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Review

Radiation damage and electron
microscopy of organic polymers

D. T. GRUBB

H. H. Wills Physics Laboratory, University of Bristol, Bristol, UK

A condensed description is given of the fundamental processes involved in radiation
damage and the effects of radiation on the physical and chemical properties of organic
materials, particularly polymers. It is shown that the radiation doses received by specimens
in the electron microscope are extremely high, very much greater than those used in
radiation chemistry experiments. Because of this, only qualitative predictions of
behaviour in the electron microscope can be made. A number of authors have described
the changes in the image or diffraction pattern of particular specimen types during
observation in the electron microscope and their work is reviewed here. In general,
contrast features in the image may disappear, due to loss of mass or crystallinity, or new
features may appear due to distortion of ordered regions. The effects of radiation
damage on attainable resolution, and possible methods of improving the resolution are

then discussed.

1. Introduction

Specimens in the electron microscope are
inevitably exposed to irradiation by electrons. A
certain fraction of these electrons will interact
with orbital electrons in the specimen and
transfer energy to them. At normal accelerating
voltages the excited states formed in metals and
most other inorganic substances dissipate their
energy as heat, and no permanent change
occurs. In some inorganic salts and all organic
substances, however, some fraction of the excited
states decay to altered structures, giving per-
manent changes in the chemical and physical
properties of the specimen. In general, some
fraction of the mass is lost, the chemical com-
position ehanges and any long range order
originally present is destroyed.

When organic material provides the image
contrast, the appearance of the specimen changes
considerably during observation in the electron
microscope, because of radiation damage. The
impermanence of the original appearance limits
the possible resolution. After considerable
irradiation — which may only take a short time in
the microscope — the specimen stabilizes in a
new form, resistant to further radiation. All of
the initial structure of interest may have been
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destroyed by this time, but often it has not been
destroyed, merely altered, and the image of the
irradiated specimen can give much useful in-
formation if it can be properly interpreted.

Specimens which are stained or shadowed, so
that the image contrast is produced not by the
organic material but by heavy metal atoms, are
much less sensitive to radiation effects. Thus
biological specimens which are generally fixed
and stained are less affected than polymers which
are not. If a biological specimen is not stained,
fixed or embedded it is very rapidly destroyed by
the beam, and the structure collapses completely
[2]. On the other hand, the structure in a rubber
sample, stained and fixed with osmium tetroxide
is well preserved [3].

2. Effects of irradiation on polymers

2.1. Fundamental processes

Radiation affects materials by the deposition of
energy. It is deposited discontinuously, in
discrete amounts, and the average transfer at
each interaction is large compared to the energy
of chemical bonds. Gamma rays, electrons and
heavier charged particles transfer the energy
primarily by collision with electrons in the
material, while for fast neutrons collisions with
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atomic nuclei, particularly hydrogen, are most
important. However, the displaced proton then
loses its kinetic energy by interaction with many
electrons in its path, so the difference in effect is
not so very great. Fast electrons may interact
initially with many electrons in the material, to
give a collective excitation [4] but the lifetime of
this excitation is very short, and it acts merely as
a mcehanism for transferring energy within the
material.

Once the energy is deposited at a single
electron in the material, a large number of very
rapid processes may occur. If the energy is
sufficient, the electron is expelled from its orbit,
leaving a positive ion. This ion is probably in an
excited state and may be unstable, rapidly
dissociating into free radicals or molecular
fragments. If the expelled electron has little
kinetic energy, it will be recaptured by its parent
ion very quickly, in 10! sec or less, and the
recapture produces a highly excited molecule.
The excitation of energy 10 to 15 eV will cause
the molecule to dissociate, and further chemical
changes will result. Electrons expelled with more
energy have several collisions near the primary
event, producing a high concentration of reactive
species in a small volume, called a spur. The
electron loses its energy in this way, and in
liquids it has a good chance of being recaptured
by the ion. Only 109, of the ions produced are
still in existence after 10— sec and 3% after
10-¢ sec [5, 6]. In solids, the electrons are much
more likely to be trapped. Positive ions diffusing
by electron (or proton) transfer are likely to be
localized near the trapped electrons, and will
recombine at a rate controlled by the type of trap
and the temperature of the system. If the electron
has been captured to form a negative ion, the
neutralization of ion pairs which occurs releases
less energy than ion-electron recombination, so
the end products are different. The radicals
formed within the spur may recombine very
quickly, in 10-8 sec or less, either to the original
chemical structure, or to form a new one.
Radicals which do not quickly recombine
diffuse away in liquids, and combine with others
much more slowly (in 10-2 sec, say). In a solid,
diffusion is much slower and at low temperatures
or in crystalline structures these radicals may be
completely stable.

When the initial energy transfer is insufficient
to form an ion pair, an excited state of the
molecule will be induced. This may be an
optically allowed state or a triplet, and it will
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have increased reactivity compared to the
ground state. These excited states are much less
energetic than those formed by charge neutrali-
zation, so dissociation is less likely. Light and
heat will be produced as the excitations decay.
The heat produced within a spur may be con-
siderable, but it diffuses away very rapidly, at the
speed of sound within the material [7] so that the
temperature excess falls to a few percent of its
initial value in 1019 sec. “Initial” here means at
some 10-12 sec after the first collision, when
sufficient material reaches equilibrium for a
temperature to be defined.

Study of the radiolysis of mixtures shows that
energy absorbed by one molecule can be
transferred to another by charge transfer, or as
an excitation, even if the molecules are in
limited contact [8]. Longer range energy
transfer, up to 100 A, can take place in the
crystalline solid state [9]. Using compounds
instead of mixtures shows that transfer from one
part to another of the same molecule is more
effective than that between molecules, so that one
specific type of radical may form wherever the
primary interaction with the molecule may be.
A time scale of the fast processes so far described
is given in Table I, adapted from Magee [10] and
Williams [11].

The condensed and simplified account of the
process of radiation damage given above shows
that the situation is extremely complex, even
when simple homogeneous systems are con-
sidered. For more detailed information see
Ausloos [12], Spink and Woods [13] or Chapiro
[14].

2.2, Chemical and physical effects

The exact nature of the product of irradiation
will depend not only on the elemental composi-
tion of the starting material but on molecular
configuration, conformation and size, and on the
physical state, temperature, and impurity content
of the system. At high doses, when a significant
fraction of the material has been affected, the
parameters of the material will have been
changed, so more complications are introduced.
None the less, there are several useful general
results, which will now be described.

The process of energy transfer, and the very
different sensitivities of different chemical struc-
tures result in specific bonds or types of bonds
being disrupted when polyatomic molecules are
irradiated. The bonds broken need not be those
least stable energetically. The main site of bond
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TABLE 1

Seconds

10—15
=17

100keV electron travels inm

Energy allin electronic excitation

~16

Delocalized excitations {plasmons} decay

-5

Diffusion starts

10 eV electron travels 1 nm if free
1CO kV electron has next primary coflision, %pm away

Vibrational energy excitedsradical formation, rapid dissociation
internal energy transfer

Electrons captured to form -ve ions
——— Migration of electronic energy

Temperature established in spur

Radical and ion recombination in spur

A Thermal diffusion cools spur
-10
-9
-8

-7 Luminescence of excited molecules

-5 Separated ions and radicals recombine
homogeneously in liquids

breakage for various types of compound is shown
in Table II, adapted from Stenn and Bahr [15]
and Hall ez al. [16]. A very specific model for the
case of polyethylene (PE) has been proposed by
Partridge [17], where the excitation of a C-C
bond is transferred rapidly along the chain, so
that the energy is not localized at any one bond
for a long enough time to break it. Excitation of
C-H bonds is localized so that although they are
stronger, they break.

