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Abgtract

Using the phase-object approximation it is shown
how an annular dark-field (ADF) detector in a scanning
transmission el ectron microscope (STEM) leadsto animage
which can be described by anincoherent model. The point
spread functionisfound to be simply theilluminating probe
intensity. Animportant consegquence of thisisthat thereis
no phase problem in the imaging process, which allows
variousimage processing methodsto be applied directly to
theimageintensity data. Using animage of aGaAs<110>,
the probeintensity profileisreconstructed, confirming the
existence of a1.3 A probeina300 kV STEM. Itisshown
that simply deconvolving this reconstructed probe from
theimage datadoes not improveitsinterpretability because
the dominant effects of the imaging process arise simply
from therestricted resol ution of the microscope. However,
use of the reconstructed probe in a maximum entropy
reconstruction is demonstrated, which allows information
beyond the resolution limit to be restored, and does allow
improved imageinterpretation.
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Introduction

One of the useful attributes of incoherentimagingis
that thereisno phase problem. Unlike coherentimaging, in
which information is lost at the detection stage by the
inability to measure the phase of the image-plane
wavefunction, anincoherent imageisaconvolution between
real and positive quantities and therefore there is no phase
informationto belost. Lord Rayleigh (1896) has discussed
how illuminating a specimen by alarge incoherent source
renders the specimen effectively self-luminous, and thus
the image intensity becomes a convolution between the
object function and apoint-spread function. By reciprocity
(Cowley, 1969; Zeitler and Thomson, 1970) alarge detector
inaSTEM can haveasimilar effect. Herewe usethe phase-
object approximation to show how an ADF detector leads
toincoherent imaging.

It isoften the casein transmission electron micros-
copy (TEM) that animagewill consist of aregion of interest,
such as a crystal defect, surrounded by bulk materia of a
known structure. The opportunity then arises of using the
bulk material to determine the point-spread function
applicable to that image, which may then be fed back in to
extract more detailed information about the object in the
region of interest. Below we discuss how such a
reconstruction may be performed experimentally, and then
goonto useit for aWiener deconvol ution and amaximum
entropy reconstruction as examples of image processing
applications.

I ncoherent Imaging from Coherent I nterference

It has aready been shown using the weak phase-
object approximation how coherence can be destroyed by
an ADF detector (Jesson and Pennycook, 1993). Herewe
show an aternative approach which demonstrates how the
sum in intensity over Bragg scattered beams from a
crystalline phase-object leadsto incoherent image formation.
We start by determining the detector plane intensity.
Consider a plane-wave component, with wavevector k.,
within the probe-forming convergent el ectron beam (Fig. 1).
This plane-wave will have a complex amplitude given by
the aperture function, A(k,).
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Figure 1. A schematic of the scattering geometry for
incoherent image formation from coherently scattered
beams. InaSTEM, aconvergent beam diffraction patternis
formed at the detector plane. Where the diffracted discs
overlap, interference can occur resulting in image
information. Inthe case shown above, the bright-field (BF)
detector will not be able to resolve the crystal spacing,
whereasthe annular dark-field (ADF) detector will.

Themagnitudeof A(k,) will beunity for beamswithin
the objective aperture, and zero for those outside; the phase
of A(k)) is the phase shift produced by the objective lens
aberrations, x(k ), whichisgiven by

@

where A isthe electron wavelength, zisthe defocus, and C
isthe coefficient of spherical aberration. The amplitude of
the electron probe illuminating the specimen, P(r), isthen
the Fourier transform of the aperture function, A(k,), and
thus the exit-surface wavefunction is

x(k) = kel p+05TC ATk f

Hr-R)W(r) @
where (/(r) isthe complex specimen transmission function
and R is the location of the center of the probe. In the
phase-object approximation, the specimen transmission
function is purely the phase function

Y(r)=expliov(r)] ©)
where V(r) is the projected crystal potential, and o isthe
interaction constant [see Cowley (1992) for details]. For a
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perfectly periodic, crystalline specimen, the Fourier
transform of Equation (3), denoted W(k), consists of
discrete a-functions whose magnitudes and phases
represent those of the corresponding Bragg beams that
would be scattered under conditions of plane-wave
illumination.

