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1 Introduction

1.1 Scope of the research

A transmission electron microscope
(TEM) is an instrument of importance for
the research on biological and inorganic
structures. Its application is restricted by
the resolution of the instrument, the radia-
tion sensitivity of the specimen, and the skill
of the operator to tune the instrument ac-
curately, sometimes under difficult imaging
conditions. Consequently, research is done
by many groups on a wide field of subjects
to overcome these restrictions as much as
possible.

This report is concerned with the in-
strumental limitations of a TEM related to
the accuracy in tuning the beam tilt
misalignment, the defocus and the astigma-
tism of the objective lens. The main reason
for this research is that the optical and
mechanical properties of a TEM are less a
limitation for its application, than the skill
of the operator to tune the TEM with the
required accuracy. The operator makes a
compromise between the tuning accuracy
and the time (and thus the amount of
electron irradiation) needed for tuning.

Therefore, the goal of the research is to
design and test a method for the automatic
correction of the beam tilt misalignment,
defocus and astigmatism in a TEM
(autotuning). The autotuning method has
to tune the TEM as accurately as possible.
In other words: the autotuning method has
to be suitable for low dose-, and also for
high resolution electron microscopy.

A characteristic aspect of low dose
electron microscopy is that the specimens

are sensitive to the electron irradiation.
Consequently, the images recorded for
autotuning are very noisy as the dose
available to form the images is limited
(only a few hundred electrons per nmz).
The autotuning method should therefore
be designed to estimate the characteris-
tic parameters for the beam tilt misalign-
ment, defocus and astigmatism (TEM
parameters) from noisy measurements
as precise as possible (in the sense that
the variance of the estimator is minimal),

Statistical methods are applied for the
estimation of the TEM parameters, and
not the conventional deterministic
methods. Different from the determinis-
tic methods, statistical methods for the
measurement of parameters use a model
of the observations that includes the in-
fluence of noise. Therefore, the autotun-
ing method is first formulated as a
statistical parameter estimation
problem. With the statistical model of
the measurements, the precision and sys-
tematic errors of the parameter
measurements (estimates) can be
analysed. Furthermore, with the techni-
ques available for statistical parameter
estimation problems, the performance of
the autotuning method designed can be
evaluated extensively with calculations
and simulations of realistic measuring
conditions. For textbooks on parameter
estimation and signal processing, we
refer to [1-4].
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1.2 Transmission Electron Microscopy

In this section a short introduction to
transmission electron microscopy is given.
Foramore complete discussion on electron
microscopy and its applications we refer to
[5-10].

In a transmission electron microscope
(TEM), a specimen is irradiated with an
electron beam of uniform current density.
The electron energy is in the range of 20-
400 keV for low and medium voltage
electron microscopy. For high voltage
electron microscopy, the electron energy is
between the 400 keV and 3 MeV.

The electrons are emitted in the electron
gun by thermionic emission from tungsten
hairpin cathodes or LaBg rods, or by field
emission from pointed tungsten filaments
(when a high gun brightness is needed). A
condensor-lens system permits variation of
the illumination beam divergence and the
area of the specimen illuminated (see figs.1
and 2). The electrons emerging from the
specimen form an image by means of a
projector lens system, on a fluorescent
screen. The images can be recorded by
direct exposure of a photographic emulsion
inside the vacuum, or, for on-line image
processing, with a camera system.

The objective lens of a TEM determines
for the greater part the resolution of the
image. The lens aberrations of the objective
lens are so large that it is necessary to limit
the objective apertures to 10-25 mrad, to
achieve resolution of the order of 0.2-0.5
nm. The normal, bright-field, image con-
trast is produced either by absorption of the
electrons scattered through angles larger
than the objective aperture (scattering con-

trast) or by the interference of the scat-
tered wave and the incident wave at the
image point (phase contrast). The phase
of the electron waves behind the
specimen is modified by the wave aber-
ration of the objective lens. These aber-
rations and the energy spread of the
electron gun, together with the beam
divergence of the illumination beam,
limit the contrast transfer of high spatial
frequencies.

Electrons interact strongly with atoms
by elastic and inelastic scattering. The
specimen must therefore be very thin,

Source

Condenser diaphragm
Condenser lens

Specimen

Objective lens

Olyective diaphragmn
151 Diflraction pattern
1sl image

Selector traphragm
Intermediate lens

2nd Diffraction pattern _

2nd image __

Projecior lens

3rd Diffraction_ _ _

Final image
Screen

Oright Lield imaging

Fig.1 Ray diagram for a transmission
electron microscope in the bright-field
imaging mode (from: Reimer [8]).
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typically of the order of 5 nm-0.5p.m for 100 specimens can be studied in a high volt-

keV electrons, depending on the density, age electron microscope.
the elemental composition of the structure A TEM can provide high resolution
and the resolution desired. Thicker images as elastic scattering is an interac-

tion process that is highly localized in the
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Fig.2 Cross-section of a transmission electron microscope (from: Philips Operating Instruc-
tions manual EM420).
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region occupied by the screened Coulomb
potential of an atomic nucleus. Inelastic
scattering is, in general, more diffuse.

For the discussion of high resolution
electron microscopy, the wave optical
model of image electron propagation has to
be employed. The Coulomb paotential of a
nucleus or the inner potential of a dense
particle shifts the phase of the electron
wave. Elastic scattering has to be treated
quantum- mechanically by solving the
Schriédinger equation of the scattering
problem. In the wave optical theory of im-
aging, the phase shifts caused by the

Incident beam
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Specimen sasane

Objective lens

Back focal plane
bl [e— F(k)
Objeclive aperture
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Fig.3 Schematic diagram of image formation
in a TEM described by the wave propagation
of electrons.

specimen and by the wave aberration of the
objective lens are studied, and shown to
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create phase contrast as an interference
effect between the primary and scattered
electron waves.

1.3 Resolution and electron bombard-
ment

In this report we restrict ourselves to
the development of an autotuning
method which is suitable for specimens
which can be described as weak phase ob-
jects, and its image formation with the
phase contrast transfer theory.

The imaging theory can be expressed
in terms of a two-stage Fourier trans-
form, see fig. 3. In the focal plane of the
objective lens, the diffraction pattern of
the specimen is formed: each scattering
angle corresponds reciprocally with a pe-
riodic spacing in the specimen or, in
other words, is proportional to a spatial
frequency k of the specimen. The
amplitude distribution of the electron
wave in the focal plane is the Fourier
transform F(k) of the specimen
transparancy f(x). The wave aberration
function describes the phase shifts of the
electrons due to the objective lens as a
function of the scattering angle and in-
cludes the effect of the defocus, the astig-
matism and of the spherical aberration.
This phase shift can be described as an
exponential phase factor applied to the
complex distribution of the electron
wave in the focal plane. The image
amplitude is then the inverse Fourier
transform of this modified Fourier trans-
form, in which the influences of the ob-
jective aperture, the illumination
divergence and the energy spread of the
electron gun (defocus spread) are in-
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Fig.4 The phase contrast transfer function for
axial illumination, without astigmatism, and
in Scherzer defocus. The spatial frequencies
are given in reduced coordinates (Glaser).

cluded. The result may be expressed in
terms of a contrast transfer function for the
different spatial frequencies. This transfer
function is important because it charac-
terizes the effect of the instrument on
image formation, independent of the par-
ticular specimen in question, see fig.4. The
full expression of the phase contrast trans-
fer function (PCTF) is written as

H(K) =ife(ko+K)e X&)+ Rk ]
-e(kﬁ_k)e'[x{kﬂ-k}-x(ko)]] o

with e(k) the envelope function modelling
beam divergence and defocus spread, x(k)
the wave aberration function of the objec-
tive lens

x(K) = [0.5k*(D-0.5A)k>-A(k.a)}]  (2)

with the spatial frequency k (linear with the
scattering angle) expressed in GI” with 1 Gl
= (Cs .\3)0.25 and the beam tilt ko), Cs the

L |

4 o 1 2

Fig.5 The phase contrast transfer function
for axtal illumination, without astigmatism
and in focus. The spatial frequencies are
given in reduced coordinates (Glaser).

constant of spherical aberration, x the
wavelength of the electrons, D the
defocus expressed in Sch with 1 Sch =
(Cs\)%, the astigmatism aA with A the
amount of astigmatism and a the
azimuthal direction of astigmatism
pointing in the direction of maximal
defocus. In this expression of the PCTF,
three-fold astigmatism is assumed to be
negligible relative to the other aberra-
tions. The effect of beam divergence and
defocus spread is modelled by the en-
velope function

e(k) = c'szv ] x(k)-x(ko) | 2,1'4_
y 2(12[[(2-]\'. 2]2
i 0’2 3)

with the gradient of the wave aberration
function given by

Vx(k) = 2{[k*-(D-0.5A)[k-A(k.a)a} (4)

11
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Fig.6 The principle of autotuning: measurement of an image displacement after inducing a
beam tilt. An illustration of the effect on beam tilt an an image is given on the right: an image
of latex particle (0.22 wm diameter) is displaced when the beam is tilted.

where s is the rms value of the beam diver-
gence and d the rms of the defocus spread
caused by both energy spread and objective
lens variations. The optimum imaging con-
dition in bright-field occurs at the Scherzer
defocus (D=(QA)D'5) for which a broad
band of spatial frequencies is imaged with
positive phase contrast. This band has an
upper limit which is often used to define a
limit to resolution (point resolution), which
is about 0.2 nm for a TEM operated at 100
kV and aspherical aberration of 1 mm. Nar-
row bands of higher spatial frequencies can
be imaged if the image is not blurred by the
energy spread of the electrons or the beam
divergence of the illumination beam. These
effects limit the resolution of todays micro-
scopes to 0.1-0.3 nm (information resolu-
tion), see fig.5.
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The resolution can be increased by
lowering the spherical aberration of the
objective lens by new designs. However,
a substantial decrease of the spherical
aberration is not to be expected, as the
space available for manipulation (tilt) of
the the specimen is very limited. At-
tempts were made to compensate for the
spherical aberration of the objective lens
by means of multipoles, but none has so
far been successfully applied to routine
high- resolution microscopy. Another
approach is to decrease the wavelength
of the electrons by increasing the ac-
celerating voltage of the TEM. Unfor-
tunately, the specimen damage increases
with the accelerating voltage (knock-on
damage). In practice the optimum ac-
celerating voltage, as a compromise be-
tween these effects, has been found to be
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200-300 keV. Furthermore, the resolution
can be enhanced by not using a thermionic
cathode as electron gun, but a field emis-
sion gun instead. The latter is brighter and
has a lower energy spread.

However, some of these limitations on
resolution can be compensated by applying
a posteriori spatial-frequency filtering by
digital computations. Several methods
were proposed to reverse the phase in
regions where the sign of the transfer func-
tion is wrong and to flatten the transfer
function by amplitude filtering. Neverthe-
less, these (a posteriori) methods cannot re-
store information lost at gaps in the transfer
function, unless a more complicated type of
processing is applied. New techniques to
enhance the resolution of the images
recorded might become available if the
TEM can be controlled very accurately, as
discussed in chapter 6.

An obstacle in obtaining high resolution
images of organic material is radiation
damage, caused by ionisation and sub-
sequent breakage of chemical bonds and by
a loss of mass. The radiation damage
depends on the electron dose incident on
the specimen. Most amino-acid molecules
are destroyed at a dose of about 500
electrons per nm’, while the amount
needed to record an image virtually free of
statistical noise at high magnifications is
about 50.000 electrons per nm?. The dose
incident on the specimen while tuning the
microscope manually will exceed even this
dose, many times.

The purpose of the autotuning method
is to estimate and correct the TEM
parameters from images formed with a
dose far less than the dose needed by a

human operator. Such an autotuning
method may even need a lower dose for
tuning the TEM parameters than that
needed to record an image virtually free
of statistical noise. Autotuning may thus
increase considerably the number of
meaningful micrographs that can be ob-
tained from a sensitive object.

1.4 The tuning of the TEM parameters

The beam tilt misalignment, defocus
and astigmatism are tuned by adjusting
the currents through the deflection coils
above the objective lens, the current
through the objective lens coils and the
currents through the objective lens stig-
mator. This tuning is done by adjusting
those currents while observing the
specimen image on the fluorescent
screen, First of all, to minimize the
chromatic rotation errors, the area of the
specimen that is imaged has to be posi-
tioned on the axis of the objective lens
(the so called image centering). The
image centering is sometimes mechani-
cally prealigned determined by the
manufacturing process of the TEM.
Secondly, the illumination beam tilt
needs to be adjusted in such a way that
the effect of spherical aberration of the
objective lens is symmetricto the primary
beam. We refer to this alignment as the
coma-free alignment. Thirdly, the focus
has to be adjusted, followed by the cor-
rection of astigmatism (after centering
the stigmator). Next, some manual pro-
cedures for tuning the TEM will be given.

First, at low magnifications, a rough
setting of focus is obtained using the so
called wobbler: a dual image, the one

13
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slightly shifted with respect to the other,
will be seen when the illumination beam is
continuously switched between two op-
posite tilt angles while the TEM is out of
focus, see fig.6. The focus is adjusted until
the two shifted images coincide. Next, a
rough setting of alignment is obtained by
varying the objective lens current (or the
high tension). On the screen an image rota-
tionwill be observed. By changing the beam
tilt angle, the centre of rotation can be posi-
tioned on the centre of the screen, and thus
on the centre of the projector lens system.
The astigmatism of the objective lens can
now be corrected by adjusting the strength

.1..&»}
c..d)

Fig.7 Focal series of an elliptical hole in a
carbon foil, showing the asymmetry in distan-
ces of the first Fresnel fringe with defocus
values of (a) 0.8 wn, (b) 2.85 ym, (c) 6.75 pm
and (d) 8.85 wn. From the asymmetry the
astigmatism can be estimated (from: Reimer

[8]).

of the objective lens stigmator to obtain a
symmetrical fresnel fringe on the screen
(fig.7). For a more accurate setting of the
TEM parameters, first the electron optical

14

magnification has to be increased toa few
hundred thousand. Then the following
procedures may be carried out.

The defocus and astigmatism can be
corrected by observing the structure (tex-
ture) of a thin amorphous carbon film. At
a sharply defined setting, minimum
image contrast is visible (focus). Under-
focusing the objective lens by a few nm
should show the granular carbon film
structure without a preferential direction
evident in the pattern (corrected astig-
matism). This procedure for a high ac-
curacy in tuning the TEM requires
considerable expertise.

Prior to the correction of the defocus
and astigmatism, the misalighment must
be corrected. When the TEM is not
aligned on the coma-free axis, it is not
possible to distinguish between the effect
of misalignment and that of the astigma-
tism in the image, by observing the tex-
ture of the image on screen (or by
observing the digital diffraction pattern
of the image). Compensation of
misalignment by introducing more astig-
matism may then be mistaken for the cor-
rection of astigmatism,

A procedure to align the TEM coma-
free is by observing the granularity of an
amorphous film, while tilting the il-
luminating beam in two opposite direc-
tions and over different azimuthal
angles. The beam is aligned coma- free,
when the granularity of the image is
similar for the opposite beam tilt angles.

As stated previously, the dose needed
for tuning the TEM and recording an
image (free of statistical noise) exceeds,
ingeneral, the dose leading to a complete
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destruction of the structures of interest to
the microscopist. Therefore, a number of
special low dose techniques have been
developed.

An example of such a technique is to
tune the TEM using images of an another
area in the specimen than the area of inter-
est. For the recording of the area of inter-
est the deflection coils above and
underneath the objective lens are adjusted
in such away that this area is only irradiated
for the final recording of the image, and not
for tuning. Some drawbacks of this techni-
que are that the defocus and astigmatism
may be different from those in the area
which was used to tune the TEM, and that
in the area which is recorded no structures
of interest may be present (it is a blind
recording).

Another technique may be applied if a
large number of identical structures is im-
aged. The signal-to-noise ratio of such a
structure can be enhanced by averaging
many (thousands) of those structures with
the help of a computer system (off-line).
For many specimens this is the only avail-
able method to obtain information of the
structure by means of electron microscopy.
The reproducibility in tuning the TEM
parameters, for each image prior to the
recording, limits the applicability of these
reconstruction techniques.

1.5 Autotuning of a TEM - historical over-
view

As is evident from the previous sections,
it is important to tune a TEM accurately
using a minimum electron dose. Conse-
quently, much research has been done in
the last few decades to realize a practical

automatic system for the correction of
the TEM parameters. Unfortunately, for
theoretical and instrumental reasons,
this has not been a trivial task.

In general, the high resolution image
of a specimen of a known structure, with
an arbitrary orientation and thickness,
cannot be expressed in a simple, explicit
mathematical model. Only for thin
specimens, the relation between the set-
ting of the TEM parameters and the
image is less complicated. For weak
phase objects (thin specimens which in-
fluence the phase of the electron wave
only slightly and not its amplitude), the
image formation can be described with
the phase contrast transfer function
(PCTF). The PCTF acts as a complex
linear filter. The image contrast C(x) of
a weak phase object is given with

C(x)=F " (n(k)r(k)) (5)

where x is the spatial coordinate scaled
to the object plane,  the Fourier trans-
form of the phase variation of the
electron wave function emerging from
the specimen, I the phase contrast trans-
fer function (PCTF), and F 1 denotes the
inverse Fourier transform. The image
contrast distribution is defined as C(x) =
(I(x)-Ia )/1a, where I is the average inten-
sity of the image I(x) over x (all dimen-
sions scaled to the specimen).

In this work we restrict ourselves to
those specimens which can be described
as weak phase objects. This restriction is
sufficient for high resolution electron
microscopy if the material of interest is

15
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positioned on a thin amorphous film, which
is, generally, the case.

The realization of an autotuning system
is also hampered for instrumental reasons.
For instance, only in the last few years
TEMs are available with computer control
facilities. Before 1983, it was necessary to
design and build an interface between the
TEM and a computer, prior to any autotun-
ing experiments. A large number of papers
on interfacing a TEM to a computer were
published, see, for instance [11-18]. The
resolution and sensitivity of the commer-
cially available image pick-up devices limit
the applicability of an autotuning system.
Research has also been done to improve
the on-line image recording devices for
TEM, see, for instance, [19-22].

Two main approaches to develop an
autotuning system, in spite of the in-
strumental limitations, can be found in
literature [23-42]. Next a short description
of some of the proposed autotuning
methods is given.

The first approach was to design the
tuning method in such way that only a small
set of input data was needed to estimate the
TEM parameters. Koops and Walter [27]
estimated the TEM parameters from im-
ages of a very special specimen: aspecimen
with a small hole. The position of the hole
on the screen, measured as a function of the
induced beam tilt angle, could be used to
estimate the TEM parameters. The posi-
tion of the hole was found by scanning the
image over a single-element detector. The
TEM parameters were computed from
about 200 measured coordinates. The
method corrected the TEM aberrations in
35 minutes with high accuracy, but was not

16

generally applicable, as it requires a very
special type of specimen. In 1980 Le
Poole and de Groot [28] proposed a
method to estimate the direction of an
image displacement when the illuminat-
ing beam is tilted. Three arrays of detec-
tor elements were used as input device.
The measured intensities of all elements
were combined in an ingeneous way (in
hardware) to estimate the direction of
displacement. In an iterative way a
change of in the direction of image dis-
placement was found. The method
worked, but hardware problems arose re-
lated to the synchronism of the scanning
of the array elements. Van der Mast [29]
proposed in 1984 to measure the amount
of image displacement. In a preliminary
set-up two one-dimensional images were
recordeds, each formed at an opposite
beam tilt angle. The defocus is linearly
related to the image displacement and
was corrected. The primary investiga-
tions were successful, but only at low
magnifications. It was also necessary to
implement astigmatism and misalign-
ment correction procedures based on the
same method.

The other approach to minimize the
restrictions due to the instrumenation,
was more dose efficient, see [31-42]. It
was recognised that for a practical system
the whole image has to be used for
autotuning. For this approach a video
camera was selected as the most suitable
image pickup device.