If a bond which makes up part of the backbone
of the molecule breaks, this main chain scission
results in degradation, with products of a lower
average molecular weight. If a carbon-hydrogen
or carbon-halogen bond breaks then either
another hydrogen is lost and unsaturation results,
or the free valence joins with another on a
different molecule. In polymers this process of
two chains joining together is called cross-
linking. Continued cross-linking causes the
specimen to become a three dimensional net-
work, which is an infusible and insoluble gel
[18]. At very high doses the result is a hard and
very brittle brown solid. Degradation causes the
strength and melting point of the polymer to
decrease, so that a liquid is eventually produced.
Polymers can be divided into two main groups,
those which cross-link and those which degrade.
The first group include vinyl polymers of type a
(Table II) polyesters, polamides and rubbers.

The second includes vinyl polymers of type b
(Table II) cellulose, polytetrafluoroethylene and
polyethers [14]. Polymers are particularly
sensitive to these changes because of their high
initial molecular weight. A low molecular weight
compound irradiated so that one molecule in
10000 was cross-linked would be almost
unaltered, with a tiny fraction of dimer. If the
substance had been originally polymerized into
long chains of 10 000 units each, then the same
number of cross links, randomly placed, would
cause a gel to form, altering the properties of the
material drastically. The same argument applies
for chain scission; instead of a negligible effect,
the molecular weight would be halved.

A rapid formation of cross-links is often found
at low doses which cannot be explained by the
random formation of radicals in adjacent
positions. The radicals must, therefore, migrate
along the polymer chains and meet [19] most
probably where they are trapped, or the excita-
tions must migrate [17] and form radicals
preferentially in certain regions. Some may be
formed in pairs [20] but it cannot be simply that
two radicals are formed in a spur and react
quickly, because the radicals can be stabilized by
cooling and removed chemically, and then no
cross-links are formed on re-warming [21].
Comparative irradiation of bulk- and solution-
crystallized PE [22, 23] showed that cross-links
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TABLE II Chemical bonds most likely to be broken (bold lines) by irradiation in organic compounds

Compound

Saturated hydrocarbons —C—H or —C—C— depending on structure

- R
in particular (a) WCH2—|C—
IR
_ R,
®) —CHz—Cii—
R
| N/
Unsaturated hydrocarbons —C—H and C=C
I /N

| L

Aromatic hydrocarbons

Carboxylic acids

Ethers

Fluoride compounds

l |

Other halogen compounds

—C—H, —C—C— not in rings

—C—H; —C—C— in (CFy)a, (C,F4Chn

When R is Cl in vinyl polymer type (a) above,

—C—H and —C—C—. When R, and R, are Cl

I I l l |
in type (b) —C—C—.

H
I

Amino acids

I
R

H,N-—~C—COOH which bond breaks depends on R

occur preferentially at the fold surfaces of
lamellar crystals. The cross-links which are
effective in reducing solubility are links between
different lamellae and those not effective are links
between different parts of the same molecule
within one lamella, or links adjacent to those
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previously formed. Later work [24] using
oxidative degradation and gel permeation
chromatography to characterize irradiated
material directly demonstrates that cross-links
do not form in the crystal interior. An opposite
result has been obtained, by comparison of
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crystalline and amorphous PE at 133°C, which
indicated that the crystalline material is more
efficiently cross-linked by irradiation [25].

The simplest explanation for lack of cross-
links within the crystal is the “cage effect”. That
is, the excited species produced are held more
firmly in place when they are part of a crystalline
lattice, so the probability of reformation of the
original structure is greater and the amount of
change produced is less. Irradiation at higher
temperatures generally produces greater changes,
probably for similar reasons. Reducing the
temperature normally modifies and reduces but
does not eliminate the effect of radiation [26, 27].
Whatever the state of the material, the prob-
ability of recombination to almost the original
structure is quite high, and this leads to changes
in conformation [28] and tacticity [29]. As
radiation damage proceeds crystallinity is des-
troyed, and this can be observed directly by X-ray
diffraction or by electron diffraction in the
electron microscope, or indirectly by the
depression of melting point [29]. On irradiation
of PE, the density falls as crystallinity is reduced,
but then rises as continued cross-linking leads
to a tighter packing of the chains [30]. It was
found that at 80°C about 400 Mrad of pile
radiation destroyed crystallinity in PE [31] and
about 3000 Mrad were required using 700 kV
electrons [32] or gamma rays [33] at room
temperature. A much lower dose inhibited the
recrystallization of molten PE, even if the
radiation was performed at room temperature
and the polymer was then melted and cooled
[34].

Aromatic compounds are much less sensitive
to radiation than aliphatics, and in a compound a
phenyl group can ‘“protect” more sensitive
groups over a distance of twelve carbon atoms
[35]. Explanations for aromatic insensitivity have
been given in terms of excitation levels [36] and
in terms of delocalized resonances [37, 38]. The
most resistant organic compounds so far
discovered are the phthalocyanines and their
derivatives. Copper phthalocyanine requires a
hundred times greater dose than PE before the
crystalline order is destroyed in the electron
microscope and this substance gave the first
resolution of lattice fringes, of 1nm spacing [39].
Chlorination of the sixteen peripheral CH groups
increases the resistance by a further thirty times
[40] and 05 nm resolution has been obtained on
this compound [41].

Real polymer samples normally contain a

wide range of molecular weight, and are often
poorly characterized in terms of degree of
branching, impurity content and state of order.
It is not surprising that polymers of the same
specification but from different sources should
behave quite differently on irradiation nor that a
lot of results await proper explanation. For
further information on all the effects of radiation
on polymers see the books by Charlesby [42] and
Chapiro [14] and that edited by Dole [43]which
contains much information which is more
recent.

3. Radiation doses received in the
electron microscope

The conventional unit of radiation dosage, the
rad, is defined as 100 erg g~! of absorbed energy.
This unit was chosen because many chemical and
biological effects of radiation on materials
depend to a good approximation on the energy
absorbed by unit mass, and not on the rate of
absorption or on the type of ionizing radiation
employed. The approximation is not so good in
some cases because certain processes such as
atomic displacement occur only when a threshold
energy, much higher than the ionization energy,
is exceeded [44, 45]. These processes are of low
probability, and are important only when, as in
metals, lower energy processes have no effect.
Many processes are affected by the linear energy
transfer rate (LET) along the path of the ionizing
particle [33, 46] but not to any great extent. The
absorbed energy would be very difficult to
measure in the electron microscope, and nor-
mally the incident electron flux is measured
instead, in units of coulombs per square metre or
electrons per square nm.

Let the beam current collected by the final
viewing screen by I, the area of the screen A4, the
magnification M and the time of exposure . If
these are determined under normal operating
conditions but without the specimen in place
(thus ensuring that all electrons in the beam at the
specimen plane reach the screen) then the mean
flux incident on the specimen equals gltM?/ A4,
where ¢ is a correction factor for the collection
efficiency of the screen [47, 48]. Alternatively, a
permanent faraday cup can be fitted for which ¢
is nearly 1 [49]. Using the flux arrived at in this
way as a measure of dose would be misleading,
for the absorbed energy depends on the beam
voltage (being proportional to 1/(electron velo-
city)?, which is approximately the same as
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1/voltage, below 200 kV) and on the nature of the
specimen.

The conversion factor between incident and
absorbed energy for carbonaceous materials has
been calculated by several authors, either from
the Thomson-Whiddington law [50, 51] although
it is not appropriate for a thin specimen, or
directly from the Bethe law [52] which gives the
energy loss rate of a 100 kV electron passing
through carbonaceous material of density 1 g
cm~3 as between 400 and 450 ¢V pm~!, depend-
ing on the exact parameters chosen [53, 54, 15].

If 1 electron loses 400 eV pm—*

then 1 C loses 400 J pm-t

1m? of the material, 1 pm thick, weighs 1 g

so 1 Cm2loses 400 J g% = 4x10° erg g1

and 1 C m~? is equivalent to 40 Mrad, an
extremely high radiation dose.