The propagation of the exit-surface wavefunction
to the detector plane can be computed by taking the Fourier
transform of Equation (2), so the intensity in the detector
plane as a function of scattered wavevector K, is

M(k,R) = [A(k)exp(i2rk B0, WK @
where [, denotes a convolution with respect to k.. The
product in real-space, Equation (2), formsaconvolutionin
reciprocal space, Equation (4), and the shift in the probe
position, R, leadsto the aperture function being multiplied
by a linear phase function across reciprocal-space. The
observed intensity in the detector planeisthereforeaseries
of discs, each centered on the position of where the Bragg
spot would be observed in the case of axia plane-wave
illumination. Since the probe-position, defocus, and
aberration information is carried by the phasein each disc,
image contrast can only be observed if the discs overlap
(Spenceand Cowley, 1978), asillustrated in Figure 1.

To understand the properties of the disc-overlap
region, consider the overlap between discs from the
diffracted Bragg beamsg and h (Fig. 1), with the complex
amplitude, W(k), of the Bragg beamsat g and h denoted by
W, and W, respectively. Within this overlap, the detector
planeintensity, M(k,, R), can bewritten

M(kR) =W [P+HW [P
+2@ M Ceog 2rRI(h-g)+(x (k-g)-X(k-h))
(W )

©

with the phase of W, written as [ W, andre-writing A(k) as
the pure phase exp(ix(k)). Theimaging informationisall
carried by the cosine interference term, the argument of
whichitself containsthree distinct terms. Thefirst term of
the cosine argument showsthat theintensity inall pointsin
the overlap region oscillates with respect to the probe
movement, at a spatial frequency given by the reciprocal
|attice vector joining the Bragg spots, (h-g). Thisimplies
that for many Bragg beams being detected, the contribution
to theimage at a spatial frequency, p, isonly from the disc
overlap regions between Bragg beams separated by the
two-dimensional vector, p. The second term in the cosine
argument of Equation (5) contains the effects of defocus
and the lens aberrations. The phase of the intensity
oscillation just mentioned is modified by the differencein
the phase of the two overlapping aperture functions. What
is observed is therefore a series of fringes in the overlap
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region [seefor example, Nellist et al. (1995)], whoseformis
determined by defocus and the lens aberrations, and which
appear to travel as the probe is scanned. The final phase
term in the cosine argument of Equation (5) is the phase
difference between the diffracted beamsin question, and it
isthisterm that carriesthe structural information regarding
the specimen to the detector plane. In general, Rodenburg
and Bates (1992) have shown that the Fourier transform of
M(k,,R) withrespect to R isgiven by aconvol ution between
two overlapping aperture functions and the interference
term between parts of the scattering function separated by
p, thus

G(k,0) = ©)
[AK, -pI2)A’ (k +p/2)] 0, [W(k +pI2)W (k -p/2)]

We are now in a position to compare the coherent
and incoherent imaging modes. We simply integrate
Equation (6) over therelevant detector function D(k ), which
results in the Fourier transform of the detected image
intensity,
i(p) = ™

Dk,) JAK, pl2A (K +pl2)W(k, k +p/2)
Wk, k p2)dk dk,

wherewe have now written out the convolution in Equation
(6) in full, using k, as the dummy variable since the
convolution arises physically from the cone of incident
wavevectors forming the probe, and the scattering is done
by the specimen fromk; tok..

Coherent imaging requires the use of a detector
which is significantly smaller than the objective aperture
radius, such as asmall axial detector for bright-field (BF)
imaging (Fig. 1), whichisequivalent to nearly plane-wave
illumination in a conventional transmission electron
microscope (CTEM) by reciprocity. Thedetector will typicaly
be smaller than the fringe featuresin the disc overlaps, and
thereforetheimageintensity will be strongly dependent on
both the position of the detector and the phase of the aperture
function, asiswell known in phase-contrast microscopy. In
general, the image contrast is not likely to be a direct
structure image of the object.

In contrast, incoherent imaging uses a detector
which is significantly larger than the objective aperture
radius, such as the annular dark-field (ADF) detector in
Figure 1, which is equivalent to using a large incoherent
sourcein conventional imaging as suggested for the light-
optical analogue situation by Lord Rayleigh (1896). The
Fourier component of an ADF image at the spatial frequency
p can now be seen to be arising from the interference
between the many pairs of Bragg discs that are separated
by p. Mathematically we note that if the geometry of D(k))
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islarge compared to the aperture function, we can neglect
overlaps that are intersected by the edges of the detector
allowing the integrals in Equation (7) to be separated to
form

