter, is shown in Fig. 9.4a at a magnification of 200. There are strongly emitting and therefore dense, particles present, and, from the shadows which they cast, they appear to be on the surface rather than in it. The largest of these is about 75 µ across. 

The spectrum from one such particle 25 µ in diameter was plotted with the spectrometer and pen recorder, and is reproduced in Fig. 9.4b. It shows that there is a high concentration of iron in the particle, and subsequent examination in the optical microscope indicated that the particles were iron oxide. The source of the particles was then traced to the punch which had been used to cut out the specimen of aluminium foil; this showed slight corrosion on the inside which had flaked off in use. 
There appears also to be a trace of manganese present, which would have been undetectable with the proportional counter. From this spectrum an estimate of 1 . % was formed for the minimum detectable concentration of an element, but further investigation into the ultimate limit was later carried out (Section 10.5). 
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9. 3. 
Manganese sulphide inclusions in steel. 

9.3 
9.4 

The use or the spectrometer ror image rormation 

with a selected emission line is illustrated with a specimen 

or steel, which contained inclusions or manganese SUlphide. 

Manganese and iron are adjacent in atomic number and cannot 

thererore be separated With the proportional counter, 

The steel surrace is shown in Figs, 9,5a and bat a 
magnif'ication of' 200. 

In (a) the spectrometer was set to 
select Mn Ka. radiation, so that the inclusions appear light 

and the matrix dark, and in (b) the reverse errect was obtained 
by selectfon of Fe Ka. radiation. 

The centre or the large inclusion near the middle or the 
f'ield of' view is dark in both cases. 

This is because the 
probe current was at rirst set too high (- 1 µA) and burned a 

hole in the centre or the inclusion, which is a poor conductoa, 
of' heat. 

Smaller inclusions were cooled su:f'riciently by the 

With the probe current of' 0.1 µA 
iron to avoid damage. 

normally used with the spectrometer, however, no damage to 

inclusions of' this size was produced. 

9.4. !}letstone. 

uncertainty arose in the dating or a groU;p or whetstones, 

rt was suggested that it might be possible to establiSh 

In the course or some archae"'1.ogicaJ. work, 

whether they were bronze age or iron age by examination or 

the surraces ror Particles or bronze or iron, 
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9.4 

Accordingly, flakes were talcen from the surfaces of several of the stones, from region.s that appeared to have been worn smooth by the sharpening o:f a tool. These were examined by the emission scanning method with no wavelength selection, and the surface of one such flake, which was typical, is shown in Fig. 9.6 at a magnification of 200. 
The relief of the surface is apparent - the stone was of a porous nature - and some brightly emitting inclusions up to 20 µ in diameter are visible. By means of the spectrometer, however, these were found to contain a large proportion of titanium, and so were a natural constituent of the stone. A diffuse distribution of iron in the surface was detected with a concentration of a few percent, but this was also part of the stone, since it showed no systematic variation with depth beneath the surface. There were no particles of iron, tin or copper on the surface, and it seemed likely that the corrosive action of the soil would have etched away any free metal. 

Melting of parts of the surface was found to occur if the probe current was increased to more than a few tenths of a microamp. This agrees approximately with the theoretical predictions made in Section 2.6 for a rock specimen, but the agreement is likely to be fortuitous owing to the uncertainty in thermal conductivity. With a porous material, as in. this case, the conductivity effective on a micro- scale is likely to differ widely from that measured on the material in bulk. 
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9.5 

The indicated probe current was somewhat unstable, probably due to electrical charging of. the surf ace. On. some specimens of the stone, · charging caused shift of the scanning image, but this was in general not troublesome and could be avoided by the evaporation of a conducting film on the surface. The experiment thus failed to assign a date to the whetstone, but demonstrated the feasibility of examining geological specimens in the scanning microscope. 

9. 5. Impurities in photographic film base. 
In the manufacture of photographic film base from cellulose triaeetate, it is essential to exclude particles of' impurity from the surface. Some types of impurity spo,t ca:n cause sensitisation or desensitisation of the emulsion over a comparatively large area around the spot, probably due to the photographic action of' any metallic ions present. It is therefore of' interest to find the composition of such a spot in order to discover at what stage in the manufacturing process it was produced. Chemical analysis is not often possible, owing to -the small size of the spots, and it appeared that the X-ray emission method would give useful information. 

Some difficulty was introduced, however, by the low melting point coupled with the poor thermal conductivity of the film base, and this made it necessary to use a probe current of only 0.001 - o.oi µA. In addition, the surface 
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9. 5 

had to be coated with a thin conducting layer to avoid 
charging effects. 

For this purpose an evaporated layer of' 

aluminium or carbon a rew hundred Jlngstrom units in thickness 
was found satisfactory. 

tyPical of.' several pieces of film examined. 

One ty-pe or impurity spot is shown in Fig. 9.7a and b, 

was rormed by collection or the scattered electrons, and shows 
In (a) the image 

brighter than the surrounding triacetate. 

up the shape and relier or the spot sur:race, which appears 

was scanned in (b), and the image was rormed with Fe K 
The same field 

radiation, selected with the proportional counter and Pulse 
analyser. 

Certain inclusions in the impurity spot are seen 

to be rich in iron, and this was the only metallic element 
occurring in high concentration. 

The iron was not an 
arteract arising rrom the specimen preparation, as in the 

example described in Section 9.2. 

It was not Possible to use the crystal spectrometer ror 

image rormation, owing to the low probe current (0.002 µA ror 

Fig. 9.7), but the counting rate was slli'ricient to COnf'irm 

the presence or iron, which was estimated at > 50 % in these 
inclusions. 

A search was also made for less concentrated 

the probe scanning over the impurity. 
metallic components, by Plotting the emisSion spectrum with 

in the order of 1 %. 
was detected, and in another zinc, both with a concentration 

In some cases copper 

current was increased to about 0.03 µA with some damage to 
To detect this amount, ·the probe 

I 
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9.6 the spot, and gave a counting rate of 5 counts/sec for Cu Ka, which was just detectable above the background radiation. While the investigation was in progress, the manufacturers had been able to show that copper and zinc were present in this type of impurity spot, so that the work confirmed their findings, but the existence of the iron inclusions was previously unknown. Thus, despite the low X-ray intensity, the emission scanning method is useful for this essentially non-metallic type of specimen. 

9. 6. Chromium plating. 
In the construction of an X-ray tube for crystallographic work, there was doubt as to the best method of plating the rotating copper anode with chromium. The requirements were, (i), that the chromium should adhere securely to the anode while subject to the periodic temperature fluctuations which accompany rotation, and, (ii), that the layer should be thick enough to absorb completely electrons of 35 keV energy. 

Flaking of the chromium layer can be initiated by cracks in it, and also tends to occur if the layer is too thick, owing to the difference in thermal expansions of copper and chromium. .An attempt was therefore made to choose the conditions of plating to give a layer free of cracks and of thickness just greater than the depth of electron penetration. Four samples A - D were examined, plated in different 
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Fig. 9.9 Cracks in chromium plating. 
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ways. 9. 6 

In sample A, the chromium was separated from the 

copper base by a layer of nickel; the thickness of both 

layers was believed to be 25 µ. 
Fig. 9.8, produced by the 

electron scanning method, shows part of the chromium surface 

of A at a magnification of 300. 
The copper base had been 

roughened to assist adhesion, and the irregularity is carried 
through to the chromium. 

Some cracks are visible in the 

surface, and it was of interest to find whether these 

penetrated to the layers underneath. 

Two cracks in the centre of Fig.9.8 are shown in Fig.9.9a, 

which was formed by scattered electrons. 
In. Figs. 9.9b, c 

and d, formed by emitted X-rays, the crystal spectrometer was 

used to select Cr Ka, Ni Ka and Cu Ka radiation respectively 
from the same area. 

Over most of their length, the cracks 

are seen to emit not Cr Ka radiation (b) but Ni Ka (c), and 

therefore penetrate to the· nickel layer. 
At the to~ of the 

lower crack, however, there is a region from which Cu Ka is 

emitted (d), where both layers are perforated. 
Other points 

in (d) also emit Cu Ka and some or them appear to correspond 

to protrusions on the surface, where possibly. the nickel was 

not deposited and the chromium layer is thin. 
The grainy 

background in (c) and (d) is due almost entirely to the sma11 

amount or continuous and scattered radiation recorded, and is 
to be neglected. 