Until 1985, the main problem with this
approach was that a quarter of a million
pixels are to be processed by an eight bit
(or later sixteen bit) processor with avery
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limited amount of memory (64 kByte). The
solution to this problem was to build special
hardware to extract from a series of
measured images a (small) set of data to be
used for tuning. To limit the problems re-
lated to the design of the hardware, simple
algorithms were used for the tuning proce-
dures.

Since 1979, work has been reported on
autotuning procedures based on measuring
the image variance, see Krivanek et al.,
Smith et al., Saxton et al., Erasmus and
Smith [37-41]. The image variance depends
on the setting of the defocus, astigmatism
and beam tilt angle. The image has mini-
mum image variance when the TEM is well
aligned, focused and the astigmatism cor-
rected, see fig. 8. The procedure is
automatized by calculating the image
variance as afunction of the beam tilt angle,
defocus and astigmatism. From a series of
measured image variance values, the cor-
rect setting of the currents through the len-
ses and coils is found. This method is the
only method which was found to work in
practical situations for high resolution
electron microscopy. Note, however, that
this is an iterative method which compres-
ses the information of a whole image into
one number (the image variance). Conse-
quently, the method is not dose efficient
and not suitable for specimens which are
dose sensitive. Five years ago, the method
could tune a TEM within minutes.
Nowadays, with faster hardware, the tuning
is done in about 10 s, and with a high ac-
curacy (2 nm defocus, 0.1 mrad alignment).

In the last few years, with the increasing
computational power, more autotuning
methods have been proposed. Most of

these methods do not differ, basically,
from the methods used for manual con-
trol and are used as tuning aid for the
operator.

FOVAR FAML L

oeld-

o813 -

B.012

P e L ASTIGUATISN

o PO

-390 -219 -2o0 138 <50 ¥ M09 479 250 323 400

DAL UNITS

Fig.8 Covariance curve as a function of
astigmatism taken with a JEM-4000EX
(400 _keV; 500,000 magnification; 4
Alem?) using a thin carbon film test
sample (from: D.J. Smith et al. [14]).

Nowadays, the diffractogram of the
image (modulus of the Fourier transform
of the image) can be calculated and dis-
played within seconds. The diffrac-
togram can be used as (manual) tuning
aid, because it gives an impression of the
amount of defocus and astigmatism in
the TEM [35]. When no misalignment is
present, the astigmatism can be cor-
rected with the stigmator controls until
the diffractogram becomes circular.

It is not often recognized that the
TEM has to be aligned on a coma-free
axis, before the correction of the astigma-
tism and defocus by observing the
granularity or the diffractogram of the
image. From one diffractogram it is not
possible to derive the misalignment. If
more than one diffractogram is used,
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under different imaging conditions, the
misalignment can also be derived. An
elegant aid for aligning the TEM on a coma-
free axis is by calculating a number of dif-
fractograms as a function of the azimuthal
angle of beam tilt. The diffractogram is the
same for opposite beam tilt angles when the
TEM is aligned on a coma-free axis. For
some papers using the diffractograms of im-
ages to tune the TEM, see Zemlin, Kubler
and Waser, Kunath et al, Typke and
Kostler, Baba et al., and fig.9.

The diffractogram based methods are, in
principle, not suitable for full automatic in-
strumental adjustment as the shape of the
diffractograms is not specimen inde-
pendent. Furthermore, the realization of an
autotuning method which 'recognizes’ the
shape of the diffractogram (as used for the
coma-free alignment procedure) will be
difficult.

All the autotuning methods described in
the previous section did not meet the re-
quirements for radiation sensitive material:
accuracy in tuning the TEM with minimum
electron dose. The method discussed in the
remainder of this work is based on measur-
ing the effect of abeam tilt on an image and
meets these demands.

1.6 Autotuning of a TEM - the research in
Delft

The autotuning method described in this
work is based on measuring the effect of a
beam tilt on the image. The autotuning
method is independent of the type of
specimen if the image contrast can be
described as small angle scattering contrast
or (weak) phase contrast. The method
tunes the misalignment, defocus and astig-
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matism in one step from measured image
displacements, and is therefore a non-
iterative method. The method is suitable
for low dose electron microscopy, and
was extended to high resolution electron
microscopy.

In 1984, the so called ‘autotuning
project’ started in Delft, with as its main

R=10

Ry =10

—_— i

Fig.9 Diffractogram tableau after aligning
the microscope onto the coma-free axis.
Tilt angle 10 mrad (from: F.Zemlin et al.

[13]).

goal the realization of an experimental
set-up for the automatic tuning of a
TEM. Several internal reports, master
theses and papers were published on
these activities [42-55]. For an overview
of the autotuning method, its theory and
its present experimental set-up in Delft,
we refer to chapter 5. The basic idea of
this research was that the autotuning
method should be designed to be as ac-
curate as possible. Consequently, the
first step was to find, theoretically, the
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relation between the achievable precision
in tuning the TEM as a function of the in-
strumental specifications. The tool we used
to find this relation is the minimum
variance bound (MVB), also known as the
Cramér and Rao Lower Bound on the
variance (CRLB). This is a measure for the
minimum variance of any unbiased es-
timator. For the estimation of image dis-
placement D, the MVB is given by (see

chapter 2 and 4),
Kh
SNR%(K)
op z 2L | ———— KK (6)
1+2SNR(k)
-kn

where SNR(k) is the signal-to-noise ratio
defined by

SNR (k) = Ss(k)/Sn(k) )

with kp the highest frequency present in the
image C(x), L the area of the image, Ss (k)
the power spectrum of the image C(x),
Sn(k) the power spectrum of the noise in
the image and 0'02 the variance in estimat-
ing D. The expression shows that the
SNR(k) is important at high spatial fre-
quencies. When the SNR(k) is large for
high frequencies the MVB will be small.
When the SNR(k) is small, the MVB will be
largee and the tuning imprecise. The
characteristics of the TEM and measuring
set-up influence the SNR(k). With this ex-
pression the relation between tuning
precision and instrumental specifications is
found (chapter 2 and 3). Next, a specific es-
timator was designed to achieve this

precision in tuning the TEM (chapter 4
and 5). After testing the autotuning
method in simulations, the method was
implemented (chapter 5).

In 1985, the measuring system con-
sisted of a Philips EM 420 TEM (not
equipped with facilities for external con-
trol) and a transmission detector (a
single-detector). An  image  was
measured (serially) by scanning the
image over the single-detector element
using the deflection coils underneath the
objective lens. The computer connected
to the transmission detector and the
TEM, was based on a Motorola 6809
processor with 64 kB random access
memory (RAM). For computational
reasons the image size was restricted to
about 256 datapoints.

The first experiments showed that
autofocusing was possible with this
measuring set-up, and took about 10 s.
The linear relation between the image
displacement and defocus was used to es-
timate the defocus. The method worked
at low magnification (<20,000), if no
astigmatism or misalignment was
present.

In 1985/1986 the system was
upgraded. The single-detector element
was replaced by a video camera. The
camera was connected to an image
processing system (Crystal). The Crystal
system could contain two images of 512°
pixels and process the images within a
fraction of a second in a pre-defined way
(for instance, accumulation of images
and contrast enhancement). For non pre-
programmed processing it was necessary
to transport the image (or parts of it) to
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an external computer. This computer was a
DEC PDP 11/23 with 256 kByte of RAM
and a 10 Mbyte hard disc. It also controlled
the defocus, astigmatism and misalignment
of the Philips EM 420 TEM.

Meanwhile, the estimator of the TEM
parameters was extendend from estimating
only the defocus from two one-dimensional
images, to the correction of defocus, astig-
matism and misalignment from a number of
two-dimensional images. From the theory
it was derived that the effect of beam tilt is
a mere image displacement d, given by

d={-|t+m|?+(D-0.5A)}(t+m)
+A((t+m).a)a (8)

provided that the highest spatial frequency
|k| in the image is lower than |-
|l+m]2+(D-0.5.f\)]U'5 to ensure that the
effect of image blurring due to the spheri-
cal aberration of the objective lens is
smaller than the image displacement due to
defocus D, astigmatism Aa and/or misalign-
ment m, with the induced beam tilt repre-
sented by t. The TEM parameters are given
in the normalised units Sch and GI.

Some remarks can be made on the rela-
tion between image displacement and
beam tilt. Firstly, from (8) it is clear that the
direction of the induced beam tilt (t) is, in
general, not equal to the direction of image
displacement (d). They are equal only if no
astigmatism and misalignment is present
(so there is only defocus). Therefore, the
parameters m, D, A and a can only be es-
timated if more than one image displace-
ment is measured. Secondly, to suppress
the blurring effect due to the spherical
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aberration, the highest spatial frequency
in the image must be lower than the limit
mentioned. This can be effected by ap-
plying a low pass (digital) filter to the
image.

The TEM parameters are estimated
using (8) from six measured image dis-
placements, and is described in chapter
5.

The system worked in 1986/1987, but
its speed and accuracy was limited by the
instrumentation. The transport of the im-
ages from Crystal to the DEC took 9 s.
The available RAM (256 kByte), and the
processing speed, were not sufficient for
the processing of two-dimensonal images
(one image of 512% pixels of § bit is 256
kByte). The set-up corrected the defocus
in 5 s, using a few hundred data points
and at low magnifications ( < 20,000), but
was too slow and limited to continue the
development of the tuning algorithms.

So, in 1987 and 1988 the system was
upgraded fo its present configuration.
The Crystal was replaced by a larger com-
puter system (TVDIPS), based on a
Motorola 68020 processor. This sytem
has S Mbyte of RAM, a 80 Mbyte
harddisc and special hardware for the
Fourier transforms (16 bit integer arith-
metic) of images and for image ac-
cumulation. With the present system the
defocus can be corrected with 5 nm ac-
curacy, the astigmatism with 10 nm and
the beam tilt with 0.1 mrad. The system
works fast and reliable: 6.5 s to correct
the defocus and the astigmatism and 7.5
s to align the TEM.

We stress that the autotuning method
and its realization is continuously refined
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and adapted to the state of the art in TEMs
and computers connected to it. Presently,
the autotuning method is implemented on
several computer controllable TEMs to
continue its development so that it will be
applicable and useful in practical research
in the field of electron microscopy. In Delft,
the system is, again, enhanced. The integer
Fourier processor will be replaced by an 80
Mflop floating point array processor, and
the DEC PDP 11/23 will be replaced with
an IBM PC to control also the magnifica-
tionand deflection coils underneath the ob-
jective lens.

1.7 Outline of the dissertation

The autotuning method selected and
described in the remainder of this report, is
based on inducing a beam tilt and measur-
ing its effect on the specimen image. In
chapter 2, a theoretical study is presented
on the potential of this method for
automatic focusing. The achievable ac-
curacy in estimating the defocus is calcu-
lated as a function of the noise and other
parameters of importance. The final con-
clusion of this study is that the potential is
impressive: S nm accuracy in focusing using
only 6500 electrons per nm”.

Next, the potential of the beam tilt
method is compared to another autotuning
method based on measuring the image
variance (chapter 3). The conclusion is that
the beam tilt method requires, under realis-
tic measuring conditions, about 30 times
less dose for the same accuracy.

In chapter 4, the possibility to include
the correction of the astigmatism and the
beam tilt misalignment is studied, again
using the method based on measuring

image displacements. The method is
tested in simulations of TEM, specimen
and measuring set-up. The result of this
study is an overview of the instrumental
requirements, including the accuracy
which can be expected in tuning the
defocus, astigmatism and beam tilt
misalignment under various measuring
conditions.

In chapter 5, the implementation of
the autotuning is discussed. The measur-
ing set-up, the measured accuracy and
speed and the latest developments in
automatic control of a TEM are
described.

Finally, chapter 6 is intended for those
interested in future developments con-
cerning the automatic control of trans-
mission electron microscopes, and
possible applications.
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Autofocus and correction of astigmatism of o transmission electron microscope ( TEM) based on measuring a beam-tilt-in-
duced image displacement 1< proposed and s theoretical hmitations are studied. Tilung the illumimanon beam displaces the
specimen image on screen when the TEM s out of focus, This displacement has a known relationship with the defocus
Autefocusing 15 possible by tilting the beam, measuring the image displacement. caleulating the defocus and correcting it
Correction of astigmatism s possible by measuring the defocus in different directions. The method is st because it caleulates
and corrects the defocus in one step. It works with many types of specimens because it unlizes hoth the amphiude and phase
contrast of a bright field image. The precision of this method depends on the precision of the image displacement estimation
The shifted and unshifted images differ because of shot nose, mstrumentation nose, and aberrations caused hy the beam il
An expresston s derived. contwning parameters of the TEM and measuring svstem. for the achuevable precision in estimaling
the displacement. This expression 15 a tool for optumizing the automanic focussing procedure and the measuning system, 1t does
not depend on any particular estimation method with which the displacement is caleulated. Computer simulations for o TEM
equipped with o Vidicon videocamera have been carried out They show that it Scherzer defocus (86 nm) the minimum
measuring time reguired for focussing the TEM wath a precision of § nm i ahout 50 ms. The precision s less satisfactory
(= 30 nm) when, with the same measuring time, the TEM s fur out of focus or very near focus, The precision improves

proportionally to the square root of the measuring time

1. Introduction

Reliably interpretable high-resolution electron
micrographs require an accurately focussed, stig-
mated and aligned transmission electron micro-
scope (TEM). Incorrect objective lens and stigma-
tor currents result in artifacts i the recorded
image. Focussing and stigmating a TEM can be
tume consuming and requires an experienced oper-
ator, in the case of low-dose and high-resolution
work in particular. The time factor 1s important
since ohject structures are destroved by prolonged
radiation. A system which automatcally focusses.
stigmates and aligns a TEM 15 useful when it is:
(1) as precise as or more precise than a human
operator;

(2) as fasr as or [aster than a human operator:
(3) efficient. in the sense that it uses the availahle
observations exhaustively:

(4) reproducible (as 15 not the case with human
operators);

(5) applicable with most specimens:
(6) swirable 1o manufacture and to implement 1 a
TEM at a reasonable cost.

Several methods 1o automatically focus, stig-
mate and align & TEM have been proposed [1]. To
our knowledge, the only published proposal for
automatic focussing which has been tested
practice 15 based on minimum contrast ol the
image at focus [2]. Image contrast 1s measured as a
function of the objective lens current. The object
15 in focus when the image has the lowest contrast.
This minimum contrast is used by most microsco-
pists while focussing, as it involves no special
equipment. The same method is also applied for
alignment of the illuminating beam [3]. Another
method is based on the power spectrum of the
image (diffractogram) [4]. The positon of peaks
and zeros in the spectrum make it possible to
compute the defocus. astigmatism and musalign-
ment. Unfortunately, there is considerable am-
biguity in the imaging conditions which might be

0304-3991 /87 /803.50 © Elsevier Science Publishers BV, 27

{North-Holland Physics Pubhishing Division)



210 AS Koster eral [/ Auwtofocus method for TEM

deduced from a single diffractogram. This limits
the practical feasibility of the method.

2. Focussing by measuring beam-tilt-induced image
displacement

The method for fast and direct defocus caleula-
tion considered in this paper is based on ulting
the lluminating electron beam over a known an-
gle. thus producing image displacement on the
screen because of the large depth of field due to
the very coherent illurunation, This beam-tilt-in-
duced image displacement (BID) has a known
relationship with the defocus of the TEM [5] and
can be used as focussing aid, see fig. 1. Le Poole
[6] introduced in 1947 the beam tilt wobbler as a
simple focussing aid. Most microscopists use this
method for focussing a TEM at lower magnifica-
tions. Later LePoole and De Groot [7] proposed a
special hnear detector 1o measure the direction of
the image displacement. A similar approach was
followed by Curling et al. [8] using only one
detector. Koops and coworkers [9.10] measured
the aberrations of the objective lens with an
aplanator. He used a special specimen for his
measurements: a specimen with one very small
hole. whose posinon was detected by scanning 1s
image over a single detector.

Van der Mast [11] proposed 10 measure both
magnitude and direction of the image displace-
ment in order 1o caleulate and correct the defocus
in one step: the BID method. Tt uses a multi-ele-
ment image pick-up system and an algorithm
which calculates the image displacement directly,
independently of the type of specimen. In the case
of a properly aligned svstem the image displace-
ment D for beam tilt angles + f and — # (as seen
from the specimen) 1s given by McFarlane [5]. and
Zemlin et al. [12]

< T 2 28
D=2MB|Af+CB +Cw' 5 . (1)
\ G- |

with M the magnification. A/ the defocus of the
TEM. C_ the spherical aberration of the objective
lens, A the wavelength of an accelerated electron
and w the spatial frequency of the specimen ex-
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pressed in rad m ', For low frequencies and for
large ult angles the frequency-dependent term s
negligible. The displacement 15 then given by:

D=2MB(Af+ CB%). (2)

The BID method is suitable as an autofocussing
svstem when the requirements mentioned in the
introduction are met. We will firs discuss 11s
precision

3. Achievable precision in estimating an image
displacement

3.1 Model of the observations

The specimen 1s supposed be imaged with axial,
partly coherent illuminaton and producing phase
contrast images. These assumpuions are valid for
high-resolution electron microscopic 1mages when
the beam ult angle is not too large. Observations
are made at the image of the speaimen on the
fluorescent screen at every point of a given inter-
val of an x-axis. Measurements are done duning T



AL Kaster et o/ Autofocus method for TEM 211

seconds using a rectangular sensor with length Ax
and width Ay (scaled to the specimen plane). The
width 4y 1s supposed to be small enough to
presume the image measured in the y-direction
constant. This 1s done for simplicity; the theory
can be extended to correct for this assumption.
Measuring the image with the beam tilted first
over an angle # and next over — 8 results in the
following observations:

r(x)=k(x)+n(x). (3a)
r(x)=k(x=D)+n,(x), (3b)

with x the position of a sensor along the x-axis,
k(x) the image of the specimen, k(x— D) the
displaced image over a distance D, and n,(x) and
n,(x) independent, zero-mean, Poisson-distrib-
uted noises with expectation

k=Ax Ay Tk, (4)

where k is the total number of electrons passing
through an area equal to Ax Ay with & the num-
ber of electrons per second and per square meter
(averaged over all sensors). The expectation of the
Poisson noise can be considered independent of
the- coordinate x because of the low contrast in
electron microscopic images (0-0.2) at high mag-
nifications. Furthermore, the noise is considered
normally distributed as the number of electrons
counted per sensor is large with respect to its
square root,

This model of the observations (3) is next used
to derive an expression for the achievable preci-
sion with which the displacement can be estimated
irrespective of the esumator used. In statistics the
expression derived is called minimum varjarce
bound (MVB) or Cramér-Rao lower bound (Van
den Bos [13}). The MVB is used for two purposes:
(1) from it numerical values can be computed for
the achievable precision of the measured image
displacement; (2) the expression for the MVB
shows the dependence of this precision on experi-
mental conditions as defocus, image recording
strategy, instrumentation noiseé and measuring
time. This dependence is investigated numerically
for various realistic experimental conditions in
section 4.

3.2, Minimum variance bound

The minimum variance bound (MVB) is a lower
bound on the variance of any unbiased estimator.
In this particular case, the MVB of a one-dimen-
sional image displacement has to be derived. This
one-dimensional approach makes it possible to
treat the prohlem as a time-delay-estimation prob-
lem in passive sonar theory, for which the MVB
already has been derived by Carter [14] and is
described by the following expression:

“ mi(w) B
0} >1n Lj T dol . (s)
where nl(w) is the signal-to-noise ratio (SNR)
defined by

Hw)=58,(w)/S, (w), (6)

with w, the highest frequency present in the image
k{x), L the length of the interval on which ob-
servations are made. S, (w) the power spectrum of
k(x) and S,(w) the power spectrum of both the
noises n,(x) and n,(x). The expressions (5) and
(6) show the importance of the SNR 5(w) at high
frequencies. When the SNR is large for high fre-
quencies the MVB will be small. When the SNR is
small for high frequencies the MVB will be large.
Characteristics of the TEM and measuring set-up
influence n(e«) strongly and are studied in more
detail below.