i(p) =
JAK, pI2A’(k +pi2)dk [D(k, )W(K, +012)
W(k, -pl2)dk,

©

The p Fourier component is therefore the product
between a transfer function, T(p), which is given by the
integral in intensity over the fringes in one disc overlap,
and an object spectrum, W(p), which isgiven by the sum of
the scattering interference terms that give rise to the
interference observed by the annular detector. Thetransfer
function, T(p), isthustheintegral over the phase difference
between two overlapping aperture functions separated by

pa

T(p) = JA()A"(k, +p)dk, ©
which isidentical to the autocorrelation function of A(k).
TheFourier transform of theautocorrelation of A(k) is|P(r)P,
the probe intensity function, thus the ADF image intensity
in real-space becomes

I(R)=IPR)FUO(R) (10
a convolution between the probe intensity and an object
function, and is the definition of an incoherent image. A
coherent image cannot be written in this form because the
range of theintegral over k, in Equation (7) isrestricted so
that the W terms are also dependent on k..

Animportant advantage of incoherent imaging over
coherent imaging is that the resolution is doubled. Since
thetransfer, T(p), isthe autocorrelation of A(k), it hastwice
the width in reciprocal space than A(k), which can be
expressed in real-space by stating that the intensity of the
probeisnarrower than the magnitude of P(r). It canaso be
seen in Figure 1 that the spacing leading to the diffracted
discsshownwill not beresolvablein the BF image, because
the detector is not in an overlap region, whereas the ADF
detector will be receiving an interference signal and thus
the spacing will be resolved.

The object spectrum, O(r), isthe Fourier transform
of W(p), whichitself can bewritten

W(B) = D, (k) W(k, + pI2)W*(k, - pi2)ck, (11

where D, (k) is the detector function and has a value of
unity for final wavevectors detected, zero otherwise. Taking
the Fourier transform of Equation (11) can beshownto give
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Figure 2. (a) Raw image of GaAs <110>. The intensity
profile along the area indicated, with intensities summed
across the width, is shown in (b). The 1.4 A “dumbbell”
spacingisresolved, and the polarity of thelatticeisobvious
with the As columns forming the right-hand side of each
dumbbell.

O(R) = [ W(R+c/2)y* (R-C/2)s(c)dc 1

the ADF object function. Equation (12) is a real-space
integral over acoherenceenvelope, s(c), whichisthe Fourier
transform of the detector function; cisthe dummy variable
of integration. Inthe caseof aninfinite detector s(c) isad-
function, and O(r) becomessimply |Y(R)[?, whichisperfect
incoherence. For a phase object, however, this condition
also implies no contrast since |P(R)[? is unity everywhere,
which is expected since we are detecting all transmitted
electrons and the phase-abject has no absorption. I1n order
to see some phase-contrast we require a finite coherence
envelope, which physically means that we require some
interference within the scattered wave. Substituting
Equation (3) into Equation (12), and assuming an ADF
detector, but neglecting the outer radius which
experimentally isusually much larger than any significant
electron scattering, gives

O(R) =1-[h(c) cos{ o[V (R+c/2)-V(R-c/2)]} dc (13)

whereh(c) isthe Fourier transform of thefunction describing

Figure 3. The magnitude of the Fourier transform of the
image shown in Figure 2a. The spots out as far as (004),
which isthe dumbbell spacing, can be clearly seen. There
is some evidence of the {331} spots, but these are very
close to the noise level.

the hole in the detector, and using the centrosymmetry of
h(c). Thusit can now be seen that the object function is
related to the slope of the object potential within the
coherence envelope. Aslong asthewidth of the coherence
envelopeissmaller than the projected interatomic spacing,
which can be achieved by making the inner radius
sufficiently large, then each atomic column will act as an
independent scatterer, and O(R) will be a map of atomic
columns. Since the strength of O(R) is dependent on the
slope of the potential, the image will show a sensitivity to
atomic number, hence the name Z-contrast.