This is the type of specimen in which the 

results would be more easily represented in a single colour 

Picture, as described in Section 5.4. 
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9.6 The average thickness of the chromium layer was investi

gated by measurement of the relative intensities of the Cr Ka 
and Ni Ka lines at different accelerating voltages, with the 
beam scanning over the surface. At 20 and 25 kV the ratio 
Cr Ka: Ni Ka was: about 90: i but at 30 kV dropped to 
60: i, which indicated that at this voltage some electron 
penetration of the chromium was taking place. The depth of' 
penetration o:f 30 kV electrons in chromium is about 3.2 t.L, 
and therefore the chromium layer was considerably thinner 
than 25 µ, estimated from the plating conditions. The 
efficiency of the plating bath was then checked and was, in 
fact, found to be low. 

Sample B, made at the same time as A, also showed electron penetration through the chromium layer. In this 
case, the chromium was plated directly on the copper. No 
cracks were detected but the Cr Ka.: Cu Ka. ratio was only 
15: 1 at 20 kV and decreased to 4: 1 at 30 kV. For the remaining two samples, C and D, the chromium was 
again plated directly on the copper, but to a thickness of 
12 µ, estimated from the revised plating efficiency. The 
methods of preparation differed mainly in the temperature of 
the bath; the lower temperature used for D gave the chromium 
a brighter appearance. No cracks were detected in either C 
or D, though some electron penetration to the copper was noted 
at small irregularities in the surface. The ef:f.'ect of the 
penetration averaged over the surface was negligible, however, 
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ratio was over 100: i for 
30 kV~ It was not possible toi 

9.6 

extend the voltage range to) 35 kV, as the objective lens was 
not sufficiently strong, but this corresponds to an increase 
in penetration of only 1 µ. 

The experiments thus indicated that the methods of 
plating used for samples C and D would both be suitable for 
the anode of the X-ray tube. The latter method was 
eventually adopted, as it was. easier to work with the lower 
bath temperature, and the X-ray tube has given satisfactory 
performance :ror over 100 hours with full_ advantage taken of" 
the high loading possible with a rotating anode. 
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CHAPTER 10 

Quantitative microanalysis by X-ray emission. 

10.1. Theory. 

The theory of quantitative microanalysis by X-ray 
emission, as developed by Castaing (1951) and by Castaing and 
Descamps (1955), is summarised in this section. The basis of 
the method is to compare the intensity of a characteristic 
line emitted by an element in the specimen, with that of the 
same line emitted by the element in pure form; the comparison 
is made under the same probe c.ondi tions. This method avoi.ds 
the difficul ti.es of preparing a sample with a known composition 

· close to that of the specimen. 

To a first approximation the ratio of the intensities is 
equal to the concentration of the element in the specimen. 
Thus, the concentration CA of an element A is 

10.1 

where IA and I(A) . are the intensities of the characteristic 
line emitted by A in the specimen and by pure A respec
tively. 

Equation 10.1 can be justified by a simple theoreticai 
argument, with the assumption that, for a given probe energy 
E, the electron energy dE lost in a layer d.x at a depth 
X in the target depends only on the density r of the target, 
and is proportional to f . Such an assumption is made in 
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10.1 the Thomson-Whiddington law 

dE t' dx = - const. E 
and in the law proposed by Williams (Compton and Allison 1935). 

dE f dx = - const. 
E0.7 

There are four main corrections which may have to be app-lied to the value of CA deduced from equation 10.1. (i) Correction for difference in atomic number. Webster suggested that Williams' law should be modified by multipli-cation of the expression for dE by a factor 2z where z dx A ' is the effective atomic number of the target and A the effective· atomic weight. The loss of energy dE in dx is thereby made proportional to the density of extra-nuclear electrons rather than to the mass density, which is a better representation of experimental results. This leads to a corresponding modification to equation 10.1, which becomes, for a binary alloy A-B: 

where the correction factor 

1 ~--I-A--(-~z~A_A_B_) __ z_A_A_B_ 
UAJ ( l - ZBAA) + ZBAA 

10.2 

For a given value of I.AjI(A) , fz thus differs increasingly from unity as / Z A - ZB / increa.se s. Alternatively, for 
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10.1 given elements A and B in varying proportions, t'z tends to a maximum for IyI(A) ~ 0 , that is, for CA ~ O. As an example of an extreme case, the c,orrection factor for a small amount of aluminium in gold (CAI - 0, ZAu - ZAl = 66) is 0.83, and neglect of this correction. thus causes a relative error in the determination of aluminium of 17 %. The absolute error is greatest for CA - 50 % , an~ for aluminium and gold, then has a value of 4f %. Often, however, the components of an alloy are suf'ficiently close in atomic number for the correction to be negligible. (ii) Absorption correction. If the absorption of the characte,ristic line of A , as it emerges f'rom the specimen, is significantly different from that in pure A, the ratio of the emitted intensities is modified. In order to correct the measured ratio for absorption, it is necessary to know first the distribution of emitted intensity with depth in the specimen, that is, the ionisation function. Further data required are the mass absorption coefficient µ/f of the specimen and of pure ,A, and the angle e which the emergent X-ray beam makes with the surf'ace. 

If I and I' are respectively the true and measured intensities of the A line from the specimen or from pure A, the correction factor 1/f, to be applied in each case, is defined by 

I' I = f 
10.3 Castaing has shown that is a function of f cosec e , 
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10.1 

and has plotted the function, for certain pure elements and 

for certain accelerating voltages, from experimental 

determinations of the ionisation function. 
His results for 

a 50: 50 Fe-Cr alloy at 27.5 and 38.5 kV are given in 
Fig. 10.1. 

In his earlier work (1951), he showed that these 

curves hold equally well for pure iron, and in later work 

(1955) has shown that there is little divergence between the 

f-functions for elements of widely differing atomic number. 

The true intensity of the A line can thus be found, both 

for the specimen and for pure A, so that CA can be 

calculated. 
Some uncertainty is involved, however, mainly 

in the choice of µ/f for the specimen, of which the 

approximate concentration must be known. 
It is an advantage, 

therefore, to make 1/f as close to unity as possible by 

designing the apparatus to make 6 as large as is practicable. 

The absorption correction is greatest when the 

characteristic line being measured has a wavelength just on 

the high energy side of an absorption edge, as in the case of 

the Fe Ka line from -iron in chromium. 
For a low concentration 

of iron, the relative error in CFe, if absorption is 

neglected, is as high as 40 % (6 = 20 °, accelerating voltage 

27.5 kV), but falls with an increasing proportion of iron. 

The absolute error is greatest for CFe - 60 % , and is then 

about 13 %. 
The correction is thus important for an Fe-Cr 

alloy, but this is an extreme example and in many cases the 

absorption effect is negligible. 
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( iii) Fluorescence :from characteristic radiation. 
The 

characteristic radiation emitted :from the region of' analysis 

in the specimen can sometimes cause appreciable :fluorescence 
in the surrounding matrix. 

In the case of an Fe-er alloy, 
:!'or example, the Fe Ka radiation excited by electron impact 

causes Cr Ka radiation to be excited by :fluorescence, so that 

the measured intensity of' Cr Ka is higher than the true value. 

Fluorescence cannot, o:f' course, be excited in the. pure 

element by its own radiation. 

Castaing ( 1951L) has obtained a theoretical expression, 

involving the :fluorescent Yield and appropriate mass 

absorption coe:t':t'icients, which gives the ratio g of' the 

:fluorescent intensity rt' in the specimen to the intensity 

of electron-excited radiation I. 
Thus If = gI and I 

relation 
can be derived :from the measured intensity r• :from the 

I' I = -----1 + g 10.4 
The expression for 

g _ is complicated, and it will su£fice to 

illustrate the variation of' g with concentration :!'or an 

Fe-er alloy, in Which the :fluorescence correction to the 

Cr Ka intensity is particularly important. 
The relation 

between g and Ccr is plotted in Fig. 10.2. 

Only slowly with accelerating voltage, which in this case 
g varies 

was set at 23.8 kV, being the voltage used :!'or the 

e.xperiments described later. 
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10.1 Neglect of the fluorescence correction causes a relative error in Ccr of· g, which has a maximum value at CCr = O of 34 %. The absolute error is maximum if the measured intensity then gives a value for by 4f %. 