3.3, Signal-to-noise rato, Poisson noise

In this section the SNR of the measured image
is derived as a function of parameters describing
the image formation on screen, and parameters
describing the measuring system. The image for-
mation at high magnification can be described
with the phase contrast transfer function (PCTF).
Several PCTFs are described in the literature [15].
A well known PCTF given by Reimer (see Hans-
zen [16]) includes the effect of partly coherent
axial illumination of the specimen and of the
energy spread of the electrons:

H(wia)= -2 sin[a,w‘ —a}d.fwz]
Xc:r.pl -(a,w’)zl

xexp[ —(ag’ —as Af 0)15:]. (7)
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with # the angle of the beam seen from the
specimen. a =(a,...a<) the vector of specifica-
tions of the TEM.

_AV( 1+ E/E,
<V \1+E/2E,

Hy=( (Ta)
with € the chromatic aberration, AV /1 the sta-
bility of the acceleration voltage, E, the rest-en-
ergy of an e¢lectron and E the energy of an
accelerated electron. The envelope function of
Hiw:a) related to the chromatic aberration s
dominating and is reduced to 1% or less of its
maximum value for frequencies higher than:

wy=(2/AH, ). (8)

where H, is described by (7a). Fig. 2 shows the
PCTF for the specifications in table 1 and for a
defocus of Af =2 Sch.

The relationship between the power spectrum
of the image on the screen § (w) and the power
spectrum of the specimen S,(w) is now given by

S(w)=|Hlwia)|® Sl{w). (9)

The relationship of the image on the screen S, (w)
with the power spectrum of the image measured 15
(see appendix A):

S, (w)=T2(dx) (Ay) sinc*(wAx/2) S ().
(10)

where

sin( p)

11
P (11)

sine( p) =

In the following it i1s convenient to normalize
S(w) with respect to the power spectrum on
screen S, (w). This 1s done as follows.

Define the modulation depth as:

m=ua0,/k. (12)
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20l spantal trequency (Gi-1)

Fig 2. The phase contrast transfer funcuon, See table 1 for
specifications of the TEM. 3¢ = 2 Sch

where a, is the standard deviation of number of
clectrons counted per sensor (standard deviation
of the image). Now suppose that at Scherzer de-
focus (Af=(CA) *) and for a particular speci-
fied sensor length Ax . m has the value p. Gener-
allv. o, must satisfy

n;=,iwfx Su(w) de, (13)

Hence, from (3), (9) and (10)
\ 1 r = 3 \
mi=—— [ sinc*lwdx2) Hlwa)|”

k=
XS5 lw) de. (14)

1

Hence. in order 1o produce a modulation depth
m = p at Scherzer defocus with Ay =24x, S(w)
must hdlihf_\'

.‘i‘{u:):jx:i:.S'n‘l:wl. (15)

Tuble |
Microscope parameters und measunng set-up. dimensions are
those at specimen level. 1 Sch = 86 nm. 1 Gl = 056 nm

Speamen  TEM Measuring set-up

u= 0035 ¢, =2mm Ay = U5 nm

C.=2mm dvr=05nm
Flat power  § = 1000KY =025 um
spectrum M =107

& =107 electronsm *s -

B =35 mrad

# =1 mrad
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with

1 L1 g ‘
37 )., 0 (0 Ax/2) | H{w:2) e
X-S'm{wldw= 1z (16)

and S, (w) the normalized power spectrum of the
specimen.

Of all spectra having the shape as 5 (w), only
one normalized spectrum S (w) gives rise to the
supposed modulation depth p for the given sensor
length dx. number of electrons counted per sensor
k and PCTF H{w:a). The power spectrum of the
image k(x) is therefore determined by the mod-
ulation depth g of the specimen. the shape of the
power spectrum of the specimen S (w). the PCTF,
the illumination k. the measuring time T and
sensor dimensions dx and A y.

It is shown in appendix B that the power
spectrum of the Poisson noise n{x) is described
by:

Spe(@) = (ET) (4x)" Ay sinc?(wAx/2).  (17)

Clearly the Poisson noise depends on the illumina-
tion. measuring time and the dimensions of the
Sensor,

It tollows from (6). (10) and (17) that the SNR
N(w) is described by

@)= (AT) Ax | Hlw:a) |* Sulw).  (18)

This expression shows that the SNR n(«) depends
on the specimen (S {(w) and p). the PCTF and
measuring strategy (k. T and 4 y). It also shows
that. under the assumption that the bandwidth of
the specimen is larger than that of the PCTF, the
frequency w,, in (5) may be taken as the frequency
at which the PCTF becomes negligible and re-
mains so. Notice that the sensor length Ax is
absent in expression (18), 1t could be concluded
that the sensor length is of no importance for the
achievable precision! In the next section it will be
shown that this is no longer true when instrumen-
tation noise is present in the model of the mea-
sured image and a finite number of sensors is
used.

1.4 Instrumentation noise

Up to now it has been assumed that there 1s no
instrumentation noise present in the image mea-
sured. Of course, in practice. there is always in-
strumentation noise present as, for instance, dig-
ital quantization noise or dark current in a video
camera. Suppose there is additive instrumentation
noise n (x), not correlated with the Poisson noise
n,(x). The total noise in the image can then be
modelled by
Silw)=8,,(w)+S5,(w). (19)
with § (w) the power spectrum of the instrumen-
tation noise n,(x). To be able to handle the in-
strumentation noise in the same way as the Pois-
son noise, it is assumed that the instrumentation
noise is normally distributed and that its power
spectrum may be modelled by

Sa(w) =S5, sinc *(w As/2). (20)

where the constants S and As define the in-
tensity and the bandwidth of S, (w). To model
(approximately) white instrumentation noise be-
fore and after sampling, As is small compared to
Ax, so that § (w)=S§, over the bandwidth of
PCTF. and band-limited. This finite power spec-
trum is of importance when (in the next subsec-
tion) sampling is introduced. Using (6) and (19),
the SNR 7,(w) is now given by:

nle)=Nw) (). (21)
where

N@) = Sn(@)/[Slw@) + Sp(w)]. (22)
M (w) = Sp(w)/Spalw). (23)

Consider the factor N(w) in (21); the envelope of
N(w) is less than 1 and the sensor length affects
the functuon N(w«w) (and so the SNR 7,(w)). but
not its envelope, as can be seen in fig. 3. The
number of electrons per square meter kT relative
to §,, and the sensor dimensions 4x and Ay are
now also of importance for the MVB, see (17).
(20) and (22). The influence of instrumentation
noise on the MVB is minimal when the zeros of
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Ml

\ 'I “ 02

~3.0 -20 -10 0 1.0 20 30
spatial frequency (Gl )
Fig. 3 Influence of instrumentation poise N{w) on the SNR
See tables 1 and 2 for speaifications of the TEM und measur-
ing set-up. 1 Gl = 0.56 nm,

the PCTF coincide as much as possible with the
zeros of the function N(w),

3.5 Sampling and its influence on the MVB

The 1mage measurements are supposed to be
made using a finite number of sensors. This 15, 1n
fact, sampling of the image. and it influences the
power spectra S, (w) and S (w). To what extent
this is the case is determined by the sampling
frequency w,, the bandwidth of the spectra. the
sensor length and the spectrum of the imstrumen-
tation noise. An expression for the relationship of
the power spectrum of a process before and after
sampling is given in ref. [17]. In terms of S, («)
this relationship yields:

e
SHw)= Y S (w+nw), (24)
with
w, = 27/AL, (25)

where §(«) is the spectrum of k(x) after sam-
pling and A¢ is the sensor distance. The expres-
sion for the power spectrum of the sampled ver-
sion of the Poisson noise is analogous to (24),
Substituting (17) into this expression and subse-
quently applying Poisson’s sum formula [17], one
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can easily show that

Spolw) =kT Ax .1_1'_15[1 +2 Y di(n Af)

n=|
#cos( nw ..\51]. (26a)

[1=|x|/Ax
{ elsewhere.

dix)= for |x| €£dx.

(26b)
When the sampling distance equals the sensor
length the sampled power spectrum of the Poisson
noise after sampling s flat and given by

Si{w)=k AE. (27)

Similarly, the power spectrum of the sampled in-
strumentation noise

Silw) = S,,,-j-f—_ T+2 i d-(n A8) cos(nw AE)
o (28a)

where

Gl T e 90

The SNR after sampling is now

nlw)=N"(w)nlw). (29)

with

mlw)=8"s{w)/S (). (30)

N(w)=Snlw)/[Shle)+ S5 ()] (31)

Using formula (3) and substituting 1/( « ) for gtw).
the influence of the various parameters on the
MVB can be studied. A number of such numencal
experiments are descnibed in the next section.

4. Numerical experiments

The influence of relevant parameters in the
measuring process is not directly clear from (3),
(24), (26) and (28), Therefore. numencal experi-
ments have been carried out to study the depen-
dence of the MVB on some of these parameters
(defocus, sampling distance. sensor length, mstru-
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mentation noise. magnification and measuring
time, see iable 23 in order 1o ascertain their in-
fluence on the precision with which the defocus
can be estimated.

Table 1 shows the microscope characteristics
and measurement parameters used (the reference
conditions). It is supposed that the specimen has a
flat power spectrum (up to ¢y or w) and a
modulation depth p of 0,05. The specifications of
the TEM are those of a Philips EM 420: ¢, =2
mm. C, = 2 mm, stability of the acceleration volt-
age AV/V =10 ppm. The acceleration voltage is
100 kV. The screen current density is 16 nA m *
(10* electrons m * s '), The angle of the beam
seen from the specimen is 1 mrad. The defocus is
expressed in Sch [18] and in m, For these specifi-
cations of the TEM 1 Sch is about 86 nm. The tilt
angle is 5 mrad, small enough to allow the use of
the expression in Reimer [15] for the PCTF of an
axially illuminated specimen. The magnification
influences the scaling from screen to specimen
level; chosen is 10°, The measuring set-up simu-
lated is one line of a videocamera with a noise
intensity half the Poisson noise intensity for the
reference conditions. A pixel of the video image is
considered as sensor with dimensions Ax Ay. The
measuring time is 5 s. The length of the measuring
interval is 2.5 ¢m and the width and length of a
pixel on screen of 50 pm,

To make the results easier to interpret, not the
MVB for estimation of the displacement is plotted
but three times the square root of the corre-
sponding MVB for estimation of the defocus:

30,,=3(MVB)' " /(2). (32)

This can be interpreted as the 99.5% confidence
level for estimation of the defocus. In what fol-
lows (32) will be referred to as precision.

4.1. Defocus

The precision of focussing depends on the image
modulation depth (or contrast). Since the latter is
a funcuion of the defocus (fig. 4), the precision is a
function of the defocus. Fig. 5, calculated from (5)
and (32), shows this. Notice the global minimum
near Scherzer defocus and the local maximum

L -- ﬂ:p.d L / N

003 |
002, X

001

= PR . i
2 -1 o 1 2 3
detocus (Sch)

Fig. 4. Modulation depth m of the image on screen as a
function of defocus Af. 1 Sch = 86 nm.

near focus. The figure also shows that if the
absolute defocus is less than 1 Sch. or more than 3
Sch, estimates of the defocus may be very impre-
cise. Then autofocussing the TEM on the basis of
image displacement estimates no longer makes
Scnsc.

The smallest focus step in a Philips EM 420 is §
nm. To obtain this accuracy using the BID method
a measuring time of more than 5 s is necessary,
using only one line of the measured image for
calculating the image displacement. When more
independent lines are used in calculating the image
displacement, the required measuring time de-
creases proportionally with the square root of the
number of lines. The strategy in focussing the

400

oo
af

20.0
(nm)

10.0

-3 = -1 o 1 2 a
detocus (Sch)

Fig. 5. Precision of the estimation of defocus as a function of
defocus. 1 Sch = 86 nm.
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TEM can efficiently make use of the relationship
between the precision in estimating the defocus
and the defocus itself by focussing the TEM in
two steps. During the first step the defocus of the
TEM is estimated, and the TEM is set at about
Scherzer defocus. During the second step the de-
focus is again estimated and this time the TEM 15
focussed more precisely.

4.2, Sampling discance

Results related to the sampling distance are
presented in fig. 6. The length of the individual
sensor elements 15 set to 0.5 nm. The sampling
distance is varied from about one Nfth of the
sensor length to 5 umes the sensor length. When
the sampling distance is less than 0.2 nm hardly
any new informauton is gathered. while for sam-
pling distances of more than 1 nm only the phase
contrast at low frequencies 1s used. So a relatuvely
smooth changing of the MVB for both large and
small sampling distances 15 to be expected. A
sampling distance of 0.5 nm seems to be optimum
under the reference conditions. The smallest sam-
pling distance in a videocamera equals the sensor
length, in this case 0.5 nm,

4.3 Sensor length

The sensor length is varied from 0.1 nm up to 3
nm. see Nig. 7. This figure shows that the precision
in estimating the defocus varies periodically with
the sensor length, For very small sensor lengths
the SNR is small because of the few electrons

3o, 25

LT

0% 10 15 20
samphng dstance (nml

Fig 6 Precision of the estmation of defocus as a function of
sampling distance A€, Sensor length s 0.5 nm
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Fig. 7. Precision of the estimation of defocus 4s a funcuon of
sensor length.

counted per sensor. The estimaton of the 1mage
displacement is therefore imprecise. The peaks in
the figure can be understood from (1R). (21) and
(22): The SNR with respect to the Poisson noise
has the same shape as the PCTF (see fig. 8) and
the sensor length determines which frequencies of
the SNR n(w) are suppressed by the transfer
funcuion N(w). The dips in N{w) are penodic
with dx (fig. 3). so the MVB will increase (while
the SNR decreases) periodically with Ax, By ad-
justing the sensor length, optimal measuring con-
ditions can be created.

4.4 Instrumentation noise

The influence of the instrumentation noise on
the precision is described by (21). (22) and (23)

ned
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Fig. 9. Precision of the esumanon of defocus as a funcuon of
the ratio of the Poisson noise to the instrumentation noise

combined with (5). The ratio of mtensities of the
instrumentation noise S, to that of the Poisson
noise 1s varied from 0.1 up 5, and the precision
varies as shown in fig. 9. This result can be
explained as follows. From (22) it follows that
N(w) and, therefore. the SNR n,(«) described by
(21) decreases monotonously with S, Since the
integrand of (5) decreases monotonously with the
SNR. the precision increases monotonously with
S~ Furthermore, if the SNR < 1 the integrand is
approximately quadratic in the SNR. For the
SNR =1 it is linear. This is also in agreement
with fig. 9. So. not surprisingly. the instrumenta-
tion noise should be kept as small as possible .

4.5, Magnification

The influence of the magnification on the preci-
sion can be seen in fig. 10. The magnification
influences the dimensions of a sensor, the sam-

EL)
'
LT

{rm) rf(

200 400 600 BOD 1000
magnihicanon {1000}

Fig. 10. Precision of the estimation of defocus as function of
magnification.

pling distance and the interval of the image in
which measurements can be done on specimen
level. The total effect of these four parameters on
the precision while varying the magnification is
rather complex, see (24), (26), (29) and (5). For
low magnifications the estimation of the image
displacement is relatively imprecise because of the
large dimensions of Ax, 4y and A£ on specimen
level. For high magnifications the precision is also
less hecause of the very small dimensions 4x, Ay
and A£, which results in a small SNR, see section
4.3, The magnification best suited for estimating
an image displacement is about 200,000 times.

4.6, Measuring time

The measuring time influences the signal-
to-Poisson-noise ratio 1?,,(“} following (18). The
precision is plotted against the measuring time in
fig. 11. The precision increases inversely with the
square root of the measuring time. The influence
of the measuring time on the precision is de-
scribed by (18), (21) and (22) combined with (5).
Expression (18) shows that 1 (w) is proportional
to T. Furthermore. it follows from (17) and (22)
that the function N(w) monotonously increases to
one if T increases. So, by (21). n,(w) is somewhat
more than proportional to T. Then. by the same
arguments as used in section 4.4, the MVB. eq. (5).
is more than inversely proportional to 7" for small
T, and becomes for increasing T purely inversely
proportional. This is precisely the type of be-
haviour shown by fig. 11.

100.0

s0.0
Joo
200 ~

{nm)
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20+ e
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02 0a 0ns 1o 20 30 50 wo 200
measuring lima ()

Fig. 11. Precision of the estimation of defocus as a function of

measuring time T
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The minimum tme necessary to autofocus the
TEM up to a certain precision can be calculated
using the MVB. In the following it is assumed that
precision better than 5 nm is desired. Fig. 6 shows
that a measuring time of 5 s 1s enough, using one
line of a video camera, provided the TEM 1s not
more than 3.5 Sch out of focus. When more (inde-
pendent) video lines are used for calculating the
image displacement. the required measuring time
1s less. Moreover. the precision is inversely propor-
tional to the square root of the number of statisti-
cally independent lines used:

3o~ 1/n" 7, (33)

When 500 independent lines are available (n =
500). the minimum measuring time will be about
25 ms instead of 5 s when one line is used to
calculate the image displacement. In order to au-
tofocus using the BID method, two measurements
have to be done. So the mimimum time required is
50 ms. To measure other aberrations (such as
astigmatism and misalignment) more images have
to be measured [10]. Of course, the time necessary
to measure these aberrations increases linearly
with the number of image displacements to be
estimated.

5. The BID method as autofocus method

We now return to the feasibility requirements
to be met by BID autofocus listed in section 1:

(1) As to the precision: we have assessed in
sections 4 and 5 the ultimate precision than can he
achieved with a partucular set of observations,
automatically or manually, So. any automat
method getting near this precision 1s unlikelv 1o be
outperformed by a human operator.

(2) The BID method is inherently fast. because
it caleulates the defocus directly from two mea-
sured images: there are. in prinaple. no inter-
mediate iterative steps. Limitations in speed de-
pend on the measuring svstem used.

(3) A pracucal and natural measure for the
efficiency. used in stanstical literature, 1s the extent
1o which an estimation method achieves the
mimimum vanance bound. Metheds are available
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for the construction of esumaton methods opu-
mal in this sense [13]. These methods can. in
principle. be applied 1o the problem of image
displacement [19]. However. this has not vet been
tried out in TEM practice. Several straightfor-
wiard, non-optimal methods such as cross-correla-
tion. minimum square error. and determination of
the phase angle of the cross-power spectrum be-
tween the images are available [20]. Whichever of
these methods 15 chosen, all are based on straight-
forward signal processing operations as correla-
uon or discrete Fourier transform. An example of
an estimator. which has been used in the first
experiments by Van der Mast [11]. 15 relanvely
fast and easy to implement in hardware:
P

Fis)=Y |nti)—rli-5)L (24)

r=1

where 5 1s the displacement. ¢ the location of an
image point along the line considered, IP the
number of image points, ri(¢) and r-(1) the image
intensities measured. The value for s for which
Fts) is minimal is taken as the image displace-
ment. see Nig. 12.

(4) Reproducibiliny is determined by the signal-
t-noise rauo in the observed images and can
therefore, in principle. be made arbitranily high by
increasing the measuring time.

(5) No special kind of contrasr 1n the image 1s
needed to focus the TEM: the BID method func-
tions with both phase and amplitude contrast.

(6) These operatons can be carried out with
mexpensive small computers. For practical reasons
it may be wise to use & one-dimensional approach
in estimating the image displacement. The amount
of data to be processed 1s small when only one
row of pixels in a measured image is used. The

s=0 s5=D 5

Fig 12 The functiom Fis) without noise (41 and with noise
(B) 1) s the displacement between the tuo images
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Table 2

Summary of experiments; values of parameters are: dx = (L3
nm, Af = (Adf)gy=15ch, 5, =5%10 "electrons m, T'=55,
Af = 0.5 nm, k =1250; dimensions are those at specimen level;
1 Sch = 86 nm

Experiment Vaned

1 Af: —3410 +158ch
2 A4£:01-02 nm

3 Ax:0.1-7.0 nm

4 Su/lkdx) 01-50
5 M: 10" 10"

6 T:0.1-200s

direction of the image displacement is known.
because the shift is in the direction of the beam
tilt. Thus when aflter a certain measuring time the
precision is unsatisfactory, more rows of pixels
can be processed to obtain a higher precision.

