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Editor’s preface

Electron microscopy is now a standard technique with wide applications in
all branches of Science and Technology, and every year a large number of
students and research workers start to use the electron micrascope and
require to be introduced to the instrument and to the techniques for the
preparation of specimens. Many books are available describing the techni-
ques of electron microscopy in general terms, but the authors of Practical
Methods in Electron Microscopy consider that there is an urgent need for a
comprehensive series of laboratory handbooks in which all the techniques
of electron microscopy are described in sufficient detail to enable the isolated
" worker to carry them out successfully. The series of books will eventually _
cover the whole range of techniques for electron microscopy, including the
instrument itself, methods of specimen preparation in biology and -the
materials sciences, and the analysis of electron micrographs. Only well-
established techniques which have been used successfully outside their
_ laboratory of origin will be included.

Great care has been taken in the selection of the authors since it is well
known that it is not possible to describe a technique with sufficient practical
detail for it to be followed accurately unless one is familiar with the technique
oneself. This fact is only too obvious in certain ‘one author’ texts in which
the information provided quickly ceases to be of any practical value once the
author moves outside the field of his own experience. ,

Each book of the series will start from first principles, assuming no
specialist knowledge, and will be complete in itself: Following the successful
innovation, made by the same publishers in the parallel series Laboratory

v




\Y| Editor’s preface

Techniques in Biochemistry and Molecular Biology (edited by T. S. Work
and E. Work), each book will be included, together with one or two others
of the series, in a hardback edition suitable for libraries and will also be
available in a cheap edition for individual use in the laboratory. Each book
will be revised, independently of the others, at such times as the authors and

editor consider necessary, thus keeping the series of books continuously
up-to-date. ’

Strangeways Research Laboratory AUDREY M. GLAUERT, Sc.D.
Cambridge, England General editor
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Chapter 1

The basic principles of the
"electron microscope

The aim of this book is to provide the background needed for an operator to
obtain the best results from an electron microscope. T6 this‘end, the basic
principles of the instrument are first described, followed by the physical
construction of the mi¢roscope. The details of alignment and opefation of the
instrument follow, so that an operator can gain a clear idea of the functions
of the controls available to him. The foregoing chapters should also Hive
explained some of the potentialities as well as the difficulties of the désign of
an electron microscope, so that new possibilities and basic limitation becoie
apparent. . . X oL . S R R . ;
~ Apart from understanding the operation of the instrument the operétor
must record the information which the instrument renders visible and impor-
tant photographic techniques which are not always ‘properly observed are
detailed in one chapter. The basic mechanism of image formation (quite
different from that in the light microscope) is described so that there isa
background for intelligent interpretation of the image structure that is
obtained. Chapters are also devoted to routine maintenance and fault-finding.
Optical microscopy has suffered greatly because it always: appeared to be
easy to achieve results without understanding how the instrument should be
used. Electron microscopes are perhaps fortunate in appearing to be suffi-
ciently complex so that they induce prospective operators to attempt to
understand them before proceeding with their research programmes. It is the
hope of the authors that this book will aid this process. - '
Since ther¢ are now many different models of microscope in service
throughout the world, it is impracticable to describe constructions and

1




2 Alan W. Agar

procedures which are completely applicable to each one - and indeed the
instruction manual will describe the best procedure for operating a particular
instrument. This book aims to create an informed background for the
operation of electron microscopes so that they may be used more intelligently
and at a higher level of performance. Since the majority of those using the
electron microscope are in the biological sciences, an attempt has been made
to present the information in a descriptive rather than a mathematical form.

It will be apparent from the aims of this book that it has no pretensions to
be a complete survey of the electron optics of the instrument. Those wishing
to look deeper into this subject can consult a number of useful books

(Zworykin et al. 1945; Cosslett 1951; Hall 1953; Haine 1954, 1961; Siegel
1964 ; Grivet 1972; Hawkes 1972).

1.1 The use of electrons for microscopy

A microscope is an instrument designed to render visible objects which are
too small to be seen by the unaided eye. For partlcles greater than a few
tenths of a micrometre in diameter, the. light microscope is adequate, but
for very small objects the light microscope fails because the wavelength of
visible hght is large compared with the objects to be examined.