Ccr - 40 %, and 
Ccr too high 

(iv) Fluorescence from continuous radiation. Fluores-cence in the matrix can also be excited by the emitted continuous radiation. In contrast with fluorescence from characteristic radiation, it occurs in the pure element as well as in the specimen, and, if the enhancement of the characteristic intensity is different in the two cases, the ratio requires correction. 
Castaing and Descamps (1955) have measured the intensity of fluorescence for pure zinc with an emergent angle of 16 °, and find that it forms about 3 % of the total Zn Ka intensity. This was obtained with an electron energy of 29 kV. The importance of this will depend largely on the microstructure of the specimen, which has so far been assumed homogeneous. If the matrix surrm.mding an inclusion has zero concentration of A-, the measured value of CA in the inclusion is low, because there is no fluorescent contribution from the matrix, whereas with the pure element there is. In the case of zinc, this leads to a relative error of 3.%. If, on the other hand, the concentration of A in the matri~ is 100 %, the measured value of CA is high by an amount depending on CA. The error is maximum if CA = 0 , and, 
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in the case of zinc, CA is then measured as about 3 %. These are limiting cases, howeve·r, and the correction is negligible when the specimen is homogeneous. 

10.2 

Castaing has checked his theory of X-ray emission analysis by studies of several alloys of known composition, and has shown that the corrections can be applied to give an analysis with a relative accuracy of 1 %. More work is required, however, both experimental and theoretical, before the corrections can be applied generally. 

10. 2. 

10. 2. 1. 

Instrumental requirements for quantitative 

analys is. Elimination of electron induced contamination. During the qualitative work, the tendency was noticed for carbon to form on the surface of the specimen at the point of impact of the probe. An optical micrograph of the deposit with the probe scanning was shown in Fig. 4.4b. Before attempting quantitative work, therefore, an experiment 
was made to determine whether the build up of carbon affected 
the intensity of characteristic radiation by the absorption of energy from the probe. 

With the probe stationary on pure copper, the deposit was found to become thick enough to cause a reduction of 10 % in the intensity of Cu Ka in about 4 minutes; this period was constant for a wide range of probe currents. Whilst there would be sufficient time for the analysis of one 
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~1ement, the prolonged exam1nation or one, point would not be 

possible. 

An attempt was made to C<llldense organic vapours in the 

system, by the introduction or a cold trap between the oil 

dir:tusion pump and the column, but without success. 

leading directly rrom the specimen chamber to a cooled rl!.ask A tube 

was also ineffective. 

Ennos fa954) has shown that heating the specimen surraee 

to over 200 °c, or coo11ng an area around it to below - 15 °c, 
both stop contamination. 

In the present case it was s:ur.1p1er 

to cool an area close to the specimen, and thi.s was dane by 

means or the cold rod. attachment to the objective lens 

described in Section 3.5. 

In this way the reduction of Cu Ka.. 

intensity was made undetentable (< 1 %) over periods or nearly 
an hour. 

Fig. 10.3, reproduced rrom a pen Tecorder trace or the 

Cu Ka intensity rrom pure copper, illustrates the e:f'rective-

ness of the method. 
The rod was cooled in liquid air for 

about 11 minutes, and was then heated to room temperature, 

so that contam1nation set in and the Cu Ka intensity 

immediately started to fall off. 
The short period 

fluctuations are statistical. 

From the theory or characteristic radiation discussed in 

Section 2.2, a given decrease in Cu Ka intensity can be 

related to the loss or energy in the probe as it passes 

through the carbon layer. 
This in turn can be used to 
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determine the thickness of the carbon layer by means of the Thomson-Whiddington law. These calculations lead to the conclusion that the insertion of the cold rod reduced the contamination rate from 25 ]V'sec to less than 0.25 ]V'sec, -by a factor of 100. The contamination rate without the cold rod is high for this type of equipment, possibly because of the necessity for a thin film of grease on the specimen tube, and a more normal figure would be 1 - 2 .i/sec. 
It was not necessary to surround the specimen completely by the cold surface, as suggested by Ennos; the end of the rod, which measured about 1/4 11 square, came to within 1/4" of the specimen. This permitted a simple design (Fig. 3.13), which may be applicable to other electron-optical devices. The objective lens aperture became hot enough in normal running to make contamination on it negligible. 

10. 2. 2. Other requirements. 
Although the measurement of intensity of a single characteristic line may take only a few minutes, a complete analysis including standardisation with pure elements may take an hour or more. It is therefore necessary to be able to keep the probe current constant to within 1 % for periods of this length. Fluctuations arise mainly in the ele.ctron gun, and the precautions taken in the design, namely in the bias system and filament centring, have been described in Section 3.3. The probe current is often stable to 1 % for 
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:periods of an hour, but, should any drift occur, which is 
usually due to movement of the filament, accurate correction 
can be made. The drift is observed on the :probe current 
meter (Section 3.5), which is of such a sensitivity that a 
! . % change in a probe current of 0.1 µA causes a deflection 
of 1 mm. 

The calibration and testing of the counting equipment 
have also been described (Section 5.3). The accuracy is 
such that, if statistical error is made negligible, measure
ments of intensity can be made to 1 %. 

10. 3. Experimental method. 

In essence, the experiment is carried out as follows. 
The crystal is set to the correct Bragg angle for the 
characteristic line of the element to be analysed, and the 
intensity of this line is measured with the :probe positioned 
on the selected point in the specimen. This is then replaced 

· by the :pure element without alteration of the :probe current, 
:probe position or angle of the crystal, and the intensity 
again measured. 

With the present apparatus, the inability to replace the 
specimen by the :pure. element without breaking the vacuum 
introduces some complications. Some alteration of the :probe 
current in the change-over is inevitable, arising chiefly 
from movement of the filament, so that the current must be 
reset. This cannot be done by the probe current meter, since 
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10.3 the fraction of the probe current scattered away from the surface varies with different targets. Standardisation is therefore effected by reference to the characteristic radiation of a third material, which is in such a form that it can be mounted with the specimen and with the pure element. The comparison of the characteristic intensities of specimen and pure element thus involves four measurements. Since the characteristic radiation of the reference material is often different from that of the element to be analysed, the setting of the spectrometer cannot be left untouched. The accuracy of the B~agg angle scale is not sufficiently high to allow the. crystal to be set exactly on the peak of the characteristic line, so that it is necessary to plot the whole peak by rotation of the crystal. This procedure also gives the background counting rate on either side of the peak, which has to be subtracted from the peak counting rate to give the true characteristic intensity. The effect of small changes in Bragg angle produced by movement of the probe is also cancelled out, so that the probe can be moved from specimen to reference material electronically rather than by use of the specimen movements • . If the colunm is correctly aligned, the change in probe current as the probe is deflected is negligible. 

The smoothness of the surfaces of the specimen, pure element and reference material must be such that the absorption of the X-rays leaving a homogeneous sample does 
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not vary from point to point. For the specimen and pure element, the normal metallurgical polishing technique for optical examination is adequate, but this is difficult to apply to a reference material in the form of a foil or copper grid. On the rough, etched side of the normal electron microscope grid there are irregularities of up to 5 µ in size, which can cause a 10 % variation in the measured intensity of Cu Ka, but on the smooth side the variation is negligible. 

reference. 

A grid or part of a grid is thus suitable for 

The final point concerning experimental procedure is the choice of the time constant of the ratemeter. This must be made as long as possible to smooth out the sta.tistical fluctuations in the counting rate, but not so long that the height of a characteristic peak, plotted by the pen recorder as the crystal is rotated, is attenuated. The speed of rotation of the crystal is set for analysis at the slower of the two speeds available, which is 1/4 °/min. The time taken for a complete peak to be recorded is then 3 - 4 minutes, though it is possible to plot just the tip of the peak in less than t minute. Under these conditions, the optimum time constant was found to be 2f seconds; the next higher value of 10 seconds caused slight reduction in peak height. The extent to which the statistical fluctuations then affect the accuracy of measurement is discussed in the next section. 
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10.4. Statistical limitations to accuracy. 
The fundamental source of error in the measurement 

of the intensity of a characteristic line is the statistical 
fluctuation in the counting rate. This leads to an 
uncertainty in both the peak and background counting rates, 
but with the present experimental procedure, in which the 
background spectrum is plotted for some distance· either side 
of the peak, the absolute error in the background measurement 
is negligible. In this discussion, the standard error will 
be quoted, that is, the error obtained directly from the RMS 
fluctuation. 