Of course Equation (13) will become more difficult
to interpret as the coherence envel ope becomes compara
bletointeratomic spacings, or asthe phase argument of the
cosinefunction startsto becomelarge. Although the phase-
object isuseful for illustrating how anincoherent image can
be formed, we should perhaps not worry too greatly about
its quantitative behavior because it does not take account
of the propagation through the thickness of the specimen.
However, the approach taken above can be extended to
give acoherence envelopein dynamical scattering (Nellist
and Pennycook, 1999), but the algebra is somewhat more
complicated. It is found that the geometry of the ADF
detector is not so efficient at destroying coherence along
each atom column, so although the transverse incoherent
model of Equation (10) still holds, the object function may
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Figure4. Thetransfer function reconstructed from the experimental datacompared to thetheoretical optimum transfer for the
HB603U microscope (300 kV, CS =1 mm) as function of spatial frequency. In the experimental case, the data points are
reconstructed from the image data, and alinear interpolation is constructed between them.

show a non-linear thickness dependence (see for example
Jesson and Pennycook, 1993). However, the phase-object
approach taken above demonstrates the principles of how
incoherent phase-contrast can be achieved, and we now
proceed to examine how image processing methods may be
applied to incoherent TEM imaging.

Experimental ProbeFunction Reconstruction

In practical applications of TEM, the image often
consists of alocalized region of interest, such as a crystal
defect, surrounded by relatively large regions of bulk
crystallinematerial. Sincethestructure of thebulk material
isusually known, it is possible to use these regions of the
imageto determine someimaging parameters. A much more
rigorous interpretation of the detail in the area of interest
then becomes possible.

Since for incoherent imaging the image intensity
itself is the convolution between a real-positive object
function and areal-positive probe function, if we know the
object function for thebulk crystalline material, thenit should
be possibleto solve for the probe function. Unfortunately,
therearetwo main problemswith thisscheme. First, aregion
of perfect crystal carries relatively little information. The
image can be expressed by a few discrete Fourier
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components, and even if we knew the object function
exactly, wewould gtill only be ableto determinethe transfer
function at the spatial frequenciesrepresented in theimage.
Second, the exact form of the object function may not be
straightforward to compute from the known structure
because this also requires, amongst other things, an exact
knowledge of the degree of partial coherence remainingin
the scattering. The effects of these concerns are best
illustrated with an example.

A raw image of GaAs viewed along the <110>
directionisshownin Figure 2a. Thisimagewastakenina
VG Microscopes (East Grinstead, UK) HB603U STEM (300
KV C, =1 mm) using an ADF detector with aninner radiusof
30 mrad. As expected, the image is a direct or structure
image of this material, with the “dumbbell” structure well
resolved. Theintensity profilein Figure 2b showshow the
polarity of the crystal structure is directly represented in
theimage. The magnitude of the Fourier transform of this
image (Fig. 3) shows spots out as far the {004} spacings
(0.24 nm), and thereisweak evidence of the{ 331} spacings
(0.13 nm). We proceed by assuming that the object function
isan array of d-functions weighted by the Z2 of the atomic
speciesof thecolumn, from which the object function Fourier
component magnitudes can be calculated. Dividing the
experimental Fourier component magnitudes by those
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Figure 5. The probe intensity reconstructed from the
experimental datacompared to thetheoretical optimum probe
for the HB603U, plotted as afunction of radius. To check
the validity of using a linear interpolation between data
points in reciprocal space, a reconstructed probe is also
shown by using the theoretical optimum transfer values,
but only at the spatial frequencies used for the experimental
reconstruction. Theonly effect isavery slight broadening
of the probe profile.

calculated for the object function results in an estimate of
the transfer function at each Fourier component. Circular
symmetry is assumed, allowing us to deal with a one-
dimensional radial transfer function. Wherewe have more
that one spot with the same magnitude of spatial frequency
we have simply taken the mean value, though a more
sophisticated approach could use variationsin the transfer
between these spots to determine non circular symmetric
components in the probe, such as astigmatism. To
reconstruct the probe we need a continuous transfer
function over reciprocal space, which is now achieved by
simply performing alinear interpolation between the points
(seeFig. 4). Thisprocedureisjustified becausethetransfer
function is typically a slowly varying function, and the
cornersintroduced by alinear interpolation will lead to some
weak intensity at large distances in real-space, which are
neglected. The fine structure in the probe, which is the
crucial part for high-resolution detail in the image, is
controlled by the slowly varying trends in the transfer
function, which are reasonably well retained using alinear
interpolation. Finally, the probe is reconstructed by
performing an inverse zero-order Fourier-Bessel transform
(also known as a Hankel transform). Figure5 shows the
reconstructed probe compared to the optimum theoretical
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probefor the HB603U. Also shownisaprobereconstructed
using calculated optimum transfer values, but at only the
Fourier componentsfound in GaAs, to test the functioning
of the linear interpolation which has broadened the probe
profileonly very dlightly.