6. Conclusions and discussion

The theoretical limitations of a procedure to
autofocus a TEM based on measuring a
beam-tilt-induced image displacement (BID) have
been studied. Simulations of a TEM and measur-
ing system show that:

- The minimum measuring time necessary to focus
the TEM with a precision of 5 nm (under normal
operating conditions) with a vidicon camera at-
tached is about 0,05 s, This is the measuring time.
Image processing time is not taken into account.
— The precision with which the defocus can be
estimated depends strongly on the defocus itself.
A strategy is proposed for focussing a TEM using
this dependence.

— The magnification can be chosen such that the
precision in estimating the defocus is optimal. For
a TEM under normal operating conditions and
normal Vidicon video camera. this magnification
1s about 200,000.

In studying the theoretical limitations of the
BID method, effects of inaccurate modelling of
the measuring process are not taken into account,
It is assumed, for instance, that the frequency-de-
pendent shifts due to beam tilt in the two images
may be neglected.

Furthermore, a well aligned TEM is assumed in
studying the theoretical limitations of the BID
method. Work is being done in extending the BID
method to be able to align the illuminating beam
and to apply the BID method to dark field images.

Assumptions have also been made with respect
to the power spectrum and modulation depth of
the image of the specimen (flat and 0.05, respec-
tively). Automatic focussing with a specimen
whose image contains only low frequencies (crys-
talline) and with a very small modulation depth
will be extremely difficult using the BID method.

The time necessary to autofocus a TEM con-
sists of the measuring time necessary to obtain the
precision required, and the time necessary to pro-
cess the measured images and to control the TEM.
Limitation of the total autofocussing time is there-
fore mainly determined by the image pick-up de-
vice (afterglow in the fluorescent layer), transport
and storage of images. computation time. and
settling time of the currents through the beam tilt
coils and objective lens currents.

Experiments with the BID method are pre-
sently carried out at Delft University of Tech-
nology. Results show that the method works under
normal operating conditions and that the total
time necessary to autofocus the TEM is limited by
the processing of the images (10 s). Practical prob-
lems arise when calculating the image displace-
ment because of the spatial inhomogeneity of the
camera. A system which can align, focus and
correct astigmatism using the BID method is being
developed.
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Appendix A. Power spectrum of the measured
image of the specimen

Suppose f(x), the image on the screen, has a
power spectrum S, (w). Our problem is to derive
an expression for the power spectrum of g(x), the
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image on the screen measured with an infinite
number of sensors of finite dimensions. In other
words, we wish to establish the relation between
the power spectra of f(x)and g(x):

def /3 . —
gt,\-}=fJ f(x'—x)dx’, (A1)

An2

where Ay s the length of a sensor.
Suppose the expectation of gix) s E(giv)) =
p,and E(f(x))=pu, Then

Jus2 v
= Ay, (A2)
’ f.\‘ 2" t
3
glyv)—p,.=
r f.i\

With g f\i
it follows that

T = x) =] A (A3
!{{l}_j-l{ and f‘.’\l‘—f{\l—#,

e'l.t)=fJ: :‘f’i.\‘—.xld.r'. (A4)

The astovovanance funchon C oty of BNy s
given by

C lE)=El(g'(x)g'(x+£))
rd a2 A
anf_h dxd E(f'(x) = x)

_j S22
xflxi—a—§))
=f::‘::da,f-'-;; dxs G (x5 —x[—£).

(A.5)

If x3—x =r, then

Gults [ et

/2

+f 'dx,f L Cylr=g)dr

[P'C,(r—§) (Ax=r) dr

“C(r—£)dr

*-f“ Cilr—¢) (Ax+r)dr. (A6)
=

ar

c‘u|s;=.1xfx Colp)di(E—prdp. (AT
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with

{§ =l
difx)= | 1 Ax

0 elsewhere.

for [x| <3,

The power spectrum of g( v)1s then given by
Selw)=(3x) S, (w) sine *(« dx/2).  (A8)

with Ay the sensor length. « the spatial radian
frequency and S, (w) the power spectrum of the
IMage on screen.

Appendix B. Power spectrum of the Poisson noise
in the measured image of the specimen

An expression 1s denved for the power spec-
trum S, (w) of the Poisson noise for the hypothet-
1cal case that a sensor s placed in every point of a
selected interval of the v-axis (this is the spatal
equivalent of making “continuous-time™ observa-
nons dunng a selected time intenvall.

Suppose sensors of length A« are presentin the
interval 0 < v < L. This means the noise is co-
varant over a length dx. This covanance 1s first
computed. The desired power spectrum is the
Fourier transform of this covanance.

Fig. 13 shows two sensors which overlap over a
distance adx. Let the expectanon of the number
of electrons counted by a sensor be A, Then the
expectations of these numbers for processes p, g
and r are approximately ak. (1 —alh and ak
respectively. The covariance of the electron counts
p+ g (sensor 1) and g + ¢ (sensor 2) then satisfies

E((p+q)g=r))=Elg") (B.1)

since p and r are not covanant. The right-hand
member of this equation equals the variance of ¢
and. since g 1s Poisson-distributed. this vanance 1s

2

Fig 13 Twe sensors of length 31 overlapping over a distance
alx
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equal 1o (1 — a)k. So, since
a=|x|/4x. (B.2)

the covanance iR of the electron counts of
two sensors at a distance x is described by

Cpn(x)

Hll—ij—?]k for |x|<4x. (B.3a)
0 for |x|z=zdx. (B.3b)

The power spectrum S, (w) of the Poisson noise is
now given by the Fourier transform of €, (x):

S{w)=k Ax sinc *(wdx/2), (B.4)

with @ the spatial radian frequency in the image
on sereen. Note that m the above conmderations
the simplification has been made that the standard
deviation of the number of electrons counted per
sensor is constant; this is true when the modula-
tion depth of the image is small,
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Abstract

Autofocus s possible by measuring a Beam-tilt- induced Image Displacement (BID).
This can be done by having a computer tilt the beam, measuring the displacement, cal-
culating the defocus and correcting it. The method works with many types of specimen
because it utilizes both the amplitude and phase contrast of a bright field image. Image
blurring due to the beam-tilt can be corrected by a phase correcting filter, derived from
the phase contrast transfer function. Simulations for a TEM equipped with » video
camera show that at Scherzer defocus (86 nm) the minimum measuring time required
for focusing the TEM with a precision of 5 nm is about 50 ms. The measuring time for
the minimum variance autofocus method is about 1.5 s to obtain the same precision.
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1. Introduction

Automatic focusing and
automatic stigmating of a
Transmission Electron Microscope
(TEM) is desirable, especially for
high resolution electron
microscopy. Reliable and
interpretable electron micrographs
require an accurately focused,
stigmated and aligned TEM. Focusing
and stigmating a TEM can be time
consuming and requires an
experienced operator, in the case
of low dose work in particular. The
time factor 1is important since
object structures are destroyed by
prolonged radiation.

Several methods to focus,
stigmate and align a TEM
automatically have been proposed
[5]. The only published proposal
for automatic focusing which has
been tested in practice is based on
minimum image variance (MV) at
focus [17]. Image wvariance is
measured as a function of the
objective lens current. The object
is in focus when the image variance
is minimal. In fact, the MV method
is used by most microscopists while
focusing at high magnifications, as
it involves no special equipment.
The MV method is also applied for
alignment of the illuminating beam
| by B8

Another proposed method is
based on tilting the illuminating
beam over a known angle. This
beam-tilt results in image
displacement on the screen due to
the coherent illumination, see fig.
1.
This Beam-tilt-induced Image
Displacement (BID) has a known
relationship with the defocus of
the TEM [5] and can be used as a
focusing aid. Le Poole [12]

introduced in 1947 the beam tilt
wobbler as a simple focusing ald
and most microscopists use this
method for focusing a TEM at lower
magnifications. Presently Nomura et
al [15] are implementing this
autofocus method. A similar
approach was followed by Curling
[3] and Koops [8,9]. Van der Mast
[13] proposed to measure both

illuminating beam

} beam tilt coils

tilt angle

ez specimen
defocus

— — — — — object plane

magnifying system

PPy r screen

- -
displacemeni

Fig. 15 Image displacement as
result of beam-tilt.

magnitude and direction of the
image displacement in order to
calculate and correct the defocus
in one step. An expression for the
achievable precision of the BID
method as function of TEM and
measuring set-up has been derived
by the present author [10,11]. The
BID method 1is inherently fast

reproducible, applicable to most
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specimens and suitable for
implementation in a TEM. However,
tilting the beam introduces image
aberrations (Zemlin [19]) which
makes it difficult to estimate
defocus at high magnifications.

In this paper signal
processing aspects of the BID
method are discussed and the
achievable precision in estimating
the defocus of the BID method and
MY method are calculated.
Furthermore, a method is proposed
for correcting the image
aberrations introduced by the
beam-tilt. The next section
describes briefly image formation
in a TEM for weak phase objects
with tilted illuminations from
which expressions are derived for
the achievable precision of both
the BID and MV method for a
particular measuring set-up.

2. Achievable
Autofocusing a TEM

Precision in

Simulation and statistical
modeling are tools for calculating
the expectation and variance of an
estimator for a parameter in a
model of observations of a physical
process before really making the
observations, and can be used in
optimizing the final measuring
conditions. The bias, defined as
the difference between the
expectation and the true value of
the parameter, represents the
systematic error, that is, the
accuracy of the estimator.
similarly, the wvariance is a
measure of the non systematic
errors, that 1is, the precision of
the estimator. Bias and variance
are objective qualities suitable
for the comparison of different
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estimators of a parameter applied
to the same observations.

In this section the precision
of the MV method is compared to the
precision of the BID method. In
other words: the (minimum)
variances of both estimators are
compared. The approach to
calculating the achievable
precision is as follows: first an
expression is derived for the TEM
image of a thin carbon film. Using
this expression simulations are
done to calculate the achievable
precision of both the BID and MV
method. This is done by taking into
account the influence of Poisson
noise, characteristics of the TEM
and measuring set-up. In the next
section a model of the
observations, and the relation
between defocus, beam-tilt and
image displacement, is derived.

3. Image Formation with tilted
Illumination

Image contrast of a weak phase

object (WPO) in a TEM can be
described by [18]
clx)= |FH{n(k) T(k)}| (1)

with c(x) the contrast at position
x scaled to the object plane (in
G¢, 1GL =0.6 nm for a 100 kV
microscope with a C_, of 2 mm), F~!
the inverse Fourier transform,
n(k) the Fourier transform of the
transparency of the phase object,
T(k) the phase contrast transfer
function (PCTF) and k the spatial
frequency scaled te the object
plane (in G&-!). The PCIF for a
beam tilted over «k (measuring
beam-tilt wvia the point at which



the primary beam intercepts the
Fourier plane, in G¢-!) is given by

-i[ylk+k)-7(x)

T(k) =i {e .E(k+k,k)
_ej[?[x-k)-?[x)]_E(K_k.‘]}
(2a)

with the wave aberration function
v(k) = nk2(k2-D)

and the envelope functien E
describing attenuation of transfer
as a result of finite beam
divergence and focus spread:

E(k, k;) =

o~ (52/8) | 8y (k, )-8y (k,) |2
-n2d? (k, 2-k,?2)? (2b)
e

Ay (k) = 2rn(k2-D)k

with underfocus D (in Sch, 1 Sch =
86 nm for a 100 kV microscope with
aCg of 2 mm), s the rms divergence
of the beam (in Sch) and d the rms
focus spread (in Sch). The real and
imaginary part of the PCTF for a
defocus of 1 Sch and a beam-tilt of
0.2 G&' are shown in fig. 2.

The PCTF works as a spatial filter
in imaging the specimen. § 2
transfers details up to 0.5 G¢ for
the TEM specifications of table 1.
For objects having (in expectation)
a flat power spectrum (1) can be
simplified to

c(x) = [F-H{T(K)}|. (3)

For small tilt angles (< 0.2 G&!)

PCTF FOR TILT=0.2 6L-1

.00 4

-1.0 <

-2.0 T -+ 1
-2.0 -1.0 .00 1.0 2.0

FREGUENCY (GL-1)

Fig. 2. The real (solid) and
imaginary (dashed) parts of the
PCTF for a defocus of 1 Sch and a
beam-tilt of 0.2 G&-!.

the relation between beam-tilt

defocus and image displacement can
be approximated by:

-2ni(k2-D)k.k

c(x) = |F-}{G(k) e }
with (4)
G(k) = 2 sin[z(k)] E(0,k).

The problem of focusing a TEM is
transformed to the problem of
estimating the parameter D in (4).
Fortunately, this problem is
similar to the problem of time
delay estimation in passive sonar
theory and much work has been done
in estimating time delay [14]. This
analogy is apparent when the image
contrast for tilted illumination is
compared with 1image contrast for
axlial illumination. For axial
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illumination the image contrast is
given by

c,(x) = [F-1{G(Kk)}|. (5)

Comparing (5) with (4) we see that
tilting of the beam results in
phase shifts of the PCIF and
modifies the image on screen. Its
effect would be simply an image
displacement 1if the phase shift
depended only linearly on the
frequency k, or with (4)

cplx) = |F-1{G(k) 2MD-K-Ky (g
then
clx) = c,(x-d) (7)

with the image displacement d (in
G¢ ) given by

d = Dk. (8)

Unfortunately, the phase shift does
not only depend linearly on the
frequency k, but also on the third
power of it. To be able to use the
BID method for autofocusing a TEM,
it is essential to correct this
blurring effect of beam-tilt on
the image measured on screen.
However, the achievable precision
in estimating defocus with the BID
method only depends on stochastic
properties and not on deterministic

effects resulting in systematic
errors. These errors can, in
principle, be corrected (section
1)

4. Achievable Precision of the BID
Method

Using the BID method to focus
the TEM at high magnificatioens,
signal processing facilities are
indispensable. First, two images
have to be measured corresponding
to well defined tilt angles. Then
an algorithm has to be applied to
those images in order to calculate
the image displacement. This
algorithm determines the precision
of the focus estimation and must be

carefully  designed to obtain
optimal precision. Finally, from
this displacement the objective

lens current can be adjusted to
correct defocus, according to (8).
In this sub section the achievable

precision is calculated, the
precision of a carefully designed
optimal image displacement

estimator.

An expression was derived
[11] for the achievable precision
for the BID method as a function of
parameters describing the TEM and
the simulated measuring set-up.
This achievable precision is
independent of any particular
algorithm which calculates the
displacement. It is an expression
which assumes that all the
information available in the images
is used. This lower bound on the
precision can, in principle, be
achieved using a well designed
estimator [7]. In this paper this
expression is applied to a specific
measuring set-up and TEM. It is
assumed that measurements are done
at the image of the specimen with a
video- or CCD camera. Furthermore,
it is assumed that measurements are
done with a one-dimensional array
of adjacent rectangular sensors (a
line from a CCD or video camera, N



sensors on a line), each with a
length Ax and a width Ay. The
sensor width 1is small enough to
assume the image measured In
y-direction constant. This is done
for simplicity; the theory can be
extended to correct for this
assumption. Specifications of the
TEM and measuring conditions are

given in table 1 (hereafter:
reference conditions). In this
model of observations

instrumentation noise is added with
an intensity equal to the Poisson
noise. All dimensions are in GI and
Sch.

In focusing the TEM with the
BID method, the beam is first
tilted over k (in G&"!) and next
over -k in the direction of the
sengor array. This will result in
two images measured (6):

I

ry(xy) = elxy) + ny(x)

ry(x;) =clry=d) + nzlx;)
for 1=1,...,N (9)

with x; the position of sensor
i,c(x,) the image contrast, d the
image displacement and Ny, o (%)
independent, zZero-mean noise,
consisting of Poisson noise and
instrumentation noise. The variance
of the Poisson noise has an
expectation equal to the number of
electrons counted:

n=AxA4y t j (10)

with n the number of electrons
counted per sensor, t the measuring
time and j the number of electrons
per second and per wunit area
(averaged over all sensors). The
achievable precision (in Sch) in

estimating the defocus D is then
given by

:krd
3o, = ; (11)
2K
with
k!
SNR? (k)
oy = {4n2Nax k% dk}-0.5
1+2SNR (k)
- ks
(12)

where k_, the sampling frequency
Ax-!', SNR(k) the signal to noise
ratio, determined by the power
spectra of the image contrast
S.’ (k) measured after sampling:

S’ (k)
SNR(k) = (13)
Sﬂ
with
L]
S.' (k) = 5S_(k+isx-!) (14)
i=-w
and

S, (k) = n?p?sinc?(knax)|T(k)|?S,
(15)
with

sin(p)

sinc(p) = (16)

p
The noise 1is assumed to be white

and consisting of Poisson noise S__
and instrumentation noise Syt
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Table 1: Specifications of the model of observations, el = electrons,

GL = (CA%)9-25, geh = (C,A)0-5,
TEM

Coefficient of spherical aberration
accelaration voltage

defocus

beam tilt

rms focus spread

divergense illuminating beam
magnification

Set-up

illumination
length sensor
width sensor
number of sensors
measuring time

intensity instrumentation noise: S =400

Specimen

modulation depth in Scherzer defocus

flat power spectrum (thin carbon film)

: C, =2 mm

: E =100 kV

: D = 1Sch(86 nm)

: k=02 Gt (1.2 mrad)

+ d = 0.2 Sch

: 5= 0.14 G}

: M = 200,000

j = 1000 elGe-2s5-!

: Ax = 0.2 Gt

. Ay = 0.2 Gt

: N = 500

: tgyp = S scR, tyy = 1s
elGE (BID), Sni=80 elGf (MV)

p = 0.05

S,(k) =S, +S (17)

= nAx + S, .

The power spectrum of the specimen
S, is assumed to be flat [6] and
has to be scaled to correspond to
the image on screen. Therefore, an
image contrast measure is
introduced: the modulation depth
(equivalent to the rms fractional

image contrast) at Scherzer
defocus:
0(:
T (18)
n
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with the image wvariance after
sampling given by

172k
ez, = | S.’ (k)dk. (19)

-1/2k
s

The achievable precision of the
BID method can be calculated using
(11). As the modulation depth (18)
varies as function of defocus and
of beam-tilt the achievable
precision varies as function of
defocus and beam-tilt, see fig. 3
and 4.



MODULATION DEPTH

6.0 4
- 4.0 4
5
(=]
x
2.0
.00 + + . 1
-8,.0 -4.0 -2.0 .00 2.0 4.0 6.0
DEFOCUS (SCH)
Fig. 3. The modulation depth as

function of defocus for a beam-tilt
of B2l

The modulation depth is large when
the TEM 1is in Scherzer defocus
compared to the TEM in focus. A
beam-tilt value of 1.0 G&L-! gives
rise to a large modulation depth
[18]. For a small modulation depth
it is more difficult to estimate an
image displacement than for a large
modulation depth. This can be seen
in fig. 5 and 6:

MODULATION DEPTH

6.0 -
~ 4.0
5
o
x
~ 2.0 4
0o T + v ——
-3.0 =-2.0 =-1.0 .00 1.0 2.0 3.0
BEAM TILT (GL-1)

Fig. 4. The modulation depth as

function of beam-tilt at Scherzer
defocus.