As described in the previous section, the determination 
of the concentration of an element involves four separate 
peak measurements, all of which contribute to the final error. 
If IA . and I(A) are the intensities of the characteristic 
line of element A from the specimen and from pure A 
respectively, and if IR is the intensity of the characte
ristic of the reference material, then ·equation 10.1 for the 
concentration of A can be written 

10.5 

With a given probe current, only the error in IA will vary 
with concentration, those in the other three measurements 
remaining fixed. This variation will be investigated first. 

If the background counting rate from the specimen is Ib, 
·the total counting rate at the peak of the characteristic is 
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With a time constant 't" in the ratemeter, the RMS fluctuation on IA+ Ib is 

)
IA+ Ib 

2-r (Elmore and Sands 1949) 
which gives rise to a relative error E (IA) in the determination of IA of 

1~ £(IA)= IA/~ 
Substitution for IA from equation 10.1 gives 

l /CAI(A) + Ib £(IA) = CAI{A) 2~ . 
With the normal probe current for analysis of 0.1 p.A, 

10.6 

I(A) = 8000 counts/sec for pure iron and Ib = 200 counts/sec. If 7: is set at the optimum value of 2t sec, equation 10.6 becomes 

1 =c· A 

jcA + 0.025 
200 

so th~t, for CA= 100 %, e(IA) = 0.50 %. 

10.7 

The relative error in I(A) and in the two measurements of IR will therefore be taken as 0.50 %, since the counting rates will not be far different from 8000 counts/sec with the same probe current of 0.1 µA. 
error £(CA) in CA is given by 

so that, from equation 10.7, 

Hence, the relative 
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CA+ 0.025 

4CA2 
+ 0.75 

10.5 

10.8 

The relation between £.(CA) and CA is plotted in Fig. :l!.0.4, 
from which the relative error is seen to be 1 % for a 
concentration of 100 %, rising to 100 % at a concentration 
of o. 08 %. The absolute error £(CA).CA, on the other 
hand, is always less than 1 % •. 

Two conclusions can be drawn. First, the relative 
experimental error is never less than 1 %, which, according 
to Castaing, is the accuracy with which the theory can be 
applied to the experimental results. Secondly, if a peak is 
taken to be just detectable if its height is equal to the RMS 
fluctuation in the backgro'Wl.d radiation, that is, 
£(CA)= 100 %, then the minimum detectabie concentration is 
about O. 08 %. These conclusions were tested by the 
experiment described in the next section. 

10. 5. Steel, ty-pe EN30A. 

As a test of the experimental method, the analysis 
was made of a -steel sample of known composition. The sample 
had been analysed chemically by the British Iron and Steel 
Research Association and was a type of steel designated EN30A. 
It contained five elements accessible to analysis, which were 
present in the.following concentrations:-

Fe 

93.2 % 

Mn 

0.49 % 

Cr 

1.3 % 

Ni 

4.16 % 

Cu 

0.17 % 
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Exoerimental results for EN30A steel. 

. 
M aterial p eak Peak intensity Ratio to Ratio to 

counts/sec. reference pure element 

Steel Fe Ka. 9250 1.87 94 % 

Mn Ka. 50 0.0101 0.43 % 

Cr Ka. 195 0.0394 1.64 % 

Ni Ka. 195 0.0394 3.03 % 

Reference Cu Ka. 4950 

Steel Cu Ka. 55 0.0562 0.22 % 

Steel (as 
reference) Ni Ka. 980 

(from Ni Ka.: 
Cu Ka. above) 

-
Pure Fe Fe Ka. 8350 1.99 

Reference Cu Ka. 4200 -
Pure Mn Mn Ka. 9600 2.32 

Reference Cu Ka. 4130 
. 
Pure Cr Cr Ka. 9830 2.40 

Reference Cu Ka. 4100 

Pure Ni Ni Ka. 7150 1.30 

Reference Cu K a.. 5500 

- 145 -

In addition there were Slllall quantities of c, Mo, V, Si, s, P 
10.5 

and Co totalling less than o. 7 %. 
The concentration of' 

copper comes close to the limit of detectability and thus 

provides a direct check of the estimate formed in the previolitS 

section. 

The sample was first annealed at 950 °c for 1 hour and 

then quenched, to make it homogeneous • 
The surface was 

polished and the analysis carried out With the Probe 

stationary in the manner described. 
Each characteristic 

Peak was plotted from at least two Points on the surface, and 

the intensities agreed to within 1 %. 
A copper grid. was 

used as the reference material, but was removed for measure-

ment of the Cu Ka. line in the steel; this was to avoid the 

generation of Cu Ka. radiation from the grid by back-scattered 

electrons. 
Reference was made instead to the Ni Ka. line in 

the steel. 

The probe current was in the neighbourhood of 0.1 µA 

and the accelerating voltage, which was nominally 25 kV, was 

subsequently measured as 23.8 kV. 
The results are given in 

the table, in Which the peak intensities have been corrected 

for counting losses and for background. 

Two of the measured ratios, those for Cr Ka. and Ni Ka., 

must be corrected. 
The intensity of' Cr Ka. radiation was 

enhanced by fluorescence produced by the Fe Ka radiation, and 

the proportion of fluorescence radiation can be obtained from 

Fig. 10.2 as g = 0.32 . 
The correction factor 1/(1 + g) 
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(equation 10.4) is thus 0.76 and the concentration of chromi'lllil is 1.64 x 0.76 % = 1.25 %. 
Secondly, the Ni Ka radiation is strongly absorbed by the iron. The mass'. absorption coefficient µ/f for Ni Ka in the sueel, calculated for a compos.ition of 93 % Fe and 7 % Ni, is 385 , and for Ni Ka in pure nickel i.s 59. 2 • The values of µ/f cosec 6 for the steel and for pure nickel are thus, with e ~ 20 °, 1120 and 173 respectively. From Castaing's curves (Fig. 10.1) for the correction factor 1/f (equation 10.3) at 38.5 kV and 27.5 kV, the value of 1/f' at 23.8 kV was estimated to be 1.49 for the steel and 1.07 for the pure nickel. The concentration of the nickel is thus 3.03 x ~:6~ = 4.21 %. 

The final results, with the experimental error obtained from Fig. 10.4 are therefore: 

X-ray analysis Chemical anl;iJ.ysis 
Fe 94 ± 1 % 93.2 % 
Mn 0.43 ± 0.08 % 0.49 % 
Cr 1.25 :!: 0.10 % 1. 3 % 
Ni 4.21 + 0.13 % 4~16 % 
Cu 0.22 ± 0.08 % 0.17 % The results of' the X-ray analysis. thus. agree with those of the chemical analysis to within experimental error. 

The spectr'lllil of' the steel, as plotted by the pen recorder, is reproduced in Fig. 10.5a. The crystal was rotated at the fast speed of . 1 °/min and the full scale deflection is 
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All the Ka. Peaks except that of copper are 

Part of the spectrum inclUding the Cu Ka. peak is shown 

in Fig. 10.5b, which was plotted with the crystal speed 

reduced to 1/4 °/min and with a full scaie deflection of 

10
3 

counts/sec. 
In the lower trace the time constant was 

set to 2f sec and the Probe current was about o. 15 iiA. 

The Cu Ka. and Ni K/3 peaks are just ViSible, Which approxi

mately verifies the estimate of 0.1 % for the minimum 

det ectabl e concentration. 

If the Probe current is increased, the minimum detectable 

concentration is correspondingly reduced. In the upper trace 

of Fig. 10.5b the current was increased to 1. 2 µA, which 

accounts for the increased counting rate. The time constant 

was increased to the max1mum of 10 sec, which resulted in 

some attenuation of the Peak height but ill1!)roved the ratio of 

Peak height to background fluctuation. 
In addition, the 

Pulse analyser was used to exclua.e scattered radiation from 

the strong Fe Ka. line, so that the background intensity and 

hence the background fluctuation was further reduced, 

Under these conditions the Cu Ka. Peak stands out much 

more clearly, and the minimum detectable concentration is 

estimated at 0.02 %. 
Further increase of the time ·constant 

and decrease of the crystal speed Would make this figure even 

lower, but this may be taken as the limit convenient in 

practice. 
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Cracks in mild steel. 
10.6 

of the three main t'unctions of the scanning microscope -

electron scanning, X-ray emission scanning and quantitative 

The final application illustrates the combined use 

analysis. 
The problem was to establish the cause of cracking 

in the surface of mild steel, which sometimes occurs in the 
process: of hot working. 