This relation will hold for a range of specimen
thicknesses, between 0.1 and 20 pum. Too thick
specimens will reduce the average energy of the
primary beam (to 90 kV at 25 pm) and so the
energy loss rate will not be uniform throughout
the specimen. Too thin specimens will allow some
of the energy lost by the primary beam to escape.
The amount of energy absorbed, and thus the
dose, is then reduced. The energy will be carried
away by fast secondary electrons, and also by
X-rays and displaced atoms.

The escape due to secondary electrons can
be estimated, assuming that the secondaries have
an isotropic distribution and straight paths.
Using energy loss rate tables [53] the average
energy absorbed by a specimen of given thickness
is estimated geometrically for each secondary
energy above 50 eV. Lower energy electrons are
assumed not to escape. The average energy loss,
and the average energy absorbed are then
calculated for these higher energy transfer
collisions, allowing for the energy deposited at
the primary event, 30 eV, say. The averages are
weighted according to the probability of forma-
tion of a secondary of given energy. For 100
kV electrons passing through a foil of organic
material, density 1 g cm~3, the average energy
loss, of losses over 80 eV, is 320 eV. If the foil is
10 nm thick, the average absorbed energy from
these collisions is 110 eV.

The overall ratio of energy absorbed to energy
lost depends on the fraction of energy transfers
below 80 eV. This can be estimated from their
mean energy, about 35eV [55, 56] and the overall
mean energy loss, about 80 eV [25, 57, 58] to be
(320 — 80)/(320 —35) = 0.84. Thus the average
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energy absorbed is 0.84 x 35 + 0.16 x 110 = 47
eV, and only 609 of the energy lost by the
primary beam is absorbed by the specimen.
1 C m~2 would then be equivalent to 25 Mrad
instead of 40 Mrad. This result is in good agree-
ment with the estimate that half the energy
lost by an ionizing particle is deposited within
10 nm of its path [38].

Of course, the assumptions used are seriously
in error, but the errors do act in opposing
directions. Thus low energy secondaries are
produced at nearly right angles to the primary
beam, so that if the specimen plane is normal to
the beam, as it usually is, the number which
escape has been overestimated. However, the
paths of low energy electrons are far from
straight, so the effect of an initially anisotropic
distribution will be much reduced. Curved
paths will in themselves increase the numbers
escaping, since electrons can be scattered out of
the specimen, but not in.

This effect of specimen size will be very
important for extremely thin, ultra-high resolu-
tion specimens [45, 15] but normally the value of
40 Mrad for 1 C m~2at 100 kV is adequate as it
indicates the extraordinarily high doses quickly
received by a specimen in the electron micro-
scope. The beam current density at a specimen
in the electron microscope can be adjusted
between zero and 10° A m~2, using normal
operating controls (bias, condenser lenses and
apertures) but operating conditions normally lie
within the range 10— to 10* A m~2. Thus the dose
rate varies between 4 and 400 000 Mrad sec.
This whole range corresponds to extremely high
dose rates and the doses they lead to in usual
microscope operation are correspondingly
extreme. For example, it is well known that the
crystallinity in polymers is destroyed in the
course of wusual electron microscopy. For
polyethylene single crystals this destruction dose
at room temperature is about 100 C m~2 at 100
kV, i.e. about 4000 Mrad. This dose can be
obtained by irradiating for:

0.01 sec in E.M. at high beam current

20 min in E.M. at low beam current

5 weeks inside nuclear pile

1 year 0'5m from 1 kCi $°Co vy ray source

or by exploding a 10 MT H-bomb about 30

yards away.

In papers on electron microscopy, this same dose
has often been described as *“low”, since when
observing polyethylene special care is required
not to exceed it [59] and since changes are
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observed at doses 100 times greater. For example
copper phthalocyanine crystals are destroyed at
3x10* C m~2 or 10 rad [60] and the thermal
and electrical conductivities of polystyrene and
collodion are still changing at this dose [61, 62].
The very high dose rates given above refer to
irradiation of a small area in the specimen plane.
The electron microscope has been used [63, 64]
to irradiate larger pieces of material placed in the
viewing chamber or plate camera, where the
maximum obtainable dose rate is inversely
proportional to the area irradiated.

Radiation doses in the scanning transmission
electron microscope should be similar to those
in the conventional transmission microscope
for similar resolutions. Since the image is
formed by sequentially illuminating 108 picture
points, the instantaneous dose rate during the
pulse will be correspondingly higher, up to 102
rad sec~’. Such dose rates have been used in
biological studies, though up to a total dose of
only 10% rad [65] and no specific effects were
attributed to the dose rate. The effect of irradiat-
ing in repeated micro-second pulses instead of
continuously is otherwise unknown. In the
ordinary SEM, with a specimen thicker than the
range of the electrons in the beam, the situation
is more complex, as the energy loss rate and thus
the dose varies with depth. The heavy metal
coating which is normal for non-conducting
specimens will absorb some of the energy, and
bring the region of maximum dose nearer to the
surface. Studies of the effect of machine variables
on radiation damage in the SEM have been made
for crystalline polyoxymethylene (POM) [66]
and amorphous polymethylmethacrylate
[PMMA] polycarbonate and polystyrene [67].
The effects observed are very sensitive to the
beam voltage and to the thickness of the evapora-
ted gold coating used. POM and PMMA
undergo scission and evolve gas, and these two
materials were much more sensitive than the
others used, in agreement with results from
radiation chemistry [14] and transmission
microscopy. In PE, similar damage has been
observed in the transmission and scanning
electron microscope [68] but no rate measure-
ments were made to allow comparison of viewing
times at similar resolutions.

4. Direct effects of radiation in the
electron microscope

The detailed chemical and physical changes

which occur in bulk polymers on irradiation

cannot in general be observed in the electron
microscope, simply because the irradiated mass
is so small. Only three effects are directly
observed, but each in itself can be sufficient
to cause very great changes in the image formed
in the microscope.

4.1. Loss of mass

Any bond breaking process, either main chain
scission or side group loss, produces lower
molecular weight species, and since the specimen
in the electron microscope is very thin and in a
high vacuum, some of these products will rapidly
diffuse to the surface and evaporate. Thus the
effect of scission is loss of mass from the
specimen and hence increased transmission of the
electron beam. Increase of transmission during
observation in the electron microscope is indeed
observed for almost all organic specimens, and
it was one of the first radiation damage effects on
polymers to be measured [69-72). The increased
transmission may be advantageous at times
[e.g. 73] but it is preferable to use initially thin
specimens if possible. Transmittivity of Formvar
films has been more recently measured as a
function of incident flux and beam voltage in an
attempt to provide a specimen thickness calibra-
tion [74]. Mass loss has been observed in
individual particles of polymer [75] and loss
from biological specimens has been measured
by autoradiography [76]. This takes time, but
gives information about the loss of a particular
element, the one which is radioactively labelled.
Changes of elemental composition can be
followed in this way. Change of mass and
composition of polymers and biological materials
have been studied in a specially constructed
electron microscope analogue, where specimens
large enough for chemical analysis can be
irradiated [77, 78]. Using 75 kV electrons, and a
low dose rate, these authors found that the
specimens of several different types approached a
steady state at doses of 100 to 1000 C m~2. This
final steady state generally contained pro-
portionately more carbon and nitrogen than the
original material and less oxygen, hydrogen and
halides.