The probe reconstructed from experimental datahas
afull width at half maximum (FWHM) of 1.3 A, demondrating
the performance of the microscope, though this can be seen
to bealittlelarger than thewidth of the optimum theoretical
probe. The approximation of the object function to &
functionsisunlikely to bevalid, and the width of theatomic
column object function will broaden the reconstructed
probe. However, the broadening of the reconstructed probe
isonly about 0.3 A, and thusis very much smaller than the
interatomic spacings involved in this image. It is more
difficult tojudgethe effects of partial coherencein the object
function, though the fact that the reconstruction has a
reasonable form is supportive of the incoherent model.
Fourier transforms of imagesof Si<110> have shown aweak
(002) spot (Hillyard and Silcox, 1995), however, whichis
forbidden if the columns are perfectly incoherent. The
calculated transfer at the (002) frequency would therefore
be infinite, with catastrophic consequences on the probe
reconstruction. Inthe GaAsreconstruction presented here,
however, the transfer calculated from the (002) spot was
reasonable, supporting the model of perfect incoherencein
this case.

Object Function Reconstruction

Having determined the probe function for a given
image, we should now consider how it can be used to gain
further object information fromthat image. One of themajor
advantages of incoherent imaging isthat theimages can be
directly inverted to the projected atomic structure, because
the peaksin intensity are located over the atomic columns.
Image simulationsfromtrial structuresarenot required. A
typical probe, however, has weak subsidiary maxima
adjacent to the primary maximum (Fig. 5), which canlead to
week artifactsintheimage, asshown by theprofilein Figure 2.
These artifacts are extremely weak compared to the main
peaks, and are usualy not asourceof confusion. Inprinciple,
though, we should now be able to account for them, and be
ableto sharpen theimage somewhat, using the reconstructed
probeprofile.

First, we note that the transfer function fallsto zero
at about 1.1 A, thus imposing an information limit. Any
magnitude in the Fourier transform of the image intensity
beyond this information limit has been introduced by the
image forming process, such as because of quantum noise.
A low-passfilter isthusextremely useful for removing this
unwanted, high-spatial frequency information from the
image. Thefirst-order Butterworth filter hastheform
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F(p)= 14
asafunction of spatial frequency p, where p, isaconstant
controlling the width of the filter. 1t does not lead to the
addition of further artifacts (Fig. 6a), and the simple
smoothing action performed by thisfilter hasremoved much
of the quantum noise.

Since we know the probe profile, the next thing to
try isadeconvolution. Theeffect of multiplying theimage
Fourier transform by the Wiener filter
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Figure 6. (a) The raw data from Figure 2, having been
passed through aButterworth low-passfilter, (b) after having
been passed through a Wiener deconvolution using the
transfer reconstructed from the dataitself, (c) A convolution
between the deconvolved image (b) and aGaussian function
to remove the subsidiary maxima, (d) A maximum entropy
reconstructed object function using the raw data (Figure 2)
and the reconstructed probe profile (Figure5). (e) A
convolution between (d) and a Gaussian to allow the
columnsto be more readily seen.

T (p)
IT(p)F+e

results in Figure 6b [see Bates and McDonnell (1986) for
details of the application of Wiener filters]. Although the
effects of the noise have been suppressed and the atomsin
the dumbbellsare now well resolved, thetail artifactsinthe
image have been enhanced. The explanation of this effect
also explains the origin of the tails. The probe tails arise
because the Fourier transform of the probe is truncated in

F(p)= 15



P.D. Néllist and S.J. Pennycook

Wianer

Orlg. transfer

0.2 0.3 0.4

0.5

spatlal frequanay | A

-1

Figure 7. The resulting transfer functions after Wiener filtering, then subsequent reconvol ution with a gaussian, compared
to the optimum theoretical transfer. Note how the Wiener filter leads to amore strongly truncated transfer function.