This has been discussed by Foster and Gilchrist (1952) 

and is believed to be due to the segregation of copper, nickel 

and tin in1:Purities to the !!l'ain boundaries near the surface 

of the steel, brought about by selective oxidation of the 
iron. 

The grains become separated by an alloy which may be 

molten at the teniperature of working (900 - 1200 °c), and 

thus have little cohesive strength. 

of segregation was not known. 
was available to support this theory, however, and the degree 

No direct evidence ·. 

In the optical microscope, a homogeneous layer, several 

microns in thickness, is often visible round the edges of a 

crack, and there may be inclusions of similar appearance and 

somewhat larger dimensions near the surface of the steel. 

One such inclusion is shown in Fig. 10.6 at a magnification 

of 120, which 1s an optical micrograph of a section of a 

mild steel tube perpendicular to the surface. 

structure of the body of the steel has been revealed by 
The grain 

etching, and the inclusion appears smooth by contrast. 

Cracks had occurred in other parts of the tube and it is 
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likely that the inclusion is the segregated alloy. 
10.6 

Another inclusion in the surface, similar but less 

extended, is shown in Fig. 10.7a magnified 200 times. On 

both sides of it there are cavities and in places the walls 

of the cavities have the same non-granuJ.ar appearance as the 
inclusion. 

The section was embedded in resin, which fills 

the dark area. of the picture; the interface, which is the 

surface of the steel, does not appear sharp as it is slightly 
bevelled. 

The electron scamung picture of the same area is shown 
in Fig. 10.7b. 

The grain boundaries are not as clearly 

marked as in the optical picture, which was taken a:t'ter the 

specimen had been subjected to further etching, but the 

inclusion is partly visible. 
The cavities and shape of the 

edge are clearly marked. 

Figs. 10.7c, d and e are X-ray emission scanning pictures 

of the same area, and were formed With Fe Ka, Ni Ka and Cu Ka 

radiation respectively, selected with the crystal spectrometer. 

There is little decrease in the Fe Ka intensity (c) in the 

region of the, inclusion; the darker smear beside it is a 

mark on the display tube screen. 

The Ni Ka picture (d) clearly .shows an increased concen

tration of nickel in the inclusion and in the Walls of both 
cavities. 

It will be shown, however, that the average 

concentration in the inclusion is still low, so that the 

signal amplification had to be made high, and much of the 
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background from the body of the steel is scattered Fe Ka 
10.6 

radiation. 

In the Cu Ka. picture the inciusion is only slightly 

brighter than the background, but a stronger concentration is 

Viaible at one .Point in it, and in regions near the cavities. 

It was unfortunately not possible to obtain the distri-

bution of tin, as both Sn Ka and Sn La. radiations are beyond 

the range of the spectrometer. 

The lower e.avity is surrounded by well marked segrega-

tions of both copper and nickel, and is shown at a higher 

magnification in Fig. 10.8. 
The sequence of pictures is the 

same as before - optical, electron, Fe Ka, Ni Ka. and Cu Ka.. 

The Fe Ka. picture is noticeably darker in the region where 

there is nickel and copper, which implies there is a high 

concentration of these elements. 
The conce~trations of 

nickel and copper were then measured at certain points of 

interest by the method described earlier in the chapter. 

Three regions were investigated, which were the area A 

and point Bin the inclusion (Fig. 10.7d), and point C near 

the lower cavity . (Fig. _ 10. 8d). 
The concentrations were 

measured at area A with the probe scanning and at points B 

and C with the probe stationary at the positions of maximum 
concentration. 

The characteristic intensities were referred 

to the Fe K~ intensity from the body of the steel, where the 

iron concentration was over 99 %, and ihe co"'.Parisons between 

pure iron, copper and nickel made in a separate experiment. 



The results were 

Area A 

Point B 

Point C 
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Ni: 6 

Cu: 2} 

Ni: 22 

Cu: 7 

Ni: 33 

Cu: 21 

10.6 

at% 

3} % 

28 % 

at% 

40 % 

24 % 
No accurate correction was possible for absorption of Ni K~ 
and Cu K~ owing to the uncertainty of the tin concentration. 
The limiting values given for each concentration were obtained 
with absorption uncorrected in the one case and, in the other, 
corrected assuming that only iron was present besides nickel 
and copper; the true concentration, if tin were present, 
would fall somewhere in between. The statistical error is 
negligible compared to this uncertainty. 

Two main conclusions can be drawn. First, concerning 
the problem, it is clear that there is pronounced segregation 
of nickel and copper, since chemical analysis showed that 
these were present with average concentrations of only 
0.14 % and 0.20 -% respectively. The degree of segregation 
was considerably higher than expected. 

Secondly, with reference to the experimental method, 
there is great advantage in beirig able to show the distribu
tions of separate elements, to correlate them with the relief 
of the surface and to place them on a quantitative basis. 
It was possible to show visually the presence of only 2} % 

11111 
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of copper in iron (Fig. 10.7e), by the method of wavelength 
selection. Furthermore, it was~ simple matter to pick out 
the points of maximum concentration, which is not possible in 
the optical microscope. 
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CHAPTER 11 

Discussion. 

11.1. X-ray absorption scanning method. 

11.1 

The performance of the X-ray absorption scanning microscope was discussed theoretically in Chapter 2. Three factors were found to be important: the limits to X-ray intensity set by the electron-optical system (gun limit) and by the melting of the target (heat limit), and the limit to the number of scanning lines set by off-axis aberrations of the objective lens (deflection limit). Each was represented, for typical operating conditions, as a relation between the X-ray source diameter, which is approximately equal to the resolution, and the maximum number of lines possible in a noise-free image (Fig. 2.6). The best resolution for a given number of lines is determined by one of the two intensity limits. 

The results described in Section 7.1 showed that it was possible to approach the theoretical performance closely in ~ractice; an image of 200 lines with a resolµtion of 2 µ was obtained, which was almost free of quantum noise. It was also verified that, with an X-ray source of this diameter, the gun and heat limits almost coincided (Section 3.1). Further experiments (Sections 7.2 and 7.3) were made to investigate the possible advantages of the absorption scanning microscope over the projection microscope, namely, the 
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electronic control of contrast and of image brightness. Since theory and experiment agreed that the normal operat.ing conditions were on the verge of noise visibility, any method of contrast enhancement would be expected to make noise fluctuations visible. Two methods were tried and in both cases the quantum noise prevented enhancement of the contrast beyond that which can be achieved with the projection microscope by normal photographic techniques. For direct viewing of the image, however, the contrast was considerably better on the display tube of the scanning microscope than on the fluorescent screen of the projection microscope. 
The relative brightnesses of the visible images produced by the two instruments were compared apart from the contrast. Insufficient practical inforrnation was available to permit theoretical treatment, so the brightnesses were compared experimentally under typical working conditions. The result was that, again because of noise limitations, the scanning microscope did not provide a useful degree of image intensification. 

If the absorption scanning method is to have any gre~t value, therefore, means must be found to increase the number of quanta forming the image. Since no great increase is possible in the exposure time, which is already sever~l minutes, this would have to be done by increase of the collected X-ray intensity, that is, either of the emitted intensity or of the fraction of the total emission collected. 
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Both the gun and heat limits are important in determining the emitted intensity • . The gun limit was based on a thermionic cathode of 100· % efficiency, and Cosslett and ffaine (1954) have shown theoretically that a tungsten point emitter would be superior only for the production of probes of less than 0.1 µ diameter, which would give far too low an X-ray intensity. The heat limit was evaluated from equation 2.27, which shows that the only parameter capable of wide variation, the radius of the target holder, is contained in a logarithmic term and thus exerts relatively little influence over the energy dissipation. There is little hope, therefore, of significantly improving either the gun or heat limits, and hence of increas·ing the emitted X-ray intensity. 
An increase of the fraction of the X-ray emission collected by the counter is effected by enlarging the counter aperture. This, however, means that the divergence of the collected X-ray beam at the target is also increased, so that the maximum thickness of the specimen which can be examined without blurring ts reduced (Fig. 2.5). In the experiments described, the aperture was chosen to permit a maximum specimen thickness of 0.2 mm with a blurring of less than 2 µ. Although this is considerably less than the thickness of specimen which can be examined in the projection microscope, it is possible that there may be some applications to specimens thinner still. If, for example, the specimen thickness were only 10 µ, it would be possible to increase 
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the collected X-ray intensity by a factor of 400, and obtain the same resolution of 2 µ. A useful degree of contrast enhancement in the recorded image would then be possible. However, these are just the conditions in which the contact method of X-ray microscopy is most useful (Section 1.1). With a thin specimen, the photographic plate can be placed close to the X-ray source, so that suf'ficient intensity can be obtained with a low working voltage; adequate contrast is ensured by the long wavelength of the X-rays. It is unlikely, therefore, that the scanning method would have a unique advantage for very thin specimens. 
Thus, al'though comparatively little practical work has been carried out with the absorption scanning method, it appears likely that, because of noise limitations, its field of application will be limited to the production of images for direct observation. 