As a steady state is reached, the rates of
opposing processes must become more and more
similar. The rate of cross-linking must approach
the rate of scission, the rate of unsaturation must
approach the rate of hydrogenation. The actual
processes occurring are unknown but one can see
in very general terms how this situation may
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arise after very large doses. For example, if
cross-linking dominates initially, as in PE, a
heavily cross-linked network forms, where the
chains are more and more firmly held. As their
motions are more restricted, chains are less
likely to be able to come together and cross-link,
unless a break occurs elsewhere. On the other
hand, if the original material undergoes scission,
as does collodion or POM, those parts most
susceptible are affected most, and are removed
from the material. If the remaining parts
cannot cross-link at all, then the steady state
produced would be when all the mass was lost.
Experimentally, at least a few per cent is always
left, so some of the new structures formed on
irradiation must be of the cross-linking type, and
material is lost until equilibrium is reached.

4.2, Loss of crystallinity

All the chemical changes produced by radiation,
but particularly cross-linking, affect the inter-
molecular spacing of the polymer. If it is already
amorphous, the diffraction rings corresponding
to intermolecular spacings change their position
[79]. If the material is ordered, then that
order is lost. An oriented thin film of PE quickly
loses its crystalline order, although the layer
lines, corresponding to intramolecular spacings
along the chain, persist for much longer [80].
When a polymer single crystal (Fig. 1) is the

Figure 1 Highly schematic diagram of a polymer single
crystal showing that an electric beam perpendicular to
the plane of the crystal will be diffracted by intermolecular
spacings.

specimens all the reflection observed are (4,k,0)
1.e. intermolecular, and the effect of radiation
damage is dramatic (Fig. 2). The diffracted
intensity diminishes, the spots may shift and
broaden. The end result is a pattern of one or
two diffuse rings. Detailed study of this process
gives information about the type of structural
changes being produced.
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Orth and Fischer [50] showed that the
diffraction spots from paraffin and POM single
crystals remain sharp and stationary, merely
fading away. This indicates disorder similar to
thermal displacement, where long range order is
undisturbed. PE is quite different, although
chemically it is only high molecular weight
paraffin. The spots shift and broaden, and the
dependence of the width on diffraction order
suggests a lattice distortion where the lattice
vectors vary in magnitude and direction [50, 81]
Kiho and Ingram [51] found that a com-
bination of heat and irradiation produces a
hexagonal form of PE.

The difiracted intensity from naphthacene, and
from paraffin at low temperature, remains
constant for an initial “latent dose” before
decaying, but the intensity from paraffin at
room temperature decayed exponentially [82, 83]
with the same numerical decay constant found
for the exponential decay from PE [84]. These
authors emphasized the variable nature of the
initial part of the intensity versus dose curve, but
others [50, 85] have described an invariable
decay for PE which has an initially constant
part. Siegel [83] interprets his results in terms of
target theory, but uses a “target” of one mole-
cule, which would imply a molecular weight
dependence of radiation damage, certainly not
observed between paraffin and PE,

Many other authors have used the changing
diffraction pattern as a reproducible measure of
the progress of radiation damage, to observe
the effect of variables such as specimen tem-
perature. Heating polymer crystals always causes
an increased rate of damage [50, 51, 80, 86].
The effect of cooling depends on the specimen
itself. Materials which undergo scission, in
particular POM [84] and r-valine and adenosine
[87] are unaffected by cooling. Materials which
cross-link damage at a slower rate when cooled,
for although some authors find little difference
is caused by cooling PE crystals [80, 88] Grubb
and Groves [84] report a three fold improvement
at 18 K and Siegel [82, 83] a five-fold improve-
ment on cooling paraffin crystals to 4 K (also no
increased transmission, i.e. no loss of mass at
this temperature). A significant improvement is
also found on cooling cellulose [89, 90] and
phthalocyanine crystals [40].

These results agree with those of radiation
chemistry, for example those of Geymer [21]
mentioned in Section 2, where scission in
polypropylene occurred on low temperature
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Figure 2 (a) Electron diffraction patterns from a single
crystal of polyethylene at 75 kV, taken at increasing doses
of irradiation. Photographic sequences such as this were
used by Kobayashi and Sakaoku [80] to measure the
effect of altering the beam voltage and specimen tempera-
ture. (b) Electron diffraction pattern from a single crystal
of polyethylene after heavy irradiation at 80 kV (Grubb,
unpublished).

irradiation, but cross-linking did not until the
specimen was warmed. The eventual damage of
cooled specimens in the electron microscope is
explained by the very high doses used. A very
high concentration of radicals is built up so that
trapping does not prevent interaction. The latent
dose observed at low temperatures, which is
extremely important for forming an image of the
undamaged material presumably corresponds to
the dose required to build up the concentration
of radicals. An exactly analogous situation occurs
in the electron microscopy of alkali-halides,
where the damage mechanisms are much better
understood [91].

Decay of diffraction patterns from polymer
crystals has also been used to measure the effect
of different primary beam voltages. Increasing
the beam voltage from 100 kV decreases the rate
of damage [80, 92] by a factor of 3 at 1 MV [93].

At beam voltages of between 30 and 120 kV, it is
found that the rate of damage is approximately
inversely proportional to the beam voltage [50,
84, 94] in agreement with theory. No threshold
voltage below which there is no damage has been
discovered. Using a scanning electron microscope
in transmission [95] and reflection [66] rapid
damage in POM has been observed at a beam
voltage of 5 kV. The prediction of increased
damage at low energies has also been con-
firmed by the self irradiation of tritiated poly-
styrene, where the decaying tririum produces
electrons of <18 kV [96].

As crystallinity islost and diffraction spotsfade,
all features in the image which depend on
diffraction contrast fade too. This severely limits
the time available for observation of the image,
and so limits the useful magnification and
resolution attainable. If more than one micro-
graph is required from the same area (e.g. for
dislocation analysis, [97]) the limitations are
even more severe. Most features, for example
dislocation images and bend contours (Fig. 3),

—_—

um
Figure 3 Dislocation networks and bend contours in a
single crystal of low molecular weight polyethylene.
Bright field electron micrograph from Sadler and Keller
[179]. All of these features fade and disappear after a
short period of irradiation.
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will broaden as well as fade as the lattice
directions become less well defined, and this will
further reduce the possible resolution. Even in
amorphous substances the structures visible in
transmission through thin films [98] are rapidly
affected by the beam so that only one useful
micrograph can be obtained from a given area
(Yeh, private communication). \

Most calculations on attainable resolution (see
Section 6) assume that the original contrast
simply fades away to nothing, and nothing
remains. In general this is not true, and other
structures may appear temporarily or per-
manently during irradiation. The transient
effects are diffraction contrast features which
appear on irradiation, then fade away with the
rest. In PE single crystals deposited on a carbon
film, for example, the sequence of events which
occurs is quite complex. The crystals were not
originally flat; they were hollow pyramids, with
a pyramid facet (sector) for each prism face.
Because of this they are bent and tilted when they
dry down onto the flat substrate, and no more
than two of the four (110) sectors of the
crystal can be in the correct orientation to
diffract strongly (Fig. 4a). The others may have
sharp bright bend contours on them, often at
sector boundaries. These are artefacts caused by
the bending and tilting which occurred when the
crystal dried down to the substrate. On irradia-
tion, the bend contours move about and
broaden so that more of the crystal is bright.
This is due to a combination of mechanical
movement of the crystal and structural change
within it, altering the lattice directions and
making them less precise. A fine mottled struc-
ture, with regions 10 to 60 nm across then
becomes visible, and very occasionally a more
regular array of dark and light patches appears
(Fig. 4b). The mechanism for this is unknown,
but presumably local tilts appear as crystalline
order breaks down, and this is compounded by
mechanical instability of the crystal during
irradiation. Regularity would require extremely
uniform adhesion to the support film. The
structure formed is superficially similar to that
of the mosaic of 30 nm crystal blocks calculated
from X-ray results [99] but the structure is not
observed in undamaged crystals [100]. POM
single crystals are almost flat originally, and
simply fade away during irradiation. Even in this
simple case, significant transient features can
appear. For example, consider two crystals
superimposed and slightly rotated to give a
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Figure 4 (a) Polyethylene single crystal in bright field. The
110 and 1710 sectors are diffracting and therefore,
appear dark. The fine structure indicates local tilting
perhaps because of irregularity of the support film. From
Bassett and Keller [180]. (b) Detail of a polyethylene
single crystal in 110 dark field after 20 C m~2 at 80 kV
showing in one sector fine structure which appears
during irradiation. Other bright features are the edges of
the crystal, and wrinkles in a narrow 100 sector similar
to those near the centre of the crystal in (a) (Grubb,
unpublished).