PRECISION FOR TILT=0.2 6L-1

(SCH)
W
o

PRECISION

-10 o

.00 -
-6.0 -4.0

-2.0 .00 2.0 4.0 6.0
DEFOCUS (SCH)

Fig. 5. The achievable precision as
function of defocus for a beam-tilt
of 0.2 G&-1,

The achievable precision for a TEM
in focus is less than for a TEM in
Scherzer defocus. It can be
concluded that for a beam-tilt of
0.5 to 1.5 G&! the achievable
precision in estimating defocus is
optimal. The precision of the BID
method is 0.055 Sch (5 nm) for a
100 kV TEM in Scherzer defocus, a

PRECISION IN SCHEAZER DEFOCUS

.80 - i |

5 | |

@ 50 1 1 t ] | !

: ‘

o

- .40 o

]

-

3]

“ |

T 20 - | !
.00 ! ' .\“‘-. : !

-3.0 -2.0 -1.0 .00 1.0 2.0 3.
BEAM TILT (GL-1)

Fig. 6. The achievable precision as
function of beam-tilt at Scherzer
defocus.
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beam-tilt of 0.2 G£-! (1.2 mrad), a
magnification of 200000, a
measuring time of 5 s (or 0.25 s
when 400 video lines are used), and
an illumination such that 400
electrons are counted per pixel.

5. Achievable Precision of the
Variance Method

The MV method requires a series
of image varlance estimates to be
able to estimate defocus of the
TEM. The change in variance while
varying defocus of the TEM is known
for a weak phase object (19) and is
given in fig. 3 and enlarged in
fig. 7.

A defocus of about 0.5 Sch gives,
for reference conditions, minimum
image wvariance. The achievable
precision of the MV method Iis
determined by the precision in
estimating the defocus value of

this minimum variance. This
precision depends on parameters
determining the stochastic

properties per image measurement.
For the MV method these are the

IMAGE VARIANCE
400
300

3 200 4

100 A

-.50 .00 -50 1.0

DEFOCUS (SCH)
Fig. 7. The image variance as a

function of defocus for a beam-tilt
of 0.2 G&-1,
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number of focus steps which are

used, the amount of noise and the
number of electrons counted per
sensor for each defocus step. A
measured image for each focus step
is modeled by

rylx;) = c;(x;) +n,(x)

for i
and j

nou

Ly sy, N (20)
with N the number of sensors
positioned at x;, Nm the number of
focus steps, c,;(x;) the number of
electrons counted corresponding to
the specimen image intensity
(signal), and n;(x,) the number of
electrons counted corresponding to
the noise in measurement Jj. The

variance of the signal variance is
then

var r, = var CJ + var nj
for =1, ..., Nm (21)

with var c¢; the signal (specimen
image) variance after sampling and
var n, the noise variance for each
measurement. The noise wvariance
consists of Poisson noise variance
and instrumentation noise wvariance
(17), and is calculated as in (19):
var n, =n + S

(22)

3 inkg’

and 1is determined by the measuring
time (10). An estimator for the
signal variance is

5,2 = {06,032, (23)

M~ =

1
N-1
i=1



which has itself a variance of at
least [16]

2(var r,)?
var s, ® ——— (24)
N

2
= — (var ¢; + var n;)Z2.
N

The precisien in estimating the
signal variance 3(var s,2)0-%
varies therefore with the signal
variance itself (var c,) for each
focus step. For simplicity it is
assumed that the TEM is near focus
(somewhere between -0.5 Sch and +1
Sch) and that the change in signal
variance can be approximated by a
quadratic polynomial:

Wy = by + byfy + b2f,;% + p,
3§ @Ay ey Nm (25)
with w the signal variance

estimateé for a defocus f,, by, b,
and b, the parameters to be
estimated and v, the noise. Or in
vector (of dimension Nm) notation:

w=Fb+ v (26)
with
W= (w, ... Wy )T the signal

variances estimates

1 £, fy,

F= | 3 7 the 3x Nm matrix
containing the
defocus values,

1 er me

b = (byb,b,)T the 3 parameters
of the polynomial,
and

v = (v;...u,)T the noise on the

estimated signal
variances (dim.Nm)

The best linear unbiased estimator
is [1]

-1 -1
b= (FTv F)-IFTy w (27)

with a covariance matrix ([3x3)
given by

cov(b,b) = {FTV-IF)’l (28)

where the covariance matrix V is of
uncorrelated, noise:

V={(2

(B wee BT 3 (29)
with I the  unity matrix. The
estimator (27) achieves the minimum
variance bound when the noise
distribution is Gaussian.

Fortunately, the only
parameter of interest is that one
indicating the minimum of the
polynomial. From (25) we derive the
parameter to be

bl
boyn = - — (30)

indicating the defocus value of
minimal signal variance. The
variance in estimating this
parameter is given by
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8y, T ab

min
var by, = cov(b,b) ’
ab db
(31)
where
bn 1 b,
=|-— — 0
ab 2b, szz

To be able to compare the BID
method with the MV method, the
available measuring time is taken
the same for both methods. This
implies a measuring time per focus
step of the MV method of

tyy = 2/Nm tg o (32)

wit h tg;p the measuring time
available per image measurement for
the BID method. This results in a
different SNR per measurement, as
the Poisson noise and
instrumentation noise depend on the
measuring time (13). Fig. 8 shows
the precision of each image
variance estimate as function of
defocus. Fig. S shows the
achievable precision in estimating
bmin as function of the number of
measurements. A precision of 1.5
Sch (140 nm) can be achieved with
5-15 focus steps 1in estimating
bmin, for the reference conditions,
using 50-160 electrons per sensor
for each focus step. To obtain a
precision of 0.055 Sch, the
available measuring time should be
300 s instead of 10 s needed for
the BID method. The precision of
both methods in estimating focus
increases approximately linear with
the measuring time (29).
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Fig. 8. The precision in estimating
image wvariance as function of
defocus, using 10 focus steps at
Scherzer defocus and for a
beam-tilt of 0.2 G&!.

Using 500 lines of the video camera
instead of only one line, the
minimum measuring time te focus the
TEM is about 0.5 s for the BID
method and 13 s for the MY method.
This corresponds to 1.5 nAm~? on
the fluorescent screen of the TEM.
Some remarks can be made concerning
the accuracy  of the minimum
variance estimation using this
quadratic polynomial. Firstly, the
quadratic polynomial 1is not an
accurate model of the observations.
This can be seen in fig. 10: the
position of minimum variance varies
with the number of measurements
used.
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Fig. 9. The precision in estimating
defocus as function of the number
of focus steps at Scherzer defocus
and for a beam-tilt of 0.2 G&-!,
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Fig. 10. The accuracy of the MV
method modeling the change in image
variance with a second order
polynemial as function of the
number of measurements at Scherzer
defocus and for a beam-tilt of 0.2
Gi-1,

Nevertheless, conclusions
concerning the precision heold and
the final fit of the model has only
a minor influence on this (24).

Modeling with a higher order
polynomial will be more accurate,
but less precise, as more
parameters have to be estimated.
Therefore, the precision calculated
can be regarded as the achievable
precision.

6. Estimating Defocus with the BID
Method

From the previous section it is
concluded that the BID method
requires less electrons than the MV
method. This achievable precision
of the BID method is the precision
of an ideal, optimal estimator of
defocus. Such an estimator can, in
principle, be derived [2], making
use of the a-priori knowledge
concerning the PCTF for tilted
illumination. However, irrespective
of the image displacement estimator
used, deterministic pre-filtering
of the images is a necessity as the
frequency shifts due to beam-tilt
blur the 1image. This section
describes some deterministic
aspects in estimating defocus with
the BID method.

The necessity of pre-filtering
can be illustrated by a simulation
of a thin carbon film. The phase of
this carbon film is modeled by
white, uniformly distributed noise
[6]. The filtering effect is clear
for axial illumination (see fig. 11
and 12): white noise is transformed
to an image containing one small
dominating frequency band.
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Fig. 11. Simulated 1;D intensities
before (upper) and after (lower)
imaging with the TEM with axial
illumination and at Scherzer
defocus. The length of the specimen
image corresponds to 20 Gi.

PCTF FOA AXIAL ILLUMINATION

MAGNITUDE
-

S50

00 v T
-2.0 -1.0 oo 1.0 2.0

FREGQUENCY (GL-1)

Fig. 12. Magnitude of the PCTF for
axial illumination and at Scherzer
defocus.

Imaging this specimen with a
beam-tilt of +0.2 and -0.2 GE°!
respectively, should result in an
image displacement. However the
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result of beam-tilting is contrast
reversal and blurring, see fig. 13.

Fig. 13. Simulated 1-D intensities
corresponding to a beam-tilt of
+/-0.2 GE! and at Scherzer
defocus. An image displacement is
not visible due to image blurring.
The length of the specimen
corresponds to 20 GL.

The effect of blurring on the
estimation of image displacement
can be illustrated by a
straightforward estimator such as
the cross correlation function. The
position of the maximum of this
function should indicate the image
displacement, the height of, of the
peak the influence of noise, and
the width the influence of noise
and contrast transfer function.
Flg. 14 shows the correlation
function corresponding to a
beam-tilt of +/- 0.2 G&! (about
1.2 mrad). The blurring due to the
beam-tilt introduces bias: the
position is not located at 0.4 G¢ ,
as was to be expected at Scherzer
defocus, but at 0.1 GE-!.

Another method to estimate
image displacement makes use of the
phase part of the cross spectrum of




the images [15]. An image
displacement then corresponds to a
phase shift linearly with the
frequency of the cross spectrun.
For the BID method the phase of the
cross spectrum of the images
measured corresponding to opposite
tilt angles, is determined by the
phase of the PCTF and can be used
as defocus estimation.

PHASE

-1.0

Fig. 14. Image blurring illustrated
by the cross correlation function
for a beam-tilt of +/-0.2 GI-!
(dashed) at Scherzer defocus. The
cross correlation function after
filtering both images is plotted
with a solid line.

The cross spectrum is given by

S;a(k) = Fr, (%)} F{r,(x)}*, (33)

with r, ,(x) the two images
measured for a beam-tilt of +/-kx
and the * denoting the complex
conjugate. Using (6) it can be
derived that

a
Dk = — phase[S,, (k)]k=0. (34)
dk

-60. -40. -20. .00 20. 40, B0,

Using (34) the defocus can be
estimated from the phase of the
cross spectrum. The phase of the
cross spectrum for a beam-tilt of
0.2 G&-' is shown in fig. 15. Image
dispiacement can be estimated from
the linear relation between phase
and frequency for frequencies up to

+/- 0.4 Gé-1, For higher
frequencies the linear relation is
disturbed following (1).
Fortunately, an analytical

approximation of (1) for the extra
phase shifts is available for small
tilt angles (4).

CROSS SPECTRUM
3.0 -

-3.0 * T "
~2.0 =1.0 .00 1.0 2.0

FREGQUENCY (GL-1)

Fig. 15. Frequency shifts (coma) as
result of beam-tilt +/-0.2 GI°!
illustrated by the pahse part of
the cross spectrum.

Fig. 16 shows the phase of both the
exact (1) and approximated PCTF
(4).

The approximation is valid between
-1.2 and 1.2 G&! for a beam-tilt
of 0.2 G¢-'. Thus, a suitable phase
correcting pre-filter can be
calculated with (4) for spatial
frequencies between -1.2 and 1.2
GL! for a beam-tilt specified and
defocus set to 0. This filter for a
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tilt of 0.2 G&°! is shown in fig
17,

COMPARISON OF PHASE PCTFs

-3.0 v
~-2.0 -1.0 e]e] 1.0 20

FREGUENCY (Gl-—-1)

Fig. 16. The phase calculated with
the exact description of the PCTF
and the approximation (dashed) for
a beam-tilt of 0.2 Gf! and at
Scherzer defocus.

CORRECTION FILTER

-2.0 -1.0 .00 1.0 2.0
FAEGUENCY (GL-1)

Fig. 17 Phase correcting
pre-filter for a beam-tilt of 0.2
gL,

Results of applying this

filter for a beam-tilt of 0.2 GE-
are shown in fig. 18, 19 and 14.
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Fig. 18 shows the two images of
fig. 13 after filtering. Only an
image displacement and no blurring
s the result. Fig. 19 shows the
phase of the corresponding cross
spectrum. In contrast to fig. 15,
the result is a linear relationship
between phase and frequency. The
cross correlation function,
calculated after filtering is shown
in fig.14. The max imum is
positioned correctly at 0.4 GL.

Fig. 18. Simulated 1-D intensities
corresponding to a beam-tilt of
+/-0.2 G&!, after filtering the
images and at Scherzer defocus. An
image displacement is clearly
visible. The length of the specimen
corresponds to 20 GL. The
displacement is 0.4 GL.

Summarizing, an unbiased
estimator of defocus is derived
from the cross spectrum of the
images corresponding to opposite
beam-tilt angles. The TEM must be
well aligned as the beam-tilt angle
determines the pre-filler.




FILTERED CROSS SPECTRAUM
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Fig. 19. The phase of the cross
spectrum with pre-filtering the
images for a beam-tilt of +/-0.2
GL-! and at Scherzer defocus.

7. Conclusions and Discussion

The theoretically achievable
precision in autofocusing a TEM
with the beam-tilt induced image
displacement (BID) method and the
minimum variance (MV) method were
compared. It 1is concluded that,
for a particular set of parameters
describing the TEM and measuring
set-up, the measuring time of the
MV method is about 30 times the
measuring time of the BID method to
achieve a precision of 0.055 Sch.
Furthermore, an estimator of
defocus is proposed using the cross
spectrum of the images measured.
Pre-processing of the images 1is a
necessity to correct for image
blurring intreduced by beam-tilt

using the phase part of the phase
contrast transfer function.
Simulations show that the estimator
proposed is unbiased.

Applying the BID method for
autofocusing a TEM requires
software and hardware to tilt the
illuminating beam, measure the
images [4], correct for the
blurring due to the beam-tilt,
estimate the displacement and
calculate the focus adjustment. The
hardware and software required to
apply the MV method consists only
of a focus facility and image
variance estimator. Consequently,
the MV  method requires less
computation and data handling time
compared to the BID method.

Developments in signal
processing  techniques show an
increase computation performance
and it is therefore to be expected
that in the near future computation
time will be negligible compared to
the required measuring time.

In experimental systems the
spatial inhomogeneity, instability
and computation time of the image
measuring system influence the
result of autofocusing the TEM
using the BID method. Work is in
progress to design optimal
estimators taking these effect into
account. Application of the BID
method, as proposed in this paper,
requires a well aligned TEM, but
research is also in progress to
extend the BID method for automatic
correction of astigmatism and
alignment.
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A new method 15 proposed 1o measure and correct defocus, astigmatism and beam tilt misaligr of a tr
electron microscope (TEM) automatically. The method is applicable to low-dase, high-resolution electron microscopy if the
P may be d bed as a weak-phase object. Defocus and astigmatism are estimated from two different pairs of images.

These are obtaned, respecuvely, by tilting the illumination in two perpendicular directions over two equal but opposite angles.
Beam tilt misalignment is estimated from three images, one formed without beam tilt and two with equal but opposite tilt

angles. In all cases use 15 made of the cross-spectra of the images involved. An optimal measuring strategy has been designed

and tested with 1ons for the
two steps, The first step adjusts the def and

show that def:

ion of defocus and astigmatism. The design shows that the TEM should be tuned in
tsm to 1.5 (in Sch), with a precision of 1, The second step adjusts the

{ with a p of 0.02 from

TEM with high precision. The simul

and ism can be esti

images with an average intensity of 6500 electrons per nm’. First measurements show a promising age of ed and

simulated cross spectra.

1. Introduction

Application of a transmission electron micro-
scope (TEM) in research is restricted by the reso-
lution of the instrument, the sensitivity of the
specimen to the electron irradiation and the skill
of the operator. In the last two respects, an auto-
matic system for the control of defocus, astigma-
tism and beam tilt misalignment (autotuning)
could improve the TEM performance consider-
ably, and thus increase the field of applications
[1].

In the last decade. the resolution of the instru-
ment has been pushed up to atomic resolutions as
a result of many instrumental innovations. The
energy spread of the electron gun is lowered from
1.5 to 0.5 eV (or possibly lower) by using a field
emission gun (FEG) instead of a thermionic
cathode. Coherent illumination conditions are
nowadays nearly met by decreasing the illuminat-
ing aperture from 0.1 to 0.01 mrad in combination
with a brighter electron source (such as a FEG).
Also, the wavelength of the electrons has been

shortened by increasing the acceleration voltage:
widely used nowadays are 300-400 keV instru-
ments. In addition. the spherical aberration of the
objective lens has been reduced by improvement
of the design and higher excitation. Finally, spe-
cial imaging techniques, such as hollow cone il-
lumination [2], holography [3] and image synthesis
[4], can now be used to overcome the limitations
due 1o the aberrations of the objective lens.

A more fundamental limit to the application of
electron microscopy in materials research is set by
the damage to the specimen due to the electron
irradiation [5-7]. The maximum dose for which
the chemical and structural change of a specimen
remains negligible (allowable dose) is specimen
and application dependent. Many specimen pre-
paration and preserving techniques have been de-
veloped to increase the allowable dose. In spite of
lowering the specimen temperature, increasing the
acceleration voltage, improving the vacuum condi-
tions, and developing new preparation techniques,
it Is inevitable to have radiation damage to the
specimen. The range in allowable dose for organic

0304-3991 /89 /303.50 ™ Elsevier Science Publishers B.V.
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material is between 50 to 5000 electrons per nm’
at a specimen temperature of 300 K and an accel-
erating voltage of 100 kV [8].

Unfortunately, the dose needed 1o record the
images (minimal dose) is relatively high. The dose
needed 1o sufficiently expose photographic emul-
sion with a density S=1 at a magmfication of
100,000 is between 5000 and 50,000 electrons per
nm’. The dose needed for the same emulsion but
at a magnification of a 1000 is 0.5 10 5 electrons
per nm’, Thus, the dose needed 1o record an image
is determined by the density of the emulsion and
the electron-optical magnification. A low magnifi-
cation 1s often preferable to enable one to apply
averaging techniques over a large specimen area
[9]. Unfortunatelv. the magmfication cannot be
chosen too low when we consider the resolution of
the recording material and the microscope aberra-
tons such as stray fields and distorton, The
smallest detail which can be recorded with photo-
graphic material is about 5 pm. Therefore, a detail
of 0.1 nm in the specimen must be recorded with
magnifications higher than 50,000,

Another factor 1s the skill of the operator. The
operator must find a compromise between resolu-
tion and dose. Time (and thus dose) and sufficient
electron optical magnification is required 1o be
able to correct defocus, astigmatism and beam tilt
misalignment manually up to the desired preci-
sion, The dose needed for wning iy much higher
than the dose needed for recording an image.
Therefore, when a specimen 1s radiation sensitive,
sometimes micrographs are recorded without tun-
ing the TEM precisely (e.g. by tuning the TEM at
a different specimen location). Often. only a smull
fraction of many micrographs taken are useful due
to the imprecise setting of the TEM.

Therefore, 4 system for automatic correction of
defocus, astigmatism and beam beam tlt misalig-
ment (or short: misalignment) that offers a better
compromise hetween the tuning precision and dose
than a human operator is highly desirable.

In general. such an autotuning system will be a
closed loop system [10.11] (see Nig. 1) with a video
camera as image pickup device and a digital com-
puter attached to the camera and TEM. Only
recently. computer systems became available with
sufficient computational power to perform com-
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Fig. 1 Automane control of a TEM using a cosed loop
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plex computations on two-dimensional images of
5127 pixels (Fourier transforms, numerical mini-
mzation) within secomds, For example. the com-
puter system applied in this project (TVDIPS) has
dedicated hardware modules for image transfer.
Fourier transform and image arithinetic 1o speed
up computational performance (for a brief de-
scription of this system, see ref. [12]). Other svs-
tems with comparable specificanions are available
(for example. IMAGINE with SEMPER [13]).
Furthermore. the external control of a TEM s
simplified by the new generation of TEMs (such
as the Philips €M series) which are controllable
through a serial communication port, In practice.
the image pickup device most widely used s a
video camera combined with an image intensifier
(for example a Gatan camera). A measure of the
quality of an image pickup device 1s the detection
quantum efficiency (DQE). 4 normalized measure
between 0 and 1 [14]. A well designed video
camera combined with an image intensifier has a
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DQE of nearly one and will outperform the hu-
man eve looking at the fluorescent screen in the
TEM as to resolution and electron efficiency [15].