11. 2. X-ray emission and electron scanning methods. 
In the X-ray emission scanning method, the independence of resolution from the size of the counter aperture makes it possible to collect a far larger fraction of the total X-ray emission than in the absorption scanning method. In consequence, the performance with a specimen having a high thermal conductivity is considerably improved, as shown in Fig. 2.7; it is possible now to obtain a noise-free image of over 400 lines with a resolution of 1 µ, or of 200 lines 

I I 
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with a resolution of 0.5 µ. In order to obtain a resolution of 0.5 µ, however, it is necessary to reduce the accelerating voltage to about 10 kV, which is too low for characteristic 
radiation within the range of the present spectrometer to be 
excited strongly. Mbst of the work was therefore carried 
out with a voltage of 25 kV, and the expected resolution.. of 
1 µ was attained in practice (Section 9.1). 

A further advantage of the improved intensity conditions is that the energy incident on the specimen can be reduced 
sufficiently to avoid damage to a poor conductor of heat, as 
predicted theoretically in Fig. 2.7. The X-ray emission 
sca..Tlil.ing method is therefore useful in other fields besides 
the metallurgical. This has been demonstrated by studies of 
lung section (Section 8.3), whetstone (Section 9.4) and 
cellulose acetate film base (Section 9.5). 

The main feature of the emission scanning method is that 
the characteristic radiation of a particular element can be 
selected to show the surface distribution of the element. 
The formation, by _this means, of a 200 line image completely 
free of noise is not possible with the present apparatus, 
owing to the limited counting rate of the proportional 
counter. In spite of this, the technique has been success
fully demonstrated (Sections 8.1, 9.3), and has been employed to give useful inf'ormation about beryllium impurities 
(Section 8.4), film base impurities (Section 9.5), cracks in 
chromium plating (Section 9.6) and cracks in mild steel 
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(Section 10.6). The crystal spectrometer was found to be 
preferable as the means of wavelength selection, except under 
conditions where the probe current had to be severely 
restricted (Section 6.3). 

The use of the scintillation counter to collect emitted 
X-rays has the advantage that the image formed can be made 
noise-free, as demo.nstrated for test grids (Section 9.1), but 
gives no useful degree of wavelength selection. It is thus 
useful primarily where it is required to show up large 
variations in atomic number over the surface of the specimen, and at the same time to produce an image of high quality. 
This was illustrated by iron oxide particles on aluminium 
(Section. 9.2) and by titanium inclusions in rock (Section 9.4). 

The scintillation counter is easily converted for the 
collection of high energy scattered electrons. The 
particular application of the electron scanning method is in 
showing up surface relief, as demonstrated for test grids 
(Section 9.1) and applied to chromium plating (Section 9.6). 
The met4od thus provides a direct link between the X-ray image obtained by the scanning microscope anQ the· optical image 
obtained separately in the light microscope, so that 
correlation of the two is simplified. In addition, there is 
the possibility of a resolution considerably better than the 
light microscope, though thi s has not been explored in the 
present work. 

The final point about the scanning t echnique i s that t he 
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probe can be quickly and accurately positioned on a selected 
feature in the specimen surface. The scanning instrument is 
thus easily applied to quantitative microanalysis by X-ray 
emission. 

11. 3. Quantitative microanalysis. 
The development and use of the scanning microscope 

for quantitative analysis of elements in the ranges 
21sc - 37Rh and 55cs - 92u has been described in Chapter 10 • 

. The method was first checked by the analysis of a specimen of 
known composition (.section 10.5), and was then applied to a 
segregation problem (Section 10. 6). 

Castaing has shown that, provided sufficient is known 
about the specimen for accurate corrections for absorption 
and fluorescence to be made, the theory for the interpretation 
of the experimental results can be applied to give a relative 
error in concentration of less than 1 %. With the present 
experimental method, however, statistical fluctuations in the 
counting rate permit measurements to this, degree of accuracy 
only for concentrations near 100 %. Some advantage is thus 
to be gained by increasing the counting time. This could be 
achieved by scanning the crystal more slowly, or by alteration 
of the objective lens to perm~t interchange of the s~ecimen 

. and pure element in the vacuum, so that the crystal could 
remain stationary. Nevertheless, the absolute statistical 
error in concentration with the present method is never more 

111, I 
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than 1 %, and this is suf'ficiently small for most purposes. 

Furthermore, there are many situations where, by reason of 

surface roughness or inhomogeneity in the specimen, it is 

impossible to apply the absorption and fluorescence corrections 

accurately, so that high experimental accuracy is not worth-

while. From the point of view of convenience in. operation, 

however, it would certainly be an advantage to be able to 

interchange specimen and pure element without breaking the 

vacuum. 

The analysis of the specimen of known composition_, in 

addition to checking the method, also af'forded direct measure

ment of the minimum detectable concentration, in this case of 

copper in steel. It was possible to check the estimate of 

0.1 %. under normal conditions of analysis, and to improve 

this figure to 0.02 %, by increasing the probe current to 

the maximum for a 1 µ resolution. This is better by a 

factor of 10 than Castaing's (1957) estimate of 0.2 - 0.3 %. 
The mass sensitivity is defined as the mass of an element, 

present in the minimum detectable concentration, within the 

region of analysis. For copper, under the normal conditions 

of analysis in which 0.1 % is just detectable, the mass 

sensitivity is therefore 0.1 % x 8.9 x 10-12 gm - 10-14 gm. 

Al.though there are many methods of analysis with a better 

concentration sensitivity than the X-ray emission method, 

there are none with a better mass sensitivity. For this 

reason, the emission method is often the only way of analysing 
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small masses of material, as, for example, in inclusion and segregation problems. Even fo~ the analysis of materials in bulk, it has the advantage over chemical methods, where, it ·can be applied, that it is essentially non-destructive and rapidly carried out. 

The problem of crack formation in steel (Section 10.6) is typical of many which can be easily tackled by the emission method, and, as described in. the previous section, illustrates the advantage of coupling quantitative analysis with a 
scanning technique. High accuracy was not required, so that there was no need to work out in detail corrections to the simple law of proportionality between concentration and 
characteristic intensity; under these circumstances, the final results are quickly obtained from the experimental data. 

11.4. Conclusions and future work. 
The conclusion drawn from the absorption scanning work can be briefly stated as follows. Because of the 

fundamental limitation due to quantum noise, the absorption scanning method is to~be preferred to the projection method only where it is required to view the image directly without photographic recording. For most applications, this 
advantage would not justify the complication of the scanning equipment. 

A better approach towards improvement of the visible 
absorption image might be the direct application of an image . 
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intensifier to the projection microscope, as suggested by 

Nixon (1952). At least three types re.cently developed for 

other purposes would provide a basis for experiments: the 

vacuum tube of Teves and Tol (1952), the television pick-up 

tube of Heijne, Schagen and Bruining (1954) or the 'solid-

state' intensifier of Williams and Cusano {1955). The first · 

two have been used success:f'ully for 70 kV X-rays and would 

require modification mainly in the window thickness. The 

third has been employed as a light amplifier, and offers the 

simplest solution if it can be made to wo~k for soft X-rays. 

All three have the fundamental advantage that, at any instant, 

all the quanta passing through the specimen would be effective 

in forming the image, whereas in the absorption scanning 

method only the fraction passing through one image element 

are detected. 