Moiré pattern of parallel fringes. As the crystal
becomes disordered and loses mass, its effective
thickness is reduced, the lattice spikes in
reciprocal space lengthen so that more reflections
are excited. Thus the parallel fringes change into
a hexagonal network. In melt-crystallized speci-
mens, it is rare to be able to observe the dif-
fraction contrast in any detail, let alone study its
changes.

4.3. Contrast artefacts and distortion

The permanent contrast artefacts are much more
important than the temporary artefacts described
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Figure 5 From Dlugosz and Keller [110]. (a) Optical micrograph taken with crossed polaroids of a section cut
from bulk polyethylene. (b) Transmission electron micrograph of a thin section of the same material, taken after
heavy irradiation. (c) The circular spot at upper left was heavily irradiated with a fine beam during focusing. The beam

was then spread and the picture taken immediately,

above, simply because they are permanent. It is
often difficult to see the fading crystallographic
diffraction contrast features, even in crystals
grown from solution, and the transient artefacts
are merely an extra complication, but in speci-
mens crystallized from the melt it is often
extremely difficult to see anything bur the
permanent artefacts. At moderate beam currents
necessary for viewing thicker specimens, the
diffraction contrast from a polymer may be
completely destroyed in a second, leaving only
thickness contrast. The thickness contrast
comprises the original mass thickness variation in
the specimen, and thickness variations induced
by radiation damage. Thus in an originally
uniform specimen, the contrast visible after a
second may all be an artefact, stable during
further irradiation. It is hardly surprising that
early investigators did not realize that rapid
changes had taken place, particularly as the
stable images observed were very much as
expected.

To be more specific, thin films of PE were
prepared which contained spherulites showing
concentric dark and light bands in the polarizing
optical microscope, superimposed on the charac-
teristic maltese cross (Fig. Sa). X-ray diffraction
resufts and the maltese cross imply that the
spherulite is made up of crystals radiating from
the centre. Careful and detailed optical micro-
scopy of PE spherulites [101-104] showed (by
tilting experiments) that the birefringent bands
were produced by crystals twisting about the
radial growth direction, and all twisting in phase
(Fig. 6). Electron micrographs showed structures
with concentric dark and light bands of the
same periodicity as in the optical microscope,
and in the dark bands twisted radial structures

were visible [105, 106] (Fig. 5b). The structures
are visible in the optical microscope because of
their birefringence, and this cannot be a cause of
contrast in the electron microscope. It was
suggested [107] that the contrast was due to
density differences between the crystalline and
amorphous regions, somehow preserved during
destruction of crystallinity. On this view, dark
rings visible in the optical microscope were due
to low crystallinity and it was necessary to
postulate that the amorphous contrast varied
cyclically along the spherulite radius, con-
tradicting the results of optical microscopy. It
was later thought that the contrast might be due
to the thickness variations which were known to
exist in the thin cast films used for electron
microscopy [108] so the model of varying
amorphous content was revived when similar
contrast was seen in sections originally of
uniform thickness [109]. However, Dlugosz and
Keller showed in 1968 [110] that sectioned
specimens of PE had no visible structure at first
and the band structure became visible only on
irradiation (Fig. 5¢). This made it clear for the
first time that the visible structure was a stable
artefact, and that thickness variations were
produced by irradiation.

The loss of mass on irradiation (Section 4.1)
was well known, and it was natural to think of
the contrast as being produced by some sort of
differential etching. However, the contrast pro-
duced can be considerable and there is no reason
for grossly different chemical effects to occur at
different crystal orientations. It has been recently
shown that the basic cause of the contrast is a
change of shape, or distortion, of the basic
crystalline units [I, 68, 111]. Some polymer
crystals in the electron microscope tend to
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zero birefringence rings

zero amplitude
extinction cross

iii)

Figure 6 (i) The crystal axes of a polyethylene crystal. (ii)
The twisted crystal ribbon which is the radial unit of the
spherulite. (iii) P and A are the polarizer and analyser
directions. The refractive indices of polyethylene in the a
and b directions are almost equal, so that when q lies in
the plane of observation there is no birefringence. The
radial units, twisting in phase, give dark rings at these
positions.

become smaller in one direction, and larger in
others. When the first direction is parallel to the
electron beam transmission through the specimen
increases, and when the second directions are
parallel to the electron beam transmission
decreases. Thus a uniform film containing dif-
ferent crystal orientations becomes non- uniform,
and concentric thick and thin bands are formed
in a spherulite.

The change of shape of single crystals on
irradiation in the electron microscope was not
observed for many years, because the most stable
substrate was chosen, an amorphous carbon
film. PE crystals irradiated on a carbon support
film seem quite stable. A slight doming occurs,
which is only visible if the specimen is shadowed
after irradiation [111]. However, the stability is
conferred by the strong and rigid carbon film, and
is not a property of PE.If the crystal is supported
by a soft collodion film which allows motion,
it expands in the plane of the support film, by
over 509 in area, equally in all directions {111].
Since the mass of the crystal is only slightly
reduced by irradiation, the mass thickness is
reduced to 62 9 of its original value. The density
of PE tends to rise on irradiation [30, 112] so the
actual thickness must also be reduced by this
much. The thin lamellar crystal contracts
parallel to ¢, the chain direction, and becomes
even thinner; at the same time it expands
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perpendicular to ¢ and becomes wider. When
such a crystal Hes flat on a collodion film, the
film is pushed back, spread out and made
thinner locally by the expanding crystal so that
the contrast of the specimen reverses (Fig. 7).
Before going on to describe the detailed
predictions and experimental agreement for this
model in the case of PE, it must be pointed out
that the effect is general. In all cases where a
permanently visible structure appears in the
electron microscopy of pure unstained melt-
crystallized polymers, it is a radiation artefact
caused by crystal distortion. Thus Andrews
observed in 1962 [113] great changes in spheru-
litic thin films of natural rubber during irradia-
tion in the electron microscope. Areas which
were originally dark and gave a single crystal
type of diffraction pattern with the chain
direction parallel to the beam, became much
lighter after irradiation. Radiating fibrils
appeared in other areas, which got generally
darker. At the same time, the film tended to
contract, but the single crystal areas did not, and
the shape of the spherulite changed, becoming
conical. The explanation given by the author was
in terms of crystalline and amorphous regions
rather than crystals at different orientations, Thin
cast films of poly-4-methylpentene-1 reverse their
contrast in the beam, and the structures observed
are quite similar to those in rubber. Single
crystals of this material, like those of PE,
appear stable on a carbon support film, but on
colodion expand in their own plane, by 159 in
area (Grubb, unpublished). Thin films of nylon
have lasting contrast features in the electron
microscope [114, 115] and it was found that the
contrast was produced during irradiation, and
depended on the crystal orientation; regions

Figure 7 Single crystal of polyethylene mounted on a soft
support film before and after irradiation. Bend contours
disappear, the crystal expands and contrast reverses: after
Grubb ez al. [111].
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with the c-axis parallel to the beam became
lighter (1963, Harris, private communication).
Ultramicrotomed sections of Nylon 66 increase
their contrast from nothing in the beam [116],
but there is so far no information on single
crystal distortion. Khoury [117] saw anisotropic
deformation of polypropylene quadrites, which
are aggregates of lamellar crystals grown from
solution. These aggregates were only loosely
attached to the substrate film in the electron
microscope. Six years later increasing contrast in
polypropylene sections has been observed [118].
Solution grown single crystals of POM do not
expand on irradiation, they merely become
thinner, but thin films of POM have little
contrast after irradiation [95].