So. the instrumentation and computing power
is available for implementation of an autotuning
method that can. in principle. outperform a hu-
man operator. There remains the task 1o de-
termine and design the best autotuning method.
We require that the method functions with most
specimens, and up to the same precision as a
human operator, but with minimum electron dose.
For many dpplications it is essential that the pre-
cision of the corrections after tuning i1s known
116-19). Several methods for measurement and
(automatic) correction of defocus. astigmatism and
misalignment have been proposed and applied
[20-24]. The only autotuning method tested in
practice is based on measuring the image variance
as a function of the parameter which is 0 be
corrected [25,26]. The image variance is maximal
for a TEM in Scherzer focus and minimal for a
TEM in focus, well aligned and without astigma-
tism. Unfortunately, the method is specimen de-
pendent and not electron-dose efficient.

In 1984 an autofocusing method was proposed
[27] based on measuring a one-dimensional image
displacement after inducing a beam tiltl. The
method was tested with simulations [27-29] and
found to be electron-dose efficient and specimen
independent. but not very robust in practice [30].
In this paper the method is extended to the esti-
mation of defocus, astigmatism and beam tilt mis-
alignment. The method is modified to be suitable
for low-dose high resolution electron microscopy,
if the specimen is 4 weak phase object. The method
consists of measuring defocus, astigmatism and
misalignment from pairs of two-dimensional
images, formed with equal but opposite tilt angles
in several azimuthal directions. Defocus and
astigmatism is corrected subsequent to the correc-
tion of misalignment.

The structure of this paper is as follows: First
the image formation in a TEM for tilted illumina-
tion is discussed (section 2.1), This is followed by
measurement and modelling of the image mea-
surements (section 2.2). Then, in section 2.3 a
statistical parameter estimation approach 18 pro-
posed leading to an estimator of defocus, astigma-

tism and misalignment. Next an optimal measur-
ing strategy is designed for the estimation of de-
focus and astigmatism (section 3), which is tested
with simulations in section 4. Finally, discussion
and conclusions are presented in section 5.

2. Autotuning method

In this section the autotuning method is de-
scribed which measures the defocus, astigmatism
and beam tilt misaligment from images formed
with induced tilts of the illuminating beam. De-
focus and astigmatism are estimated from two
different pairs of images, The images are obtained
respectively by tilting the illumination in two per-
pendicular directions over two equal but opposite
angles. Beam tilt misalignment (or: misalignment)
15 estimated from three images. one formed without
beam tilt and two with equal but opposite tilt
angles.

For Jarge image detail (the low spatial frequen-
cies in the image). the misalignment. the defocus
and asugmatism can be derived from the beam tilt
induced image displacement: For two images,
formed with opposite beam tilt angles, the image
displacement has a linear dependence on defocus:
the defocus can be caleulated from a measured
image displacement. By measuring the image dis-
placement for several azimuthal beam ult angles,
the astigmatism can be calculated. Because of
spherical aberration, the image displacement is
not exactly lincar with beam tilt; it contains also
higher-order terms. The beam tilt misalignment
can be derived from the difference between two
image displacements corresponding to zero beam
tilt and beam tilts in two, opposite, directions.

However, also due to the spherical aberration,
the amount of displacement of a particular image
detail depends on its size, its spatial frequency.
Especially the higher spatial frequencies are in-
fluenced by the lens aberrations and misalign-
ment. Furthermore, the displacements correspond-
ing to the higher frequencies can be estimated
more precisely than those of the lower spatial
frequencies. Consequently. it is important to mea-
sure the image displacement per spatial frequency
in the image.
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The cross correlation function is often used to
estimate image displacements. Indeed, for the low
spatial frequencies (visible at low magnifications)
a mere image displacement results after inducing a
beam tilt when the TEM is out of focus (wobbler).
At higher magnifications (higher spatial frequen-
cies), image displacement is not visible due to
image blurring as result of the spherical aberration
of the objective lens, Consequently. at high mag-
nifications the cross-correlation function is not
applicable to estimate the TEM parameters. How-
ever, the cross spectrum (defined as the Fourer
transform of the cross-correlation function) is ap-
plicable. as the firsy derivative of the phase of the
cross-spectrum (hereafter phase spectrum) with
respect 1o the spatial frequency is equivalent to
image displacement at a particular  spatial
frequency [31]. In other words: the image dis-
placement at a spatial frequency is known if the
phase of the cross-spectrum is known at that
spatial frequency. Comparison of the measured
phase spectrum with a mathematical model en-
ables us to measure and correct the TEM parame-
ters.

Thus, the TEM parameters are estimated from
several pairs of images, obtained after tilting the
illumination in several azimuthal directions. The
TEM parameters are estmated from the phase of
the cross-spectra of the pairs of images involved
{phase-spectra). The method functions with weak
phase objects as specimen, but is not sensitive o
the power spectrum of the specimen. The method
will tune the TEM. in principle, in one single step.

Bright field illumination. with a Weak Phase
Object (WPO) as specimen. can be expressed in
terms of a linear filter [32]. This filter. the phase
contrast transfer function (PCTF). relates the
(complex) spatial spectrum of the object 10 the
{complex) spatial spectrum of the image. Hence.
the PCTF is available as a mathematical model
whose phase spectrum can be fitted -~ with respect
to its unknown parameters - to the measured
phase spectrum. Unfortunately. the measured
images will be corrupted by shot noise, as the
allowable electron dose used to image the speci-
men is limited [9]. Consequently, a heuristic
parameter estimation procedure (e.g. procedure
not especially adapted to noisy measurements)
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will result in parameter estimates which have an
unknown precision (defined as the vanance of the
estimator), and is, m general, biased.

Therefore, a statistical parameter estimation
approach [33] is essential to develop an autotuning
method with a maximum precision for a given
electron dose (or noise). First a model of the
observations 1s derived: an expression for the phase
spectrum {(and its stochastic properties) which 1s
esumated from two measured images. Secondly.
an optimal estimator 1s designed for the estima-
tion of defocus and astigmatism, with an expres-
ston for the achievable precision. Next a method is
presented for the estimation of beam tilt misalign-
ment. Finally, a practical performance criterion of
the estimator 15 proposed.

2.1, Models of the phase spectra derired from linear
image formation

For a WPO as specimen, there is a linear rela-
tion between the contrast vanation in the bnight
field electron image € and the phase vanation 7
of the electron wave function emerging from the
specimen, Therefore. the image contrast can be
modelled as [34]

Clx.B)=F "(qlk) I'(k: 8)). (1

where x 15 the place scaled o the object plane. # a
vector of TEM parameters describing defocus.
astigmatism and beam tilt, & the spatal frequency
of the image measured (related to a position in the
back focal plane). § the Fourer transform of 7
and I' the (complex) transfer function known as
the PCTF: F ! denotes the two-dimensional in-
verse Fourier transform. The contrast € 1s defined

as
Clx: 6)=[1(x: 0) 1] /1. (2)

where 7 is the average intensity /(x: #) over x.

Consider two images, C(x: 8 and Ci(x: 8-).
formed with parameter vectors #, and #. respec-
tively. The parameter vectors #, and #. are un-
known, except for an induced and known adjust-
ment A, or

.= 8, « 28, (3)
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where #, is an unknown vector of TEM parame-
ters and 46 the vector of known adjustments.

The full expression of the PCTF is written as
(35]

I'(k: 6)= ilc{k.. +k)e xtka+&1—xtki)]
_(,“‘“_kle.m&,.-i:-xm.lll_ (4)

with e(k) the envelope function modelling beam
divergence and defocus spread (given in ref. (13)).
x (k) the wave aberration function of the objective
lens

X(k)==[0.5k* — (D~ 054)k* ~ A(k-a)7].
(5)

with the spatial frequency k expressed in Gl '
with

1 Gi=(cN)", (6)

and the beam tilt k,=(K,, K, )! expressed in
Gl ' with K, and K, the components of the
beam tilt in perpendicular directions (T indicates
the transpose of the vector), €, is the constant of
spherical aberration, and A the wavelength of the
electrons, The parameter vector # is defined as

8=(D. A, A,. Ky, Ko )" (7)

with the defocus D expressed in Sch with
1Sch=(CA)'", (8)

astigmatism a4 =(A, . A )" with T the amount
of astigmatism (defined as the difference between
maximal and minimal defocus), 4, and A the
components of asugmatism in perpendicular di-
rections, and a the azimuthal direction of the
astigmatism pointing in the direction of maximal
defocus. In this expression of the PCTF, three-fold
astigmatism is assumed to be negligible relative to
the other aberrations,

The phase terms in the PCTF can be rewritten
in an even (E) and odd (O) term with respect to
the frequency [36]. changing the expression of the
PCTF into

r[k‘. g} - i[t’{k“ s k) e Ek: 83+ Otk 0)]
-—e{k.,-—k}e""“:""“”'s"], (9)

with
E(k; 0)
=2n{{1k|*+ [ 1ko!*~ (D~ 44)] IK|?
+(kk,) — 1A(k-a)’}. (10)
O(k: 0)=2n{[|k|*+ |ko|>— (D~ $A)] k&,
~ A(k+a)(kya)). (11)

Beam tilt misalignment is separated from the
induced beam tilt £ by modelling it as an extra
beam tilt m=(M_. M, )", with

ko=t+m, (12)

where t=(T,. 7,)" is the induced beam tilt.
The effect of beam divergence and defocus
spread is modelled by an envelope function

e(k)=c¢ Viexik) r'xm..n’,»sc =k )P -*..:-';-',--z_
(13)

with the gradient of the wave aberration function
given by

vxl(k: 8)

=27{[1k|? = (D - }A)| k- A(k-a)a).
(14)

where s is the rms value of the beam divergence
and d the rms value of the defocus spread caused
by both energy spread and objective lens varia-
tons.

The envelope function e (eq. (13)) can be inter-
preted as a virtual aperture, positioned in the back
focal plane [37-40]. This virtual aperture is not a
real aperture, but is a mathematical description
for the effect of beam divergence and defocus
spread. Beam tilt causes a displacement of the
Fourier transform of the object in the back focal
plane along his (virtual) aperture, see fig. 2. Con-
sequently, on the one side more spatial frequency
components are included in the non-zero region of
the envelope than on the other side of the aper-
ture. We define the region where three beams
interfere which are (almost) equally attenuated by
the envelope function as the double side band
(DSB) imaging region. In the frequency region
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Fig. 2. (4) Double and single sideband imaging (DSB and $SB). Imoging of one spatial frequency of the speaimen with ulted

luminanion (top left), and a contour of the corresponding envelope Tunctions as a4 funcoon of the frequency top nght. ih)
Iustranion of a DBS and 558 frequency region

where one side is included within the envelope,
two-beam interference takes place. This type of
imaging is generally known as single side band
(SSB) imaging. All estimators derived in this paper
are valid for the DSB frequency region. The esti-
mators for the SSB frequency region can be de-
rived similarly, Note that the DSB and SSB
frequency regions are determined by the defocus
spread, beam divergence, the TEM parameters
and the induced beam ult. DSB imaging 1s the
main type of imaging for relatively small tilt an-
gles (fig. 3), SSB is the main type of imaging for
relatively large ult angles.

Thus, 1n the DSB region the attenuation by the
envelope is (almost) equal for all frequency com-
ponents. or:

elky—k) =elk,+k)=epsulk). {13)
with the corresponding PCTF given by
I(k: 8) =2eqq(k) sin{ E(k: 8)} e"™* @,

(16)
and the model for the phase spectrum
Plk:B)y=arg{I'(k; ) I'"(k: #+236))

=—0(k; #)+Olk; 8+ 48). (17)

Beam ult misalignment is estimated from three
images. one formed without an induced beam tilt
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(1, = 0). and two with equal but opposite tilt angle
(r, = —1t)). Consider the two phase models of the
image without beam il (4;) and with induced
beam tilt (¢, and 1,). The difference of those two
phase models P’ is given by

Plki@)=P (k:if)—P, (k. 8)

=dz[t'(kem)+ Umer)k-1)]. (18)
with @=(D. A, A, M. M) and P, (k: §)
and P_.(k: #) the phase models of the image
without an induced beam ult (r=0). and the
images with an mduced beam vl of t and —1.
respectively, In the absence of beam ult misalign-
ment (m=0), P’ equals zero, as P, and P . are
equal, independent of defocus or astigmatism. This
alignment method aligns the TEM. in fact. on a
coma-free axis, In section 2.3 we will discuss the
estimation procedure for the TEM parameters in
detail.

Defocus and asugmatsm are estimated when
beam tilt musalignment has been corrected. from
fwo different pairs of images. One pair of images
1s obtained by tilting the illumination over two
equal but opposite angles ( = f,). The other pair of
images s obtained by ulung the dlunmination in
the perpendicular direction over two equal but
opposite directions ( =7, with ¢, =f.=0and |r,|
= |#5|). The corresponding model of the phase of
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Magnitude (A.U.)

Phase (rad)
: o

-
- -1

et

1] 1
Frequency (GI™7)
Fig. 3. DSB model (dashed) of the phase spectrum when
varying beam il compared 10 the phase spectrum directly
calculated from the PCTFE (sohd), The magnitude (a) and
phase (b1 with =02, 0)" and D=1, and without astigma-
Lism

the cross spectrum (phase spectrum) of each pair
of images Is given by

P(k: 8,)=4n([k*+ 02— (D= i4)]|ket,
—A(k-a)(t,-a)}, a=1.2, (19)
with 8, =(D, A,. A, —T

Wi _7’;“]1'. and Ts
and 7., known. The phase and magnitude of the
PCTF with a defocus of 1 and a beam tilt of (0.2,
0)" is given in fig. 4. Note that two pairs of images
are needed to estimate defocus and astigmatism;
one pair of images is ambiguous for the de-
termination of three parameters (D, A, A,) from
the two independent terms in eq. (19).

To develop a precise estimator of the TEM
parameters, the stochastic properties of the phase
disturbances in the calculated phase spectra must
be known. Therefore, first an analysis of the

MAGNITUDE

PHASE

b

Fig. 4. A two-dimensional plot of the magnitude (a) and the
phase of the POTE ¢hy, with & defocus £ =15, beam tilt
r=(0.2,0)" and without astigmatism, For scaling, see fig. 3.

estimation of the phase spectrum and its stochas-
tic properties will be carried out.

2.2 Estimation of the phase spectrum

Images €, and €, have 1o be sampled before
they can be processed by a digital computer.
Therefore, the images are modelled as two-dimen-
sional discrete spatial processes. The theoretical
analysis. leading to a precise estimator of defocus
and astigmatism, will employ discrete Fourier
analysis of discrete processes. To prevent mismod-
elling, it is essential that there be no aliasing of
frequencies. Therefore, it is assumed that the mag-
nification is chosen properly. Furthermore, it is
assumed that an image is (over)sampled with
equally sized, rectangular, adjacent sensors which
detect every incident electron (DQE = 1). Conse-
quently, noise in a measured image is due to
contribution of a finite number of electrons to it.
This type of noise is known as shot noise.
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'@ P oew

ns(x)
Fig. 5. Formation of two noisy images, The wave function
emerging from the specimen nix) 15 influenced by the TEM,
modelled us & convolution with 1, a deterministic. time in-
variant spatisl function depending on the parameter vector #
(¢ 15 equivalent to the PCTF i the frequency domamn). The
two measured image intensities C are disturbed by a stochastic
process nix)

Unfortunately. practical measuring  systems
(photographic material or a videocamera) could
introduce extra, more dominant, noise (DQE < 1).
This noise is modelled as a zero mean. two-dimen-
sional, discrete process which 1s purely random
(the noise contribution to one image point is inde-
pendent of the contribution to another image
point), additive to the image and stationarv. The
image 1s considered to be one parucular, fixed
realization of a different stochastic process, inde-
pendent of the noise.

Therefore, a measured image can be modelled

as a wwo-dimensional discrete and determimistic
image. disturbed by a stochastic process, see fig. 5.
Consider two images, €, and (.. formed with
parameter vectors #, and 8, respectively,
Clx: 0,)=Ci(x: 8,)+n,(x). (20)
Cilx: 8,)=Calx: 8) +n-{x). (21)
where n; and n. are noise terms (underhined
quantities are stochastic processes) and #, and #,
vectors of TEM parameters corresponding 10
image C; and ¢, respectively,

The phase spectrum @, of images C, and C.
can be written as
Q. =Pk, .0)+elk, 2 8,:8). {22
with
Plk,:0)=arg[[(k,: 0) T (k,: 6]

(23)

where I" denotes the PCTF (eq. (9)) at frequency
k, . arg(---| the argument of the bracketed
complex quanuty, * a complex conjugate. @,
represents the phase at frequency & . P models
the phase spectrum and ¢ the phase disturbances
due 10 the noise. Note that the expectation of the
phase spectrum is independent of the object 7. as
defined in (1). Furthermore, the parameter vectors
#, and #. influence the stochastic process e (see
appendix A).

The phase spectrum @
two images with [31]

can be estimated from

A N
@, =arg| ¥ ¥ X, (u o) X (uor)]. (24)
b= =]

where Xy, (w. ) and X., (w. r) denote the two-
dimensional discrete Fourier transform (DFT) of
the Afth weighted segment of samples from the
images €, and C.. respectivels., There are N°
(possibly overlapping) square image segments, The
two-dimensional DFT of an image segment. sup-
posed to contain M* samples, 1s caleulated with
the fast Fourier transform (FET) algorithm. Un-
der asvmptotic conditions the phase estimates have
a Gaussian distribution with

E{d, | =Pk, :0). (25)
! 3

\Jrlg',l—w—l. (26)

covi@, b =0 for w =4l (27)

where £ denotes the expectation  operator,
var({ +++ | the variance and cov| « -+ | the covari-
ance. W, represents the (f not known: the est-
mated) comples coherence specirum  [41.42] w
frequency & . given by:

B Spalu. r)
I.\',,In. r) Saalu, rl]l =

W

e

(28)

where §,.(u. 1) 15 the complex cross-spectral den-
sity function of the mmages C, and G, respec-
tivelv. at frequency A . S (w. ) and S..(w 1)
are the power spectral density functions (PSDFs)
of the images €, and C.. respectivels. at frequency
k. It can be shown that the assmptotic condi-
tions are met. when images are analvsed of 512°
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points using a segment size of 64 (N=28 and
M = 64).

Summarnizing, the stochastic properties of the
phase spectrum are modelled and expressed in
terms of a signal E{¢, |} and a noise term
var{ @, | (phase disturbances). Next. the estima-

tor of defocus and astigmatism can be designed.
2.3, Estimatwon of the TEM parameters

First, the achievable precision with which de-
focus and astigmatism can be estimated will be
derived. Secondly, the opumal estimator of de-
focus and astigmatism is designed, followed by the
estimator of beam tilt misalignment. Finally, a
practical performance criterion of the estimator of
defocus and astigmatism is proposed,

2.3.1. Achievable precision of defocus and astigma-
1ism estimates

The achievable tuning precision is given by the
Cramer—Rao lower bound (CRLB) [33]. The
CRLB is a lower bound on the variance of any
unbiased estimator and can therefore be used to
assess the relative performance of any estimator
designed.

Let cov(d,, #,) be the yth element of the L X L
covartance matrix V of #, where #, is an unbiased
estimator of the ith parameter of the L. %/ TEM
parameter vector #. Then, for all unbiased estima-
tors 6, the diagonal elements of cov(d,, #,) (the
variances) cannot be smaller than the corre-
sponding diagonal elements of the CRLB. or

var(8) =M, for 1=1..... L,

with M,, ! the ith diagonal element of M ', which
is the inverse of the £ % £ information matrix M,
with the jjth element given by

2 0P,(ky,: 0,) 3P, (k,,: 6,)
rwu; 2= ZE L aa} a&‘

B |

(29)

where o> is the variance of the phase disturbances
var{®, }. a=1, 2 accounts for the two phase
spectra as defined in eq. (19). B is the frequency
region used in the estimation, dP, /08, denotes the

first derivative of the model with respect to the
parameter f,.