The conclusions to be drawn about the X-ray emission 

scanning method in ·conjunction with emission analysis. are 

more positive. Castaing has established, and the present 

work has confirmed, that the method of microanalysis by X-ray 

emission is applicable to a wide range of problems, and is 

likely to become more widely used in the future. An instru

ment designed for this purpose can take one of two ·forms: 

either the probe can be stationary, in which case it must be 

positioned optically, or the scanning technique can be • 

employed. The main advantages of the scanning method are 

sho~ from the present work to be: image formation with a 

II I 

\ 
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selected emission line to show the surface distribution of an element, ease and accuracy of positioning the ele,ctron probe, and combination with the electron scanning method to show the relief of the surface with the possibility of high resolution. 
Against the scanning method is to be set its complication, which lies mainly in the electronics. In view of the amount of equipment required by both static and scanning methods for analysis and for the power supplies to the column, however, the electronics associated with the scanning forms a rela-

tively small part of the total. The circuits described in the Appendices have proved satisfactory and reliable, and the . 
. I extra electronics does not appear to be a serious drawback. 

Further development of the scanning method is thus 
indicated, and two separate lines are suggested. The first 
concerns the extension of the range of elements that can be investigated in the present apparatus towards lower atomic 
numbers. There is considerable interest in elements lighter than 21sc, which is the limit set by the crystal spectro
meter. Castaing has suggested that, by the use of a vacuum spectrometer, it should be possible to extend the range to 
1~ (Mg Ka. 9. 9 i), and this would be the f'.irst objective. Since the threshold electron energy for excitation of Mg K 
radiation is 1.25 keV, it would be possible to reduce the 
accelerating voltage to below 10 kV and still excite the 
characteristic strongly. .This in turn would permit better 
resolution; reduction of the accelerating voltage from 25 
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Considerations of X-ray intensity would become important. Theory indicates that it is the gun limit rather than target heating which restricts the X-ray intensity. Kowever, with the present apparatus, the probe current required (0.1 µA) is only 1/50 of that which the gun is capable of delivering into a 1 µ probe, so that considerable reduction in the accelerating voltage is possible before the X-ray- intensity is limited by the gun. The main difficulty will lie in finding a suitable crystal for the spectrometer, with the ability to reflect wavelengths up to 10 i with high efficiency. 

The second line of development is towards simplification of the scanning microscope and of the method of analysis. The main modification would be in the objective lens. From the practical point of view, there would be considerable advantage in having the focus outside the lens. The size of the specimen would not be as restricted as at present, and it would be a simple matter to interc..riange specimen and pure elements without breaking the vacuum. This in turn would permit more rapid analysis, since there would be no need to plot the. whole characteristic peak. 
The difficulties associated with the use of an objective lens with long focal length arise chiefly from the increased lens aberrations. Liebmann and Grad (1951) have shown that, 
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for a weak magnetic lens of given pole-piece geometry, the 
spherical aberratiom coefficient C8 and the focal length f 
are approximately related by 

Cs oc f3 

From equations 2.8 and 2.26, the current i that can be 
delivered into a probe of given diameter depends on Cs in 
such a way that i oc cs-2/ 3 

and therefore . f-2 1~ 

so that an increase in focal length necessarily means a 
reduction in the available· X-ray intensity. However, since 
there is sufficient X-ray intensity in the present apparatus 
using only 1/50 of the available probe current, it would be 
possible, even without improvement of the pole-piece design, 
to increase the focal length by a factor of 7, that is, to 
about 3 cm. The focal length could be still further 
increased with a pole-piece designed to give lower spherical 
aberration, such as the pinhole type described by Liebmann 
(1955,b) and used by Mulvey (1956) for emission analysis. 
There thus seems to be no difficulty in designing a lens to 
focus sufficient current for scanning microscopy into a probe 
outside the lens. 

A more likely source of trouble is the increase in 
off-axis aberrations with focal length, for which little .., 

quantitative information is available. The maximum area 
which could be scanned by the probe without such aberrations 
becoming important is a matter for experiment. 
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A further simplification that could be made is replace
ment of the present gas flow proportional counter by a sealed
off type. The technique of using thin beryllium windows in 
sealed-off X-ray equipment is rapidly becoming estab,li..shed; 
by this means it is possible .. to: make the. window leak-proof' 
and at the same time transparent to soft X-rays. Filled 
with xenon, the counter could be made more efficient, than the 
present argon counter for the detection of' the harder X-rays, 
and, coupled with the use of a curved quartz crystal in. the 
spectrometer as an alternative to lithium f"luoride, it would 
be possible to obtain. continuous coverage of' elements from 
117c1 to 92u . • 

The advantages of the electron scanning microscope are 
established. It may well be that the attraction or 
quantitative microanalysis will, in the near future, stimulate 
the deveJ.opment of an instrument combining the high resolut.ion 
of the. ele.ctron scanning microscope with the chemical 
information provided by the X-ray emission scanning technique. 
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APPENDIX 1 

Scintillation counter and amplifier. 

The photomUltiplier used for the scintillation. 

counter is an 11-stage EMI tube, having a photocathode 3/8" 

in diameter. The czynodes are fed from a potential divider 

(Fig. A1.1) consisting of 12 470 k resistances across a 

stabilised supply, which is filtered by a further 470 k 

resistance and 0.5 µF condenser. The voltage of the supply 

is variable up to 2 kV and controls the gain of the signal 

channel. 

At the anode, the tube is loaded by a 220 k resistance 

and the signal is passed through a 0.01 µF condenser, which 

isolates the supply voltage, to a cathode foliower stage. 

This employs an EF86 valve, chosen for its high grid-cathode 

resistance, and provides. a low impedance output to the signal 

amplifier. 

The amplifier, which is contained in a separate unit, 

uses a conventional ring-of-three circuit. Negative feedback 

maintains the gain of about 80 constant over a wide 

frequency range;- the upper half-power frequency is restricted 

to 25 kc/s by a 27 pf condenser shunting the photomultiplier 

load resistance. The lower half-power frequency of the 

signal channel is determined by the coupling time constants 

outside the feedback loop and is about 3 c/s. A c'athode 

follower stage delivers the amplified signal to the grid of 
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the display tube, where the peak signal is about 10 volts. 
The amplifier is supplied from a 315 V stabilised line, 
derived from the power supply to the ratemeter, and consumes 
about 25 mA. 
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APPENDIX 2 

The scanning circuits. 

A2 

The line and frame time-bases supply sawtooth 

currents to. the deflection coils in the column, synchronised 

with sawtooth voltages to the electrostatically deflected 

display tube. In addition, a current is supplied to: the 

beam blanking coils f'or the duration of' the line :f'ly-back. 

The two circuits operate in a similar way, and it is 

su:f':f'icient to describe only the line time-base in detail 

(Fig. A2.1). DC coupling between the stages is used 

throughout. At the start of' the cycle, the 0.05 µF 

condenser C is charged :f'rom the HT line through a resistance, 

which is variable to permit control of' the charging rate. 

The potential across C is :f'ed back via a cathode follower 

to the first ·valve, which is a double triode connected as a 

Schmitt trigger circuit. When the potential reaches a 

certain value, the Schmitt circuit is triggered and switches 

on the discharge valve in parallel with C by means of' a 

further cathode follower. The potential across C then 

f'alls rapidly to the level at which the Schmttt circuit is 

reset, and the cycle starts again. 

The maximum potential across C is only about 10 % of' 

the HT line voltage, so that the charging part of' the cycle 

is approximately linear. The sawtooth voltage is :f'ed to a 

phase inverter, which supplies amplified and balanced sawtooth 
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voltages, each of about 130 V peak-to-peak, to the X-plates 
of the di splay tube •. 

The anodes of the phase inverter also feed. cathode 
followers, across the cathodes of which the X-coils are 
connected in series with a variable resistance. This 
controls the microscope magnification by varying the peak 
current in the coils independently of the peak voltage to the 
plates. The maximum peak current which can be supplied to 
the co,ils in either direction is 25, mA. 

The frequency is normally 150 lines/sec, but may be 
varied between 50 and 200 lines/sec by the charging 
resistance, which varies the sweep speed. 