When light rays emanating from a point, pass through a lens of semi-
angular aperture a (Fig. 1.1), they form an image which is no longer a pomt
but with the intensity spread out in what is known as an Airy disc (Fig. 1.2).
The distance between the two minima on either side of the main intensity
peak is given by D = 1.221/n sine, where 4 is the wavelength of the light, and
n the refractive index of the material in which the object lies. When two

Lens

Fig. ll Lens aperture defining Airy disc. The semi-angle a of the lens subtended foom
the object point O defines the image disc diameter at 1 (see Fig. 1.2 for intensity profile).
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Intensity

.10

o]

Distance from lens axis
———

Fig. 1.2. Intensity profile of the Airy disc at the image point I. The ogdinate represents
image intensity. O represents the lens axis. The abscissae are distances from the lens axis.
D is the diameter of the central intensity disc, given by D = 1.22J/n sin a. o

Intensity

Distance from lens axis
———

Fig. 1.3. The definition of resolution in terms of Airy disc separation. The central
maximum of one image point coincides with the first minimum of intensity of the adjacent
(just resolved) image point, distance d=0.611/n sin .




4 Alan W. Agar

emitting points of the object lie very close together (Fig. 1.3) the intensity
patterns in the image will overlap. The resolution of the system is defined as
the distance between the maxima when the maximum intensity from one
point is coincident with the first minimum from the other point. The separa-
tion of the two points is then

0614

nsin «

T d

M)

Note thatthis separation does not depend on any property of the lens except
its semi-angular aperture.

In a light microscope, using an oil-immersion objective lens, the value of
nsin ¢ may be as large as 1.4, and taking a wavelength of 500 nm
{1 nm =10""° metres) the resolution limit is seen to be about 200 nm

(2000 AU in the more familiar Angstrom Units). Because th¢ designers of
- glass lenses have over the years learnt how to correct most of the lens defects,

it has proved possible to build instruments which approach close to this

limiting performance. This limitation, called the diffraction limit, is due to
the size of the wavelength of light and no further improvement can be
expected without using a different illumination of shorter wavelength.

It was shown by De Broglie (1924) that an accelerated electron beam has
an effective wavelength A (in nm) given by

=01 150 V)
=01 =

where V is the accelerating voltage. For ¥ = 60,000 V, 1 =0.005 nm, a wave-
length shorter by a factor of 10° than visible light. In principle, therefore, an
electron microscope should be capable of imaging atomic structures, if one
. considers only the wavelength (diffraction) limitation. As will be seen later
other factors limit the achievable resolution to a considerably poorer figure.

1.2 Electron lenses

Although one can in principle use cither electrostatic or magnetic lenses to
focus a beam of electrons, practical instruments exclusively employ magnetic
lenses as they can be made with smaller defects than electrostatic lenses, so
only magnetic lenses will be considered here. The magnetic field required to
form an electron lens is a locally strong axial field in the direction of the
electron beam. The envelope of the electron beam is exactly analogous to that
of a light beam passing through a converging lens, except that the electrons
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travel in a helical path through the lens; this additional rotary motion is a
characteristic of magnetic lenses (Fig. 1.4). Since the rotary motion does not
affect the focusing behaviour of the lens, the ray diagrams for a beam through
an electron lens are identical with those for a light optical lens, and the
lens formulae for light optics apply.

In a magnetic electron lens the focal length is determined by the field
strength in the lens gap and by the speed of the electrons (determined by the
accelerating voltage). With a given lens geometry, the strength of the field in
the pole piece gap is proportional to the excitation of the lens, usually

Glass lens

Magnetic lens

Fig. 1.4. Comparison of light and electron lenses. Each lens forms an image 1 from the
object point O, so that the geometricat image formation is identical, but the electrons rotate
in a spiral trajectory about the lens axis as they pass through the magnetic field formed
between the pole pieces Py and Ps. The dotted lines indicate electron paths over

the cone surface. .