reciprocal space. A function that islocalized in reciprocal
space must be somewhat delocalised in real space. A tail-
less point spread function, such asaGaussian, hasalonger,
asymptotically decaying tail extending over all reciprocal
space. A Wiener filter acts by dividing out the transfer
function resulting in a constant transfer. However, a
constant, ¢, is required to decay the resulting transfer to
zerowhere T(p) becomessmall at theinformation limit. The
resulting transfer (Fig. 7) iseven morestrongly truncated in
reciprocal space, leading to the enhanced tail artifactswhich
make theimage even harder to directly interpret. Theonly
way to removethetailsisto haveasowly decaying transfer
that becomes negligible at theinformation limit, such asthe
gaussian shown in Figure 7, but this is in effect simply
reversing the effects of the original deconvolution. Usinga
gaussian re-convolution to remove the tails results in
Figure 6c, in which the high spatial frequencies have now
been suppressed to such an extent that the dumbbells are
now hardly resolved. Thisexampleillustrateshow the probe
tails are aresult of the resolution limit of the microscope,
which imposes the Fourier space truncation, and
demonstrates how imaging near the resolution limit of an
optical instrument can cause complications. The solution
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istoretrieveinformation from beyond theinformation limit,
which either requires a higher resolution microscope, or
using a constraint to enable amathematical reconstruction
of the object function.

Iterative deconvol ution methods allow theinclusion
of constraints. Here we show the use of the maximum
entropy image reconstruction technique devel oped by Gull
and Skilling (1984). The algorithm used here takes the
experimental image and a point spread function as inputs,
and thus assumes incoherent imaging. The point spread
function is simply the probe intensity function. As an
examplewe havereconstructed the GaAsimagein Figure 2a,
with the probe profile reconstructed from it (Fig. 5). The
resulting reconstructed object function (Fig. 6d) shows
major peaksinintensity at the atom sites, with most of the
dumbbell spacingswithin 0.1 A of the correct value. The
narrow width of the peaks shows that the object function
has now been reconstructed beyond the information limit.
The variation of the width, and splitting, of some of the
peaks can be attributed to microscope instabilities blurring
some parts of the image, and these widths can therefore be
used as a measure of the uncertainty in the atom column
locations. The reconstructed object also shows some
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weaker structure that has been introduced by the noise in
the experimental data. Itisat thispoint that the microsco-
pist appliestheir skill and experience to interpret the data,
for instance deciding whether a split feature is actually
separate atoms that were unresolved in the original image,
or whether the featureisdueto noise or instabilitiesand the
splitting just represents an uncertainty in the actual column
position. To help make this distinction, the reconstructed
object function from the known bulk crystalline region of
theimage can be used to determine the expected uncertainty
for a single column. Having done this, for visualization
purposes it is useful to re-convolve the object function
with a gaussian so that the split peaks that are assigned to
asingle column becomeasingle, slightly elongated feature
(Fig. 6€). This reconstructed image has achieved a
sharpening of the column features, with the dumbbellsmore
strongly resolved, without the accompanying strengthening
of theinter-column artifacts.

Conclusions

Using the phase-object approximation, we have
demonstrated that using an annular dark-field detector ina
STEM, with a sufficiently large inner radius, leads to
incoherent imaging. The phase-object approximation
assumes perfectly coherent scattering, and therefore it is
purely the large geometry of the detector that breaks the
coherence. Intrinsically incoherent scattering processes
within the specimen act to supplement this coherence
breaking action (Jesson and Pennycook, 1996), but are not
necessary for incoherent imaging. For instance, the
incoherent integration over transverse phonon modes for
phonon scattering has the same effect as the integration
over final wavevectors for the large detector. However, it
was shown that phonon modes with wavevectors parallel
to the beam direction can destroy coherence along acolumn
of atoms much more efficiently than an annular detector.

Oneof the useful attributes of incoherentimagingis
that there is no phase problem since the image intensity is
simply aconvol ution between areal -positive object function
and a real-positive point-spread function. Thus image
processing techniques can be applied directly to such
images. Wheretheimageis of aknown material, it can be
used to determine the probe function acting on the image.
Although it should be noted that an image of a perfect
crystal does not contain completeinformation on the probe
profile, a good estimate of it can be made. A direct
deconvolution of the probe function does not add to the
interpretability of the image data because artifacts in the
image from the probe profile are dueto the resolution limit,
beyond which there is no information passed by the
microscope.

Image processing techniques can play aroleif they

89

can reconstruct the object function beyond the information
limit. Somekind of constraintisrequired to do this, and we
have demonstrated the use of maximum entropy which allows
more detailed information to be retrieved from the image.
The maximum entropy constraint isthat of maximum object
function likelihood inthe absence of any further experimental
evidence. A more sophisticated reconstruction scheme
might use further constraints such as atomicity or minimum
inter-column spacings. We should stress in conclusion,
though, that the majority of ADF images can be directly
interpreted from the raw image data, perhapswith asimple
low-passfilter applied to remove some of the noise.
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