So, given the model P, and the variance of the
phase disturbances var{ @, |, the achievable preci-
sion can bhe computed with which defocus and
astigmatism can be tuned using the two phase
spectra. The maximum likelihood (ML) estimator
achieves this precision asymptotically.

2.3.2. Estimator of defocus and astigmatism

Consider the phase model for the estimation of
defocus and astigmatism (19) and (22). and fig. 5.
Note that the model is linear in defocus D. but
nonlinear in the astigmatism components A, and
A, . Therefore. no closed form for the estimator of
defocus and astigmatism exists, and we are forced
to use an iterative method for numerical estima-
tion. Fortunately, the phase disturbances have a
Gaussian distribution and the equation errors are
white (appendix A). Consequently, the ML esti-
mator of the TEM parameter vector # 1s equiv-
alent with a weighted least squares (LS) estimator
[33]. Furthermore. as the phase disturbances are
mutually uncorrelated, the LS criterion for the LS
estimator is

Ji(0:80) =YY (2, [, — Pk, 8],
H.a
(30)

where {2, is the inverse of the variance of € given
by (26) (the weighting function). The parameter
vector # is estimated by minimizing this criterion.

Unfortunately, the phase measurements @,
give phases only in the range [—7. 7] and can
therefore differ from the actual phase by an in-
tegral multiple of 2#. However, these problems
caused by periodic phase estimates can be avoided
with the criterion [43]

L0 40)=Y3% (@, cos[dﬁm —P(k,.: B,,}]}.
.o
(31)

The estimator using the cosine of the phase dif-
ferences will be referred to as the COS estimator.
The importance of the weighting function is il-
lustrated in fig. 6; the phase estimates at frequen-
cies where the modulus of the cross-spectrum is
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+

Phase (rad)

40

Fig. 6 A section of the simulated phase spectra. used o

generate the results presented m table 3, as an dlustranon of

the dependence of the vanance of the phase on the modulus of

the cross spectrum. The Founer coefficients numbered 815

correspond to o strong transfer, the other coefficients corre-

spond 0 o weak transfer. and consequently, the phuase esti-
mates have a relatively large variance

strong have a smaller variance than the phase
estimates where the modulus of the cross-spec-
trum is weak.

Having thus designed the optumal estimator of
defocus and astigmatism. we next discuss the
estimator of beam ult misalignment,

2.3 Estimator of musalignment

Beam tilt misalignment is estimated from three
images, one formed without beam tilt (¢, = 0). and
two with equal but opposite tilt angles (£, = —1,).
Consider the phase model for the estimator of
misalignment (18). The difference between the
phase spectrum of the pair of images formed with
a tilt ¢, and .. and the phase spectrum of the pair
of images formed with a ikt 1, and 1, defines the
misalignment of the TEM.

Similar to the model of defocus and astigma-
tusm (19), the phase model can be fitted to the
measured phase spectrum with respect 1o the
parameters describing misalignment. An opuimal
estimator of misalignment can be derived analo-
gous to the estimator of defocus and astugmatism,
but is not presented in this paper.

However, the model for the estimation of mis-
alignment differs in some respects from the model
for the estimation of defocus and asugmatism and
one should be careful in designing the optimal
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estimator. First, the components of misalignment
are linear in the model. and a closed-form estima-
tor can be designed. Secondly, the equation errors
are colored. see appendix A, Generally. this is
highly undesirable in estimation problems since it
leads to bias in the esumates, The remedy is here
to set the defocus of the TEM such that the
equation errors are whitened as well as possible.

234, Performance criterion for the estimation of
defocus and astigmarisng

Three parameters are required to model de-
focus and asugmatsm of the TEM (D. 4, and
A, ). Each parameter 1s esumated with a certain
precision. To evaluate the performance of the
autotuning method a simple performance criterion
1s proposed which takes into account the precision
of the corrections of defocus and astigmatism
(result) and the required electron dose for wning
(Costs).

The definiton of precision of correction for
defocus and astigmatism P, 1s subjective. Tt de-
pends on the speafic experiment performed on
the TEM. We define the precision P, using the
maximum of the effective directional defocus [36]
for each azimuthal angle as

Dy=|D|+14, (32)

The tuning precision of the correction of defocus
and asugmatism will be defined as the standard
deviation of D, after correction. which 1s a sto-
chastic variable I = given by:

D= |D-D|+i(4, -4 +(4,—-4,)

133)
In the previous sections we showed that the est-
mators D, A, and A are unbiased. and have a
Jointly Gaussian distribution with a covariance
matrix V. The derivation of the probability density
function is cumbersome due to the severe correla-
ton between D, A, and A . Therefore, the preci-
ston of correction of defocus and astigmatism
P (V) is calculated numencally [44]. as explained
in appendix B.
In the next section two tyvpes of numencal
expeniments are described concerning the estima-
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tion of defocus and astigmatism. First, the mea-
suring strategy is designed for the optimum choice
of variation of the TEM parameters, by calculat-
ing the achievable precision, independent of the
specific estimator applied (CRLB). Secondly, a
series of image simulations is carried out to com-
pare the performance of our specific estimator
design to this achievable performance (CRLB).

3. Practical design of the autotuning method

The autotuning method has to be optimally
organized, or designed to minimize the tuning
precision, given a certain electron dose incident on
the specimen,

The precision of autotuning depends on several,
so called “independent™ variables (related to the
electron dose. image recording system. spectral
analysis, the PSDF of the specimen and TEM)
which have to be chosen, if possible. to design the
autotuning method. The range of values which
these vanables can assume during the measure-
ments is called the “domain of action”. Optimal
experimental design [45] is now defined as choos-
ing a combination of independent variable values
in the domain of actions for the best tuning preci-
sion, with the lowest number of electrons.

Unfortunately, the tuning precision depends
strongly on the “dependent”™ variables: the vector
of unknown TEM parameters which has to be
estimated. Moreover, the phase disturbances in
the estimated phase spectra are also depending on
the unknown TEM parameters. Conventional ex-
perimental design techniques are not applicable to
this kind of problem, and therefore, in what fol-
lows, we will follow an intuitive approach.

A two-step tuning procedure is suggested, which
can be described conveniently in mathematical
terms. Let the status of the TEM, with respect to
the unknown TEM parameters, be defined by a
vector of TEM parameters in the multi-dimen-
sional parameter space. The origin represents a
perfectly tuned TEM (that is: the TEM parame-
ters have the desired setting). Points within a
subspace T around the origin represent a satisfac-
torily tuned TEM. A second subspace R can be
defined. representing an area where tuning will be

relatively precise (hereafter reference area). Sup-
pose that from the current TEM status (starting
point), the tuning will be relatively imprecise when
the TEM is adjusted directly into T. The two-step
tuning procedure will first adjust the TEM from
the starting point into R and then into T. The
two-step procedure will be much more precise
than tuning in one single step. when using the
same dose.

[t is clear that the procedure to adjust the TEM
from the starting point to the reference area is
quite different from the procedure to adjust the
TEM from the reference area to the tuning area.
Before the first step, the status of the TEM is
unknown. So, the lack of a priori knowledge
hampers the tuning method described in the previ-
ous sections. First the weighting function has to
be estimated from the images. Secondly. the
frequency region used to determine the DSB re-
gion is not exactly known, and has to be esti-
mated. After the first tuning step, we can use the
knowledge on the weighting function and frequen-
cy region, and allow the autotuning method a
precise second tuning step. Note that the second
tuning step requires a starting point within the
reference area. Therefore, it might be necessary to
repeat the first tuning step using more electrons
than in the first tuning attempt, to improve the
precision of estimation to ensure a starting point
within the reference area.

In the next sections, we discuss the second
tuning step, for the estimation of defocus and
astigmatism. First, the independent variables of
the autotuning method are discussed.

3.1 Instrumental parameters deternuning the preci-
sten

Four types of independent variables can be
distinguished. First, the variables related to the
dose. Dose rate and measuring time can freely be
chosen, provided that the total dose has a prede-
fined value. Moreover, the dose distribution be-
tween the two tuning steps can freely be chosen.
The best dose rate and measuring time depends on
the characteristics of the image recording system,
A high dose rate combined with a short measuring
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time (flashed illumination) has the advantage that
drift. vibration and stray field effects can be over-
come. The feasibility of flashed illumination is
discussed in a paper by Van der Mast and Koster
[46].

Secondly, there are variables related 10 the
image recording svstem: the sampling interval dx
and the number of samples, in both x- and v-di-
rection respectively, Consider an 1deal image re-
cording system with a DQE =1 (for the non-ideal
case [14]). with square adjacent pixels and an
equal number of pixels in x- and y-direction. The
estimator will be less precise with increasing (re-
duced) sensor dimensions Ax~. Therefore. Ax-
should be chosen to be maximum. ie. just no
alasing may occur. The ratio of the sensor size m
reduced coordinates to the physical sensor size is
mversely proportional 1o the magnification of the
TEM. Therefore, the physical sensor size is not of
importance, as the magnification can always be
chosen so as to attain the required value for the
reduced sensor size. Thus, only the number of
sensors is left to optimize. The size of the image
that can be recorded is limited. Consequently. to
increase the number of sensors. the physical sensor
size hus to be decreased.

In the third place. variables related 1o the spec-
tral analysis are present. These are: segment size
M. segment overlap O. number of segments N and
window type. These variables have to fulfill wo
requirements: (1) The phase disturbances must be
sufficiently small to justify the autotuning method
described in section 2. (2) The spectral estimate
must attain an adequate resolution compared to
the bandwidth of the theoretical real and imagin-
ary part of the cross spectrum of the two images.
This leads 1o the following requirements: (1) The
ratio of the number of segments (N') to the seg-
ment size (M) should be large to reduce the
variance of the phase estimates. (2) The Fourier
transform of the weighted segment should have a
main lobe that is narrower than the finest detail in
the real or imaginary part of the cross spectra of
the images. (3) The window shape must be chosen
50 as 1o reduce the sidelobes of the Fourier trans-
form. (4) Segment overlapping must be used to
increase both M and N with a given number of
pixels. As the percentage of overlap increases.
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however. the computer requirements increase
rapidly.

Finally. the varnables related 1o the TEM are
discussed. When estimating defocus and astigma-
tism, the beam ult components 7, and T, are
independent variables. The choice for these inde-
pendent TEM parameters 1s strongly related to the
two-step tuming procedure. and implies therefore
an analysis of the size and shape of the reference
area R. The actual design of the two-step proce-
dure is carried out in the next section.

3.2 Design strategy of the two-step awtotning pro-
cedure

An important aspect of the two-step autotuning
method is the definition of the reference area R
from which the TEM is adjusted very precisely
into the tuning area T. The reference area is
determined by the value of the independent vari-
ables. The CRLB. as defined in section 2.3.1, 15 &
powerful tool to find this reference area. The
CRLB can be used to calculate. a prion. the
maximum achievable tuning precision as a func-
tion of the independent varables and assumed
values of the unknown TEM parameters, In other
words, the CRLB defines the “hest”™ covariance
matrix. and consequently, the “hest™ tuning preci-
s10m,

The calculation of the CRLB is carmed out
using a negative exponential form for the PSDF of
the specimen. modelling & thin carhon film [47].
The spectrum of the phase disturbances will be
equal to N7 N, will be referred 1o as noise level,
Both PSDF of the specimen (8) and phase dis-
turbances (S, ) will be normalized and are defined
by

Su. oy=et where h,= 1.8, (34)
Sl v)y=Ng. (35)
with

Ni~(dTM*Ax* DQE) ' (36)

where d is the dose rate and T the measuring
time.

We assume an ideal image recording syvstem
with 5127 square adjacent sensors. We choose a
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4 8
Noise level
Fig. 7. The tumng precision Py as a function of the noise level
Ny (calculation of the CRLB). Relevant TEM parameters are:
defocus D =1, no astigmatism and a beam ull £ = (0.2, 0)".

segment size M equal 1o 64, a satisfactory com-
promise between variance and resolution with re-
spect 1o the Fourier coefficients, The maximum
frequency in the case of the DSB imaging is 2,
which leads to optimal square sensor dimensions
in reduced coordinates of 0.25 (just no aliasing).
This can be accomplished by a suitable choice of
magnification. The PCTF is taken as that of a 120
kV TEM with a constant of spherical aberration
of 2 mm (so 1 Gl=0.52 nm, and 1 Sch = 82 nm),
a defocus spread of 0.2, and a beam divergence of
(1.14. The noise level is equal to two. The relation
between noise level and electron dose is com-
plicated [29] and summarized in section 4.4. Un-
der certain measuring conditions a noise level of
two is equivalent to a dose of 26000 electrons per
nm’. The dose required for tuning D, is ap-
proximately related to the noise level N, by D,
— A2

Ny

The influence of the noise level on the tuning
precision is given in fig. 7. When the noise level is
higher than 0.5, the relation between tuning preci-
sion and noise level is linear. The tuning precision
values. which will be presented in the next section
for specific noise levels. can therefore be easily
rescaled to other noise levels.

The next section describes a number of numeri-
cal experiments, which give insight to the complex
optimization problem under study. Some intuitive
understanding of the results is possible consider-
ing the following. The value of the precision de-
pends on the elements of the CRLB which can be
separated into three factors (eq. (29)). The first

factor is the variance of the phase estimates. These
are small when transfer is strong. The second and
third factors are equal to the derivative of the
phase model with respect to a TEM parameter.
Consider the diagonal elements of the product of
the second and third factors: the squared deriva-
tives of the phase model with respect 10 one
parameter. These diagonal elements can be inter-
preted as “sensitivities™ to changes in the phase
model with respect to the parameter varied. Intui-
tively, it can be understood that strong transfer
combined with high sensitivity will lead to precise
estimates. Furthermore, the size of the frequency
region (B) will be highly relevant with respect to
the precision. In the numerical expeniments, the
DSB frequency region (defined by (15)) 1s ap-
proximated by that frequency region for which the
ratio of e(k, — k) to e(k, + k) is between 0.8 and
1.25. The effects mentioned above are continually
competing; high sensitivity often leads to weak
transfer and a small frequency region of interest,
Therefore, one may expect that there exists a
setting optimally compromising both effects.

3.3, Reference area for the estimation of defocus and
astigmatism

The tuning precision is first calculated as a
function of the direction of astigmatism. Fig. 8
shows that the tuning precision is relatively insen-
sitive to the direction of astigmatism. Although
the square roots of the individual elements of the
CRLB (the standard deviations of D. A, and 4,)
vary, their combined effects cancel out. Moreover,
the roles of A, and A, are reversed when the
angle of astigmatism exceeds #/2, because the
two phase spectra are caleulated from images with
orthogonal tilt directions. It is concluded that the
angle of astigmatism is of little influence for the
tuning precision.

The tuning precision as a function of defocus
has also been calculated and the influence of
defocus appeared to be large. All elements of the
CRLB behave similarly. For a noise level equal 1o
two, a beam tilt of (0.2; 0)", and astigmatism of
0.2 the tuning precision is best for defocus values
just above, and just under focus. Very near focus
(0.2}, the estimation will be imprecise. The depen-
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Fig. 8 The stundard deviations of 2. 4, and A4, and tuning
precision P, oas 4 function of azimuthal angle of astignmatism
tealculaton of the CRLBY Relevant TEM parameters are
defocus 1 =1, beam nlt £ = (0.2, 0)" and a nosse fevel N, =2

dence on focus is understandable considering the
strength of transfer, which is optimal for D = 1.
and mimmmal for D =102,

The reference area for the defocus and astigma-
tism values 1 given in fig. 9. Again the reference
area is large: astigmatism variation from 0 to 3,
combined with a defocus vanation between 1 and
3. gives the best tuning precision. A smaller refer-
ence area exists for defocus values of 0 0 —1
combined with an astigmatism of 0 to 1. The area
to be avoided 15 for defocus values between 0 and
1 combined with an astgmausm between 0 to 0.5

We conclude from figs. 8 and 9 that the tuning
precision will be optimal for a defocus value of |
combined with an amount of astigmatism of 1,
These values of astigmatism and defocus will wne
the TEM with a tuning precision of 0.02. given a
noise level of two and a beam tilt of 0.2,

2
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The reference area for defocus and beam tilt
has also been caleulated and appeared 1o be large:
the tuning precision is best for beam tlt values 0.2
1o 1.2, combined with a defocus value between 1
and 4.

In conclusion, it is recommended to induce a
beam ult of 02, and 1o set the defocus 1o 2
combined with an astgmatism value of 1. With
this setting of defocus and astigmatism the best
tuning precision can be expected for a large refer-
ence area.

4. Simulations of the estimation of defocus and
astipmatism

Although the usefulness of the CRLB in opu-
mil design is bevond doubt. it might be unreliable
in predicung the achievable wnimg precision. 1t s
impossible to predict  theoretically  the conse-
quences of non-asymptontic conditions, finite image
size. and high noise levels in regions of weak
image transfer which introduces folding of the
distribution of phase disturbances. as described in
section 2.3.2 and llustrated in fig. 6.

However, the statistical properties of the esti-
mator can be determined by means of simulations,
This 1s done by analvsing the results of a series of
parameter estimates from simulated noisy TEM
images. In this section the estimanon of defocus
and asugmatism an the absence of beam tlt mis-
alignment 1s studied,

The simulations are carnied out W answer five
hasic questions: 11) Does a TEM setung within
the reference area ensure the estimator to con-
verge to a global mimimum. and not 10 a local
minimum? (2) Does an incorrect setting of the
frequency region introduce substanual bias? (3)
How important 1s the weighting function and the
form of weighting with respect to the phase dis-
turbance? (4) What 15 the practically achievable
precision of the COS and LS esumators compared
to the CRLB? (5) Does a high nowse level mtro-
duce bias due 1w folding of the phase dis-
turbances?

The simulations are carnied out using an 1BM-
AT compatible personal computer using the scien-
tfic programming system ASYST [48].
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Fig. 9. The tuning precision Py as o function of defocus £ and astigmatism A (calculation of the CRLB). A contour plot (1op left,

dotted: £ < 0.02). an axonometric plot (bottom left) and sections along the defocus axis for three astigmansm values A =0, 4=1

and A= 2 are shawn (tap tight, middle and batam graph). Relevant TEM paramcters are: an aoimuthad angle of astgmatism of | =
rad, beam ult £ = (0.2, 0)', and 4 nose level N, = 2.
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4.1, Generation of noisy images

A noisy high resolution image of an amorphous
carbon film is simulated [49] as the output of a
linear filter S.. with as input signal » (white noise
having a Gaussian distribution):

Ak, )=S(u, v)#lk,). (27)

where # denotes the Fourier transform of », S, in
the PSDF (power spectral density function) of the
specimen and § the Fourier transform of the
electron wave emerging from the specimen (1),
respectively. The image contrast is then given by

c(x,,0 0)=F '[Su v) ik, ) Ik, 0)].
(38)

Noisy 1image contrast 1s obtained by adding white
noise to the images. having a Gaussian distni-
bution.

4.2, Numerical mpmmuzation

The parameters are estimated minimizing the
COS and LS criteria (egs. (30) and (31)). The
plane model is linear in defocus D. but non-linear
in the astigmatism components A, and A, (eq.
(19)). Therefore a numerical minimization proce-
dure has to be used. The procedure used 15 the
Gauss—Newton method, especially developed for
LS estimation problems [33].