In each case thin films undergo contrast
reversal, but the contrast of cut sections in-
creases. The difference is only due to the greater
thickness of the sections which obscures the
initial diffraction contrast, and not to any
difference in fundamental prdperties. More
recent, thinner, ultramicrotome sections of PE
show strong initial diffraction contrast, and
contrast reversal during irradiation (Dlugosz,
unpublished). In thin specimens, the regions
initially dark in bright field, that is, those which
diffract more electrons, are not more crystalline
than the rest but better oriented for the excita-
tion of the strong (#k0) reflections. Hence they
are like deposited single crystals, lamellae
flat-on in the film. On irradiation the coherent
diffracting power is lost, and the lamellae
expand laterally, becoming more transparent.
Other regions, with the crystals edge-on, diffract
weakly and on irradiation the lamellae expand
parallel to the electron beam, giving a dark
region. Lamellae in this position will be distinct
and visible [108].

The distortion of crystalline sub-units pro-
duces not only contrast, but also distortion of the
whole specimen. In the case of PE good quantita-
tive agreement exists between the distortion in
single crystals and that in spherulites, even
though the exact constraints operating in each
case are not known. The crystals of a PE
spherulite have their b direction radial, and as the
crystals twist the a and ¢ directions rotate about
b (Fig. 6). Single crystals on irradiation expand
by 239 along a and b and contract by 389,
along c¢. Therefore, the radii of spherulites in a
thin film should expand to 1.23 of their original
value, and the average thickness and circum-
ference should contract to (1.23 x 0.62) = 0.88.

The thickness is free to contract, but the cir-
cumference and radius are geometrically linked,
and the only way to accommodate both changes
is for the spherulites to become right circular
cones, with semi-angle sin—! (0.88/1.23) = 46°.
Spherulites of PE do become conical in the
electron microscope, with a semi angle of 45 +
3° [68], and spherulites of rubber [113] and
polystyrene [119] also become cones. When
slices of bulk-crystallized polymer are used, the
spherulites will probably be cut in off-diametral
sections, so that at the apparent centre, the
radial direction, and the lamellae, are vertical,
perpendicular to the section plane. This modifies
the predicted cone to a dome, or spherical cap,
and domes are observed [109]. The three dimen-
sional structures produced are most clearly seen
in the scanning electron microscope [1, 68, 120]
(Fig. 8). The flat regions at the borders of the
spherulites are caused by the constraint of
surrounding unirradiated material. Their
presence, and the sudden change to an un-
affected cone, are predicted by the model [68]. A
thick specimen will only be irradiated to the
penetration depth of the electrons, and the
unirradiated material will further limit the
movement of the irradiated surface. Breedon
et al. [120] use the artefacts seen to derive an
altered model for PE spherulite structure, where
the lamellae do not twist complietely, but the
identification of the bumps seen with lamellar
units is not certain.

Spherulites are complicated, simpler arrange-
ments of crystals distort in a simpler way. Thus
holes in a thin film nucleate a large number of
“edge-on” lamellae which grow radially out
from the hole, and when the film is irradiated,
such holes contract [113]. Oriented structures
produced by drawing contract considerably in
the electron microscope, but it is difficult here to
separate distortion from relaxation.

It may seem odd that a lamellar crystal,
already much thinner in one direction than in
any other, becomes even thinner in that direction
as it loses its order. However, within the crystals
the molecular chains run parallel to the thinnest
dimension (Fig. 9a). Except at the surfaces where
they fold back into the crystal, they are fully
extended. Hence any disordering of the orienta-
tion in the crystal must reduce the end-to-end
distance of the extended part, and thus the
lamellar thickness (Fig. 9b). Unless the density
rises, the width of the lamellae will increase.
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Figure 8 A thin film of polyethylene cast from solution,
mounted on a copper grid and lightly coated with gold,
observed in the scanning electron microscope at 20 kV
(a) The area to the right has been exposed to the beam
for some time, the smooth area to the left has not. The
specimen is tilted forward by 60°, to show clearly the
conical shape of the spherulite in the centre of the pic-
ture. (b) This unusually flat area is tilted by 45°, and
shows more clearly the radiating fibrils, all in phase over
small sectors separated by faulted regions.

Cross-linking introduces disorder of chain
orientation, even in its simplest schematic form
(Fig. 9¢) while chain scission may not. PE and
the other polymers which show the permanent
artefacts described all cross-link. Polymers which
undergo scission are general featureless after
irradiation, unless they are stained, though some
structures are produced in POM [66].

With the knowledge of how the artefacts form,
one can work back from the micrographs taken
after irradiation to the original structure with
much more confidence, and this is very necessary
because it may be difficult or impossible to
resolve the undamaged structure directly (see
Section 6).
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5. Secondary effects of the electron
beam

5.1. Heating

When gross changes in organic materials are
observed in the EM, it is natural to attribute
them first to heat, because the temperatures
required to produce such changes are within the
range of ordinary experience, and the radiation
doses required are definitely not. It is difficult to
appreciate that because of the small size of the
irradiated area, an enormous irradiation dose
rate may produce a negligible temperature rise,
but such is the case. We know that the heating
effect can be kept small simply because low
melting point (40 to 50°C) crystals can be
observed without melting them [121]. On the
other hand, it is easy to produce high tempera-
tures with the beam of a TEM, either inten-
tionally or unintentionally, and Yamaguchi|122]
claims that paraffins can be melted (at 70°C) by
the beam without significant radiation damage.

The temperature rise will depend on the rate
of energy absorption (Section 3) and on the
rate of energy dissipation, i.e. on the thermal
conductivity of the specimen, the area irradiated,
the distance to a good conductor, thermal contact
of specimen to grid and grid to holder. Heating
or cooling devices will, of course, affect the
specimen temperature directly. The temperature
rise for a thin uniform film in perfect contact
with its surroundings has been calculated by
many authors [62, 86, 123-128]. Although the
calculations are for an ideal situation, the
available experimental evidence, limited by the
difficulty of measuring the true specimen tem-
perature [126, 129, 130], does support the
theoretical conclusions. Thermal radiation is
normally negligible compared to conduction, so
the maximum temperature rise is proportional to
the beam current. For an organic specimen
mounted on a 200 mesh grid, the constant of
proportionality at 100 kV is approximately
3°C nA-'. With a 20 pm diameter spot and
current density of 10 A m~2, the current is 3 nA
so the rise in temperature at the centre of the
illuminated area will be 9°C. Thus with the
beam current density range described above,
101 to 10* A m~2, the temperature rise varies
from the negligible, 0.09°C to the catastrophic
9000°C.

It has been suggested that allowing the beam
to touch the supporting grid will cause a large
temperature rise, and must be avoided [80]. This
is not so, because the comparatively thick
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(a)

(c)

Figure 9 A schematic drawing showing a corner of a solution grown polyethylene single crystal (a) in its
normal state before irradiation; (b) after intense irradiation, with the chains randomized. The deformation shown
occurs when a collodion substrate is used; (¢) Schematic drawing of a cross-link in an otherwise perfect lattice (after
Kobayashi and Sakaoku [80]) showing that the crystal thickness must be 1educed.

copper is such a good conductor of heat that
whatever fraction of the incident beam energy it
absorbs, its temperature rise will be much less
than that of the thin specimen. It is true that
when the grid is exposed to the beam, the
specimen and grid will absorb more energy.
However, the previous calculations assumed,
pessimistically, that the illuminated spot was in
the middle of a grid square. If it is adjacent to a
grid bar the temperature rise with respect to the
grid is less, so the total rise may not be greater,
as Reimer and Christenhusz [62], and Stenn and
Bahr [15] infer. In any case the effect will be
very much less than that of poor thermal contact
with the grid, or simply increasing the beam
current. Thus direct damage by heating is
likely in the TEM only when high beam currents
are used to penetrate thick specimens [e.g. 131,
132] and even then the most common gross
damage, bubble formation, may be due to the
trapping of gaseous products which normally
diffuse out of a thin specimen, rather than to the
temperature rise.