The amplitudes of scan of the display tube spot and of 
the electron probe can be together reduced by decreasing the 
amplitude of the sawtooth voltage across C. This may be 
carried out either with the frequency constant, by means of 
the potentiometer feeding the phase inverter, or with the 
sweep speed constant, by adjustment of the backlash in the 
Schmitt circuit. The scan may be stopped by shorting C, 
and the display tube spot and electron probe moved. in 
synchronism by the shift potentiometer supplying the right 
hand grid of the phase inverter. 

During the line fly-back, which lasts for 0.5 . m-sec, a 
current of about 50 mA is supplied to the blanking coils by 
the discharge of a 4 µF condenser through a valve switched 
on by the Schmitt circuit. 

111 
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The frame time-base (Fig. A2.2) employs the same method 

of sawtooth generation. The charging condenser ·o is 

increased to 4 µF; the frequency is thereby reduced to 

0.25 - 2 frames/sec and is normally set at 0.5 frames/sec. 

The Y-plates of the display tube are fed through a balamced 

attenuator to compensate for the differing sensitivities of 

the X and Y deflections. During the frame fly-back, a valve 

switched on by the Schmitt circuit is used to trigger the 

Schmitt circuit in the line time-base, which is quenched for 

this period. The frame fly-back, which lasts 10 m-sec, is 

thus outside the raster, and corresponding lines in successive 

frames are superimposed. 

Both time-bases are fed from. a stabilised power supply 

and together consume about 200 mA at + 300 V and 150 mA. at 

- 200 V. The circuits have functioned without fault for 

over two years. 
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APPENDIX 3 

Display and monitor tubes. 

The display and monitor tubes employ electrostatic 

focusing and deflection, and differ significantly only in the· 

type o1f screen. The display tube (GEC type E4504/M/16) has 

a double layer screen giving a 20 second afterglow, and the 

monitor (MOS no. VCR97) has a short persistence green screen; 

both are 5f " in diameter. Focusing, bias and accelerating 

voltages for both tubes are obtained f'rom a resistance chain 

which is: between the + 300 V stabilised line .and a supply of 

- 1900 V (Fig. A3.1.). The chain current is 0.5 mA. 

The signal from the amplif'ier is passed through a 0.1 µF 

isolating condenser to the display tube grid, which is biased 

through a grid leak connected to the brightness potentiometer. 

Across the· grid leak there is a crystal diode, which prevents 

the grid f'rom becoming more negative than the bias voltage, 

and so clamps the zero signal level transmitted during the 

line fly-back to this potential. Protection against overload 

of' the display tube is afforded by a further diode in 

conjunction with a 10 k res·istance, which Limits the peak 

signal on the grid to a saf'e value. 

The monitor tube can be switched in parallel with the 

display tube,, and the grid circuits are then identical. 

Normally, however, no modulation is applied to the grid of the 

monitor, and the tube is used to show the signal waveform by 
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passing the signal to an amplifier feeding the Y-plates, with 

the line time-base connected to the X-plates. 

The power supply o:f - 1900 V for both tubes is shown in 

Fig. A3. 2a. It employs a class C oscillator working at 

35 kc/s, :followed by a diode rectifier and filtering circuits, 

and draws 12 mA from the stabilised 300 V supply. The 

coils are mounted on a common core of Ferroxcube and were 

designed :from the data of Barron (1954). 

The Y-de:flection amplifier for the monitor tube 

(Fig. A3.2b) consists o:f a simple phase inverter, and. is 

normally set to give a gain o:f about 12. The frequency 

range extends up to 12 kc/s, and is thus only wide enough to 

cover about half of the range of frequencies present in the 

signal, but this has a negligible ef fect on the accuracy with 

which the peak signal can be set for photographic recording 

of' the image. The amplifier draws about 10 mA from the 

stabilised 300 V supply. 
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.APPENDIX 4 

Pen recorder. 

A4 

The pen recorder was designed in collaboration with 

Mr. J. V. P. Long. A fast response was required, together 

with an accuracy of better than 1 % of the chart width, but 

since the ratemeter was capable of delivering 100 V for full 

scale deflection, there was no need_ for the high sensitivity 

provided b;Y many commercial models·. 

The complete recorder is shown in Fig. A4.1, and consists 

of a recording unit and a IX:: amplifier. The instrument is of 

the potentiometric type, in which the pen is coupled to the 

slider of a potentiometer through which a constant current is 

passed, and a servo motor moves the pen to the position where 

the slider potential balances the applied voltage. The chart 

is calibrated from O - 100 over a width of 11 inches, and 

is driven through a gear train, on the right hand side, by a 

synchronous motor. Several speeds up to 4 inches/min are 

available; the- normal speed is 1/4 inch/min. 

Fig. A4.2 shows the recording unit from above. The pen 

carriage runs on a rail behind the chart roller, and carries 

the slider, which makes contact with the potentiometer wire 

wound on an insulating rod. The carriage is driven by a cord 

from the servo motor, which is mounted on the baseboard under. 

the present position of the carriage. The synchronous motor 

which drives the chart can be seen on the right hand end-plate. 



- 175a -

180k 

01------L------'------'--.....__-----'-_....__ _ __._ __ .....__ _ __. 
12AX7 CV449 12AX7 2 -12AU7 

R = 4 k (slide wire) 

Fig. A4.3 DC amplifier for pen recorder. 

- 175 - A4 

The servo motor is a modified miniature rotary converter. 

It is fed with a constant current of 1 A DC in the armature, 

and controlled by the field current, which is varied up to 

10 mA either wa:y by the DC amplifier. The gearing is such 

that the motor makes. 70 revolutions for full traverse of the 

scale. 

The circuit of the DC amplifier is given i n Fig. A4.3. 

The potentiometer wire R, of resistance 4000 ohms, is 

supplied with a current of 5 mA to make the potential 

difference between the ends 20 volts. This potential is 

held constant by an 85A2 stabiliser in the dropper chain from 

the HT line; the HT of 500 volts is unstabilised. The 

difference between the slider and input potentials is ampli

fied by two double triodes and applied between the grids of 

two cathode followers, across the cathodes of which the field 

winding is connected. A further double triode in the cathode 

leads is fed in opposite phase by the difference potential, 

so that it switches· the current in the appropriate direction 

through the field winding. A saving in the anode current is 

thus effectecl, so that miniature valves. can be used. 

Between the two difference amplifiers, there is an R-C 

network in each coupling lead, which adds on to the difference 

signal a voltage proportional to its rate of change. 

wa:y, overshoot of the pen with a rapid change of input 

In this 

potential is avoided, and the time constant is chosen to give 

critical damping. The speed of response is such that full 
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scale deflection, corresponding to an input of 20 volts, is 

produced in 2 seconds, and the error in the pen position is 

less than 1 % of the chart width. I 
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SUMMARY 

The work is concerned with the design, development 
and applications of an X-ray scanning microscope for micro-
analysis. An electron probe is scanned over the specimen 
surface and the emitted X-rays collected to produce an image 
on a cathode ray tube scanned in synchronism. The characte-
ristic emission of one element can be selected in order to 
show the surface distribution and, by measurement of the X-ray 
intensity, the concentration of the element in a selected 
volume of about 1 cubic micron in the surface can be 
determined. In suitable specimens, the accuracy of analysis 
is.better than + 1 % and the lowest detectable concentration 
less than 0.1 %. With slight modification, the instrument 
will be suitable for the analysis of all elements heavier than 
chlorine (atomic number 17). An alternative method of image 
formation is by collection of the scattered electrons, which 
shows up the relief of the surface. 

The design of the instrument was commenced by considera
tion of the minimum X-ray intensity required to avoid 
granularity in the image from statistical quantum fluctuations. 
The column of an RCA electron microscope was rebuilt as a two
lens scanning microscope, and a new objective lens was designed 
to permit collection of the X-rays from the surface of a thick 
specimen. For analysis, it was required to, position. the 
electron probe by reference to the display tube spot, and this 

'i 
I 



- 178 -

led to the design of unusual scanning circuits, but most of 

the electronics consists of standard units. The crystal 

spectrometer is particularly simple in form, and uses a flat 

or curved crystal and proportional counter. 

The instrument was developed first for the study of thin 

specimens with contrast formed by X-ray absorption, but no 

great advantage was noted over the normal X-ray projection 

microscope. With the X-ray emission method, however, the 

advantages of the technique were demonstrated by the analysis 

of particles, inclusions and segregations in metallurgical, 

geological, biological and other specimens. From the work 

it has been possible to establish the capabilities of the 

instrument, and to suggest further lines of development. 
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