Similar calculations for the SEM show that the
temperature rise for a given beam current is
much less than in the TEM, simply because the
heat can be conducted away in three dimensions
instead of two. A deliberate attempt to melt
polymer samples in the SEM, using high beam
currents and a stationary beam, failed com-

pletely (Arrowsmith, private communication
1971). When the beam is scanning, the situation
is complicated, but the temperature rise must be
less.

When damage by heating does occur, it can
be recognized for what it is, because the effects
of heat and irradiation on organic materials are
different [80, 133-136].

A temperature rise which is of no importance
in itself can have an important effect through the
temperature dependence of radiation damage. In
general the chemical yield of radiation increases
as the temperature increases, so the rate of
damage should also increase. This has been
experimentally verified for polymer crystals [50,
51, 80, 121]. Since the electron beam produces a
temperature rise which depends on beam current,
the same dose should give a greater effect if it is
applied at a greater rate. When measurements
have been made, some workers find a dose-rate
dependence [60, 71, 94, 128] and others find that
dose rate has no effect [80, 84, 87, 115, 137]. The
contradiction is only apparent, not real, because
the former group used high dose rates, and the
latter low dose rates, generally below 1 A m2.
A dose rate of 1 A m~% would produce a
temperature rise of about 1°C under the typical
conditions described above, where 10 A m~—2
gives a 9°C rise. Interpolating from the results
of Orth and Fischer [50] (as in [84], Fig. 7) a
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rise of 1°C affects the damage rate of PE single
crystals by 3%, a rise of 9°C by 28 %,. The accu-
racy of measurement of damage effects is
certainly no better than 5%, so at low dose
rates the rate dependence cannot be observed.

An increase of temperature can also affect the
final state of the specimen. It has been shown for
several synthetic and natural polymers that the
loss of mass in the EM is greater at higher beam
intensities [60, 70, 72, 78] and induced contrast
in PE is also greater [109]. These effects are
observed at high beam current densities, where
the temperature rise may be considerable, and
are attributed to increased mobility within the
specimen, although Stenn and Bahr [78] found
that heating the specimen whilst irradiating at a
low dose rate did not have the same effect as
irradiating at a high dose rate.

5.2. Electrostatic charging

In the TEM, a thin specimen absorbs no primary
electrons, but secondaries are emitted, so a
positive charge builds up. The statistical nature
of the process involved produces large, rapidly
varying fields within a poorly conducting
specimen. These can affect the image, to give the
impression of rapid fine scale movements in the
sample when it is slightly out of focus [138].
Fields of up to 10® V m~%, comparable to the
breakdown field for dielectrics, can be produced
[139]. Such fields could affect chemical reactions,
and it has been suggested that electrostatic
effects are the important factor in beam damage
[140, 141]. Recent experiments have shown that
an organic molecular crystal is damaged more
slowly by the beam when it is coated with gold
on both sides [142], and the mass loss from a
biological section is reduced by coating with
aluminium. The protection given may be due to
the increased electrical or thermal conductivity
of the sample, or the metal may act as a trap for
excitations in the organic material, or the coating
may simply prevent evaporation of fragments,
increasing the cage effect and the probability of
recombination. More experiments will be neces-
sary to distinguish between these possibilities.

An overall charge can also build up on the
specimen, which can distort the image and the
repulsive forces can fragment the specimen. The
effect is greater when the objective aperture is
removed. With extremely thin PE films, it is
common to have a stable undistorted bright-
field image, but on going to diffraction con-
ditions, the beam is deflected and the specimen
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breaks up. Apparently electrons scattered from
the aperture and its holder back up to the speci-
men help to neutralize its positive charge. The
charging effect is not as important as might be
expected, because the conductivity of most
organic materials is enhanced by radiation [60,
14 p. 348, 143].

Overall charging causing disturbance of the
image is better known in the scanning electron
microscope. There thick specimens do absorb
primary electrons and normally the secondary
electron emission coefficient o is less than 1 so
that negative charge builds up on non-conducting
specimens. The normal solution to this problem is
to coat the surface to be examined with metal by
evaporation. A thick metal layer would prevent
radiation damage, by stopping the electrons
before they reach the material, but coatings
normally used are much too thin to do this.
Alternative solutions are to use a very low beam
voltage of around 2 kV, where ¢ ~ 1, but the
resolution obtainable is not good, or to spray the
specimen with 1 kV electrons from a separate
electron gun during the fly-back time of the
imaging beam, and adjust the current so that the
average value of o is 1 [144]. The low energy
electrons will cause severe damage, but only to
an extremely thin surface layer.

5.3. Influence of the surrounding
atmosphere

The atmosphere in an electron microscope is
normally a vacuum of 10— Torr or less, and this
in itself is sufficient to cause severe damage to
many organic specimens. Biological materials
lose water, and low molecular weight materials
may simply evaporate. Synthetic polymers are
normally unaffected by vacuum, although a
complex formed with a low molecular weight
material can be affected [145, 146], but they are
not immune to the effects of residual gases. When,
as is usual, the residual gases are largely hydro-
carbons, they cross-link in the beam while
absorbed on the specimen, and carbonaceous
material builds up. This is contamination [147,
148]. If water vapour is the main constituent, it is
dissociated by the beam while absorbed and the
result is oxidation and removal of material from
the specimen [149]. Loss of carbonaceous
material also occurs in low pressure oxygen
environments [150]. Like all radiation damage
effects, these increase in rate with beam current
density and are more important at high resolu-
tion. Hence at the low magnifications often used
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for polymers because of direct radiation damage,
contamination is negligible when a cold finger
anti-contamination device [151] is used. On the
other hand, Siegel [152, 153] has considered it
necessary to build a U.H.V. system to reduce
contamination sufficiently for atomic resolution.

6. Resolution obtainable
6.1, Statistical limit

Radiation damage causes there to be a limit to
attainable resolution, because at low doses the
statistical fluctuations of intensity may obscure
the image, and at high doses the structure is
destroyed. Under given conditions, the structure
will be destroyed after a specific number of
electrons per unit area, J, have passed through it.
If a square of side d'is to be resolved containing a
feature of contrast ¢, and if f is the fraction of
electrons passing through the specimen which
contribute to the image, then the number of
electrons which can form an image of this square
is Jd?f, the signal produced is Jd?*c and the
statistical noise is (Jd?f)*. The signal-to-noise
ratio is Jd2fc/(Jd*f)*. If there is a minimum
acceptable signal-to-noise ratio for visibility, k&,
then the object can just be resolved when

k=(Jdf)¥c ie d=klc(Jf)* [154,137]. (1)

There is considerable uncertainty over the
precise values which should be chosen for the
various factors, so the value arrived at for d may
not be very reliable. Values for & from 3 for a
periodic image to 50 for a good quality image
have been used, but the commonest by far is 5.
The test plates originally used to establish this
figure [155] consisted of circles arranged in
rows and columns of increasing noise. For an
unknown disordered specimen, a much higher
value might be appropriate. Defining ¢, the
contrast, needs a precise description of the
structure to be resolved and the conditions of
viewing. For f, the collection efficiency of the
image, the method of formation of the image,
(dark or bright field, or annular aperture) and the
aperture sizes are among the variables.

Further, the assumption that the structure
remains perfect up to a critical dose J after which
it is useless is too simple. It is best to assume that
the contrast of the structure falls with irradiation
in the same way that diffracted intensity falls,
and then calculate the optimum dose beyond
which the statistics do not improve. Even then
the calculation is only valid if the feature does not
shift, broaden or relax. The best possible resolu-

tion in PE at 100 kV has been calculated to be
0.5 nm [95] for the specific case of a rotation
Moiré pattern formed between two crystal
layers each 12 nm thick, assuming that the
initial contrast was as given by the two beam
kinematic approximation [156] and that a
signal-to-noise ratio of 3 was sufficient. This is
definitely an idealized situation, and the best
published resolution under very similar con-
ditions has been 4 nm [59]. No allowance was
made for the time required to focus the image,
but it is standard practice to focus elsewhere and
move either the specimen or the beam to irradiate
a new area just before taking a micrograph.
Thomas and Ast [85] made allowance for
focusing and found that using an image in-
tensifier then gave a considerable advantage.
With the resolved structure being a small area of
PE single crystal 12 nm thick, diffracting strongly
into a (110) reflection and surrounded by
similar material which is not diffracting, they
arrived at 5 nm resolution at 100 kV. Glaeser
[137] has made similar calculations for single
crystals of biologically important materials, with
a square of diffracting crystal as the object to be
resolved, but with no allowance for focusing.
He obtains 5 nm for r-valine and 2 nm for
adenosine. The calculation broke down on
stained catalase, because the resolution cal-
culated from the decay of the strong inner
diffraction spots, which arose from spacings of
9 nm, was only 0.16 nm, although the spots from
spacings <¢1 nm had disappeared much earlier,
indicating disruption of the fine structure. This
makes it clear that when using the decay of
diffracted intensity as a measure of degradation,
one must use reflections corresponding to
spacings less than or equal to the resolution
obtained. Normally the innermost reflections
come from spacings of about 0.4 nm, so the point
does not arise. Whatever the accuracy of these
individual estimates the important point is that
for this class of specimens radiation damage is
the limiting factor, and resolution of the original
structure will, in practice, be affected by altera-
tions in the variables of Equation 1.

6.2. Improving resolution

From Equation 1, one way of improving the
resolution (reducing d) is to delay the appearance
of radiation damage (increase J), and from the
results quoted in Section 4.2 it would appear that
operation at higher beam voltages would in-
crease J for all organic materials by reducing the
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radiation dose per electron. However, the
diffracted intensity from a thin specimen falls
at high voltages so that contrast ¢ (in bright
field) or efficiency f (in dark field) is diminished,
and this reduces the improvement. The advan-
tage gained may be further whittled away in
practical terms as the screen resolution [157]
and photographic efficiency [158, 159] are
generally poorer at very high voltages. The loss
of photographic efficiency is not important when
the time required for focusing is taken into
account [58]. Thomas and Ast have gone into
this point in detail for a PE single crystal
specimen. They find that when an image in-
tensifier is used, or when focusing is done on one
area and recording from an adjacent area,
optimum resolution can be obtained at any
beam voltage between 50 and 300 kV. They
predict that when the same area is used for
focusing and recording, without an image
intensifier, 300 kV is best, in agreement with an
earlier qualitative estimate [160].

Cooling to liquid nitrogen or liquid helium
temperatures should improve the resolution
limit for some but not all specimens. The
advantage is to be gained not only from an
increase in J but also from the appearance of an
initial latent dose when the specimen is relatively
stable. The improvement can only be realized
if the cooling stage does not reduce the con-
venience and rapidity of operation of the
microscope. Cooling and high voltage operation
should improve matters not only for crystalline
materials but also for partially crystalline
and amorphous materials which are radiation
sensitive.

One may also improve the resolution by
improving the contrast, ¢, or efficiency f. These
two are often linked, so the important factor is
cf* which appears in Equation 1. Contrast from
a crystalline material is affected by the orienta-
tion and the reflection used to form the images
but these variables are normally fixed by other
considerations. The contrast of partially or
wholly amorphous material may be increased by
staining, which is commonly used in biological
specimens, but rarely in synthetic polymers [2,
161, 162]. The stain will have a self structure,
limiting resolution, but this limit is not normally
reached. The stain may confer stability on the
specimen, but it need not do so. For example,
stained collagen fibres split and perforate in the
electron beam [163, 164]. Contrast may be
enhanced by altering the operating conditions of
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the microscope. An annular aperture {163, 166]
or phase plate [167] will give a larger ¢f* than
e¢ither bright- or dark-field operation.

The minimum acceptable signal-to-noise ratio,
k, will be smaller if the structure is repeating and
easy to recognize, and this will improve the
resolution. It may be improved much more if the
repeating units are superposed to give an image
of the average unit. Further improvements can
be achieved by more complex image processing
[168].

The efficiency of the recording medium should
be taken into account when calculating the
statistical limit, but this can be ignored normally,
because most photographic emulsions are very
efficient detectors of electrons at ordinary
electron microscope voltages [169]. Their re-
sponse to electrons has been studied in detail
[170, 171] and is very different to their response
to light. The optical density of the processed
emulsion is proportional to electron exposure,
so that all emulsions have the same contrast
which increases with exposure [170]. Since the
statistical resolution limit (Equation 1) is
intrinsic to the signal, the resolution is un-
affected by the speed of the emulsion. A fast
emulsion can be used at higher magnification,
but since the exposure is less, the noise is
greater and referred back to the specimen there
is no difference. There may be some difference
in practice, in that a slow plate used at a very low
magnification may not be able to resolve the
detail because of electron diffusion within the
emulsion [170] and it may be much easier at a
higher magnification to use the electron micro-
scope, and to focus the larger but fainter image.
This may be the reason for the differences noted
by Matricardi ez al. [159] who find that fast plates
are better.

Since the photographic plates (and films) are
efficient detectors no kind of image intensifier
or TV system [172-174] can improve on their
resolution, at best they can equal it. However,
intensifiers can be very useful in providing a
bright though noisy image for finding an
interesting area and setting up the picture before
recording it photographically. One can gain by
using an intensifier to focus [174] and this is
because the eye and brain can interpolate the
position of optimum focus for detail several
times finer than that contained in the image
viewed. Many commercial image intensifiers are
extremely expensive, so a cheap system [175]is of
great interest, especially since it has been found
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that dark adapting the eye for half an hour has
an excellent ““intensification” effect [176]. Most
electron microscope rooms are far from dark,
and modern microscopes are covered with
indicator lamps that normally prevent dark
adaptation.

So far it has been assumed that the statistical
limit described by Equation 1 is the limit to all
information obtainable from the specimen. This
is not so, because the permanent artefacts
described in Section 4.3 give information on the
structure of the specimen, and can continue to
do so for an unlimited time. The particular
artefacts described for PE do not affect the
resolution limit because they are all large scale
effects, thickness changes of up to 100 nm and
motions of several microns being involved. It was
only possible to interpret the images and
describe the process of damage leading to these
artefacts because of their large scale, since this
allowed the original structures to be resolved in
the optical microscope and in the electron
microscope at low doses. If similar basic units,
groups of well-oriented long chain molecules,
are involved in fine scale structure, for example
the structure claimed to exist in amorphous
polymers [98] then the same type of artefact
should occur. Knowing the cause of permanent
contrast features in polymer specimens, it should
be possible to obtain information about un-
known structures from electron micrographs
taken after radiation damage is complete. This
is true whether or not the scale of the unknown
structure is larger than the statistical resolution
limit for diffraction (Equation 1). If the struc-
ture is of very fine scale, approaching the re-
solution limit of the microscope, very great care
in interpretation will be required [177, 178].
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