It is known for non-linear mimmization proce-
dures that convergence problems mayv oceur if the
inmitial conditions are poor, and 1t 1s of importance
to know whether the numerical minimization pro-
cedure requires a setting of the TEM parameters
within the reference area 1o ensure the estimator
to converge to a global minimum. and not to a
local minimum, Therefore, caleulation of the area
where the DSB method converges with certainty
to the global minimum are carried out (no noise
added to the images). A two-dimensional section
1s calculated involving the influence of astigma-
tism and defocus. Fig. 10 shows the result. As can
be seen, the first tuning step must adjust defocus
and astigmatism with a precision of 2 to ensure
iteration to the global minimum. Considering the
reference area (section 3.3), we conclude that the
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where the DSB method converges with certwnty 1o the global

mimmum is shaded. A crosssection of the cntenon as a
function of the defocus ( 4 =1 Ty is shown (h)

second tuning step 1s not affected by the presence
of local minima in the critenion.

4.3 Simulation results

To calculate sample variances. 100 runs of
simulations are carried out. Each run consists of
adding noise to the images, followed by the
parameter estmation procedure (see fig. 11). In
each run the same set of images are used. the
setting of the TEM parameters 15 summarized in
table 1.

If the image and the segment size are equal 10
512 and 64 respectively, there are 64 segments to
be processed. Therefore, the Fourier coefficients
are caleulated by averaging 64 cocefficients availa-
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Fig. 11. Dragram of the parameter estimation procedure of the
defocus and the asugmatism. All segments of the images € are
Founer transformed (FFT) and mulophed by the correspond-
ing complex conjugate Founer transformed image. The result-
ing phase spectra (Arg) are averaged and a numerical minimi-
zation provedure is used (within an appropriate frequency
region (B) and with weighting function (£2)) to estimate (XX)
the TEM parameter vector (#).

ble from the Fourier transform of each segment.
In order to reduce the calculation time. the simu-
lations are carried out using only one segment of
647 pixels. Considering the linearity of the Fourier
transform, this can be done without loss of gener-
ality, only the power of the noise added to the
segment must be reduced by a factor of 64, The
Gauss- Newton procedure was found to iterate to
the minimum in one or lwo steps using the LS
criterion. and in less than eight using the COS
criterion.

Next. the performance of the COS estimator is
compared to the LS estimator, followed by a
comparison of the optimal weighting function with
an approximate weighting function, As approxi-
mate weighting function a frequency band is
selected with uniform weighting (fig. 12), at fre-
quencies between 0.4 and 1.2,

Table 1
The setting of the TEM parameters, as used for calculating the
CRLB and for the simulations

TEM parameters Setting
Induced beam tilt (1) 0.2.0)7
Defocus (D) 1
Astigmatism (A) 2
Azimuthal angle astigmatism o rad
Naise level (V) 1

First, the simulation procedure is carried out,
without adding noise to determine the influence of
an incorrectly selected frequency region (B). The
results are given in table 2. Using optimal weight-
ing, there is a slight bias, due to the fact that the
DSB frequency region includes frequencies where
no pure DSB imaging occurs. These systematical
errors may be avoided by including only frequen-
cies where only pure DSB imaging occurs (smaller
frequency region). When the approximate weight-
ing function is used, the estimates are more seri-
ously biased. Again, this is due to the presence of
frequencies lying outside the DSB frequency re-
gion.

Finally, the influence of the noise level in the
images on the performance of the estimators is
studied. The results are summarized in table 3.
Apparently, non-systematical errors introduce no
substantial bias. Furthermore, the form of the
criterion 1s not highly important. The COS estima-
tor performed slightly better than the LS estima-
tor. It is expected that with increasing noise level,
the performance of the COS estimator will im-
prove. relative to the LS estimator due to folding
of phase disturbances. This is confirmed in table 4
by the fact that the precision of the periodic LS
estimator with A, =4, is worse than that of the
COS estimator, while with N, = 0.4, the estimators
are cqually precise. An estimate of the weighting
function will not necessarily lead to substantial
loss of precision; both estimators get near the
achievable precision.

4.4 Numerical example: electron dose required for
funing

In this section a numerical example is given to
compare the dose needed for tuning a TEM with
that needed for detection of image detail.

Table 2

The bis of the esumator of defocus and astigmatism a5 a
function of the frequency region, with the nose level A, =1,
for other relevant TEM parameters, see table 1

Estimation procedure D A, A,
~(L.0pag —{.0037 — (L0044
= 0.0120 (0086 0.0160

Optimal weighting
Uniform weighting
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Let the contrast of an image detail be defined
= AN, /N, the back-
ground dose (electrons per am ), and AN, is un

as where N, denotes

imcrement of the image intensiny, referred to the

object plane. In order to detect and 1image detail
of @~ the additional number of electirons ¢ AN,
accumulated o this detn) has 1o overcome signifi-
cantly the standard deviation of shot nose (or
Poisson noise): a N, . Therefore. the dose N, has

1o be chosen s0 as 1o meet the Rose equation

@ AN, =5a, N, |47]. It can be derived that o dose
ol
N, =25(u"C" DQE) ' (39)

is needed 10 deteet an image detail in the recorded

Image,

Table 3

The bias of 1k

(n Scha

of the estimation progedure and cnitenon, with

estimator of defocus and asugmin

as & Tunctiol
the noise level N = 4.0; for other relevant TEM parameters
see table 1

Estimanon procedure D

COS cnitenion 0An134 iNsT TR ES
LS critenon (AR (LINES id7a
L niform weighting 0.0120 00211 (L0150
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Let the image be recorded with a camera with a
DQE

Suppose 4 finest mage decud of (05 nor s re-

1. and square adjacent sensors of 100 pm

corded with a magmification of 00000, The scaled

image sensor size is then 0.23 nm. A realistic value
of image contrast s ¢ =0.0]
diose of N, = 2500 glecirons per

for detection of the image detail. Given the mag-

Consequently, a

sensor s needed

nification of the sensor dimensions, the electron

dose madent on the specimen 1s given by

Jr‘JI:.:

40,060 efectrons per nm

The dose required to tune the TEM up 1o 4
predefined precision depends on the PSDF ol

specimen (eq. (34)). noise level feq. (35)) and on

Tuble 4

The tuning precision £ (n Schi of the e

and  astigmpt tin Schi o g function
provedire for several moise fetels B

ters. see Lahle |

Estmanon priwedure % 14 LY 4
COS enitenon T 11,4047
LS erienon LTk {057
Uniform weighting AR 043
Avhievable precision I L33
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the fractional intensity deviation (o,) of the image
measured (e.g. the ratio of the standard deviation
of the image to the mean of the image intensity)
and on the DQE of the image pickup system [35].
The exact relation between noise level and dose is
difficult to calculate [29], but can be approximated
by

Do~ 2 DQE. ! (40)

with D, = 6500 electrons per nm® for a o, of
0.05, DQE = 1. noise level N, =4, an image of
5127 pixels and a segment of 64° pixels.

In order 10 caleulate the dose required 10 wne
the TEM up to a predefined precision, this
numerical exercise can be repeated with another
noise level N,. It can be derived that the dose
needed for the first imprecise tuning step is negli-
gible compared to the dose needed to tune TEM
with the second. high precision tuning step.

5. Discussion and conclusions

A new method has been proposed to measure
and correct defocus, astigmatism and beam tilt
misalignment of a transmission electron micro-
scope (TEM) automatically. The method is appli-
cable to low dose. high resolution electron mi-
croscopy, if the specimen is described as a weak
phase object. Defocus and astigmatism are esti-
mated from two different pairs of images. These
are obtained respectively by tilting the illumina-
tion in two perpendicular directions over two equal
but opposite angles. Prior to the estimation of
defocus and astigmatism, beam tilt misalignment
is estimated from three images, one formed without
beam tilt and two with equal but opposite tilt
angles. The TEM is aligned to a coma-free axis. In
all cases use is made of phase of the cross spectra
of the images involved.

The optimal measuring strategy for the estima-
tion of defocus and astigmatism has been design-
ed. This design stralegy was based on a measure
of the achievable precision with which defocus
and astigmatism can be estimated from the phase

spectra. The best tuning strategy consists ol two
tuning steps. The first step is imprecise. and is
used to adjust defocus and astigmatism to about 2
with a precision of 1, in order to create optimal
tuning conditions for the second step. The total
dose needed for tuning depends mainly on the
precision required by the second tuning step. This
second, high precision, tuning step has been tested
with simulations, which show the relation between
the tuning precision and the required dose. De-
focus and astigmatism can be estimated with a
precision of 0.02, using a dose of 6500 electrons
per nm” with a camera having 5127 pixels and
100% efficient in detection of the incident elec-
ATons.

An optimal estimator of defocus and astigma-
tism has been designed, and tested with simula-
tons for several realistic measuring conditions. A
numerical minimization procedure was used, and
was tested with several criteria and weighting
functions. The most practical criterion appears Lo
be the sum of the cosine of the differences be-
tween the phase model and the phase estimates.
The choice of the weighting function is not criti-
cal; uniform weighting over a band of frequencies
is the most practical one considering computa-
tional load. The simulations are performed with a
Gauss-Newton iteration scheme and were found
to converge in one to eight iterations,

The method described in this paper is based on
the esumation of parameters from the phase of
cross-spectra and can be extended to estimate
other lens aberrations with high precision. How-
ever, the method will only work if the model of
the specimen is correct. An incorrect model will
result in biased estimates of defocus and astigma-
tism. Therefore, attention must be paid to choose
a suitable frequency region for which phase con-
trast theory is valid. The method has been tested
with simulation of a thin carbon film, and prob-
ably modifications are necessary for thicker speci-
mens,

The autotuning method aligns the TEM onto a
coma-free axis. This axis will, in general, not be
dispersion-free. However, the deflection coils un-
derneath the objective lens can be used to shift the
image such that this additional (dispersion-free)
imaging condition is met.
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The mathematical formulation of the autotun-
ing method is such that it is easily extended 1o
SSB imaging conditions, For the DSB imaging
conditions, other mathematical formulations of
the autotuning method are possible. As described
in ref. [50], the effect of beam tilt s, in fact, a
combination of a mere image displacement and
image blurring due to the beam ult. The image
blurring can be removed by applying a special
(digital) filter. After pre-filtering the images. the
image displacements are measured using Cross-
covartance functions. Finally, the TEM parame-
ters can be estimated from these measured image
displacements.

Practical implementation of the method re-
quires a video camera and computing power to
handle the video images and to perform Fourier
transforms  within seconds. Furthermore, com-
puter control of the ob;
flection coils for beam tilt, and the stigmator conls
for the correction of astigmatism is essenual. The
method proposed in this paper has been worked

ctive lens for focus, de-

{utotuning of TEM wang minimum electron dose

out for a final high precision wning step. How-
ever. external control of other parameters. such as
magnification, video image contrast. spot size and
gun ahgnment are indispensable for a total auto-
tunable TEM.

Practical limitations are set by the costs of the
computing power, the noise introduced by the
camera and the accuracy and speed 1o correct the
currents of the objective lens. deflection coils and
stigmator. Furthermore, the software needed for a
reliable autotunable TEM will be complicated

In Delft the implementation of the autotuming
method is in progress. The experimental set-up
consists of a Philips EM 420 TEM. a Gatan 622
video camera. a TEMDIPS computer svstem with
special hardware for handhing two-dimensional
images and calculating Founer transforms. and a
DEC PDP 11,23 controlling the TEM under su-
pervision of the TEMDIPS computer. The first,
relatively imprecise. tuning step is made using the
lower spatial frequencies (at lower magnihications)

for dose efficiency. This uning step 1s made by

Fig. 13 A 2567 pixel grey level images of a simulated and measured phe
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estimating image displacements, see refs. [27,50],
and works well. The second tuning step, based on
the estimation of parameters from cross-spectra as
described in this paper, is currently tested in prac-
tice. The first preliminary measurements have been
made (see fig. 13). and are promising. A paper on
the practical implementation of the autotuning
method for both the first and second tuning step
will be published shortly.
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Appendix A. The influence of the TEM parameter
vector on the equation errors

In this appendix a number of remarks are made
with respect to the influence of the parameter
vectors #, and #. on the stochastic process e, as
defined in eq. (22).

First, consider the input-output relation be-
tween the images used to estimate the phase spec-
trum, see egs. (20) and (21). and fig. 5. The
parameters are estimated from observations of
both the input and the corresponding response of
the linear model (r). Furthermore, the input C,
consists of the sum of a true image €, and a
stochastic process n,. Similarly, the output C,
consists of the sum of ¢ and n,.

Next consider the equation errors, that is. the
difference between the observations and the model
describing those observations due to nonsys-
tematical errors. Considering fig. 5, we can derive
that the equation errors (here formulated in the
frequency domain) are given by

i, Iy(k. ©,) — it; Ty (k. ©,),

where /i is the Fourier transform of n.

Consistency of any estimator is dependent on
the properties of the equation errors. An estimator
1, is defined as consistent for # if for any 7> 0.
P(|t,— 8| <7)=1 for n— s, where n is the
number of observations, and P(A) denotes the
probability of event A. If the equation errors are
white, consistent estimation of the parameters is
possible. If the equation errors are colored, esti-
mators of # are generally biased.

Consequently, for the estimation of defocus
and astigmatism, the equation errors are white
since the modulus of the PCTF is the equal for
opposite beam tilt. When the beam tilt misalign-
ment is estimated, the modulus of the PCTF is not
equal for an opposite induced beam tilt. As result,
the equation errors will be colored, and the esti-
mator of # is generally biased.

Appendix B. Numerical computation of the tuning
precision

In this appendix the numerical computation of
the tuning precision is discussed. The estimated
parameters 8 = (D, A, A,)" have a jointly Gaus-
sian distribution, hence their probability density
function f(#) is given by:

f(8)=(27) P (dev) etV iez

where N equals the number of parameters to be
estimated (e.g. three for the estimation of defocus
and astigmatism), V the covariance matrix of the
parameter vector #, and det V the determinant of
V. The variance of a function p(#) is given by:

var(p(0)) = E{p(6)}’ — E{p(0)’}.

where E denotes the expectation operator. The
terms on the right-hand side can be written as:

g w
E(p(8)) = [ p(0) £(0) do,
2 o 1
E{p(0)) = [ p(6)" () 0.
-
So, calculaung the precision Py (as defined in eq.
(33)) is equivalent to calculating these integrals

numerically, where p(#) denotes D, . given by eq.
(33).
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PRACTICAL AUTOTUNING OF A TRANSMISSION ELECTRON

MICROSCOPE

AJ.KOSTER, LK.van VLIET, T.S. HOEKSTRA, M. HOEK, A.van den BOS and K.D.

van der MAST

Research Group FParticle Optics, Department of Applied Physics, Delft University of Technol-
ogy, Larentzweg 1, 2628 CI Delft, The Netherlands

Summary

A method for the automatic correction
of TEM misalignment, defocus and astig-
matism, based on measuring image dis-
placements when the illuminating beam is
tilted, is proposed. Its performance has
been tested on a Philips EM 420 TEM con-
nected to a Gatan 622 video camera and a
TVDIPS image processing system. The
method works with weak phase objects and
amplitude contrast specimens. The ac-
curacy of the (coma-free) alignment proce-
dure was measured to be (.1 mrad and 5 nm
for the correction of defocus and astigma-
tism. Properties and possible improve-
ments of the measuring set-up are
discussed. The automatic correction of the
beam tilt misalignment, defocus and astig-
matism of a transmission electron micro-
scope (autotuning) is desirable for low dose
and high resolution electron microscopy.
Autotuning will enhance the number of
meaningful micrographs when the signal-
to-noise ratio of the image is too low and/or
the desired accuracy in tuning the TEM too
high for accurate manual control.
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1 Introduction

The automatic correction and control
of the defocus, astigmatism and beam tilt
misalignment (autotuning) of a Trans-
mission Electron Microscope (TEM)
enables the user to record images of a
specimen under well defined imaging
conditions. Accurate and known setting
of the defocus, astigmatism and beam tilt
misalignment (TEM parameters) is re-
quired for reliable interpretation of im-
ages, especially when the signal-to-noise
ratio (SNR) in the images is low [1], [2].
Unfortunately, when the signal-to-noise
is low (for example due to low dose con-
ditions) the TEM operator may have dif-
ficulties to tune the TEM with the
required accuracy. An autotuning system
is, therefore, desirable. It will increase
the number of meaningful micrographs
recorded, if it can tune the TEM with a
pre-defined accuracy using a minimum
electron dose for a broad range of
specimens and imaging conditions,

Several papers on autotuning of a
TEM were published. An overview can
be found in Erasmus and Smith [3] and
in Saxton and Chang [4]. Basically, three
different types of methods have been
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proposed, and we will describe them brief-
ly.

The diffractogram can be used as
(manual) tuning aid, because it gives anim-
pression of the amount of defocus and astig-
matism in the TEM. When no
misalignment is present, the astigmatism
can be corrected with the stigmator con-
trols until the diffractogram becomes cir-
cular. Nowadays, the diffractogram of the
image (modulus of the Fourier transform of
the image) can be calculated and displayed
within seconds, see Baba et al. [S] and
Ogasawara et al. [6].

It is not often recognized that the TEM
has to be aligned on a coma-free axis,
before the correction of the astigmatism
and defocus by observing the granularity or
the diffractogram of the image. From one
diffractogram it is not possible to derive the
misalignment. If more than one diffrac-
togram is used, under different imaging
conditions, the misalignment can also be
derived, see Typke and Kostler [7]. An
elegantaid for aligning the TEM ona coma-
free axis is by calculating a number of dif-
fractograms as a function of the azimuthal
angle of beam tilt. The diffractogram is the
same for opposite beam tilt angles when the
TEM is aligned on a coma-free axis. For
some papers using the diffractograms of im-
ages to tune the TEM, see Zemlin [8],
Henderson et al. [9] and Kunath et al.[10]

The diffractogram based methods are, in
principle, not suitable for full automatic in-
strumental adjustment as the shape of the
diffractograms is not specimen inde-
pendent. The realization of an autotuning
method which "recognizes’ the shape of the

diffractogram (as used for the coma-free
alignment procedure) will be difficult.

The second type of method is based on
measuring the image contrast. An image
ina TEM has minimum contrast when it
aligned, focused and the astigmatism
well corrected, see Saxton et al. [11). The
method iterates to an accurate setting of
the TEM parameters using deliberate
variation of defocus, astigmatism and
alignment, but is dose inefficient (Koster
etal. [12]) and works only when the TEM
parameters are very near their correct
setting. However, the method proved to
work in practice (Smith et al.[13]), and is
presently being improved (de Ruijter
(14]).

The third type of method is based on
measuring image displacements when
the illuminating beam is tilted. In 1947
this method was introduced by LePoole
for the manual correction of defocus
(wobbler) [15], and was later extended to
the correction of other aberrations
(Koops [16]). In 1984 it was proposed by
van der Mast to correct the defocus in
one step using the linear relation be-
tween image displacement and defocus
[17], and it was found that the method is
inherently very precise and specimen in-
dependent (Koster et al. [18]). In 1987 a
similar approach was used by Nomura
and [samozwa to correct the defocus by
tilting the beam and, in addition, varying
the defocus until the image coincides
with the image if not beam tilt was in-
duced [19]. The method proved to work
at lower magnifications, but not to be
dose efficient.
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In this paper, this third type of method
(based on measuring image displace-
ments), is extended to the correction of
astigmatism and beam tilt misalignment
(section 2), and will be referred to as the
autotuning method. The accuracy and
speed of the method have been experimen-
tally tested (sections 3 and 4). The present
experimental set-up, the accuracy in align-
ing the TEM is (.1 mrad, in focusing S nm
and 10 nm for the correction of astigma-
tism, at an electron optical magnification of
96000. The time needed for the alignment
is 7 s, for the correction of defocus and
astigmatism 6.5 s.

Also described in this paper is a way to
reduce the influence of image blurring
when the beam is tilted over a large angle
(section 2.3), This extension of the autotun-
ing method was recently proposed and
tested in simulations by Koster et al. [20].

The autotuning method is based on
measuring the effect of beam tilt on an
image in a TEM. The TEM parameters
(beam tilt misalignment, defocus and astig-
matism) are estimated from pairs of images
formed with differently tilted beams, see
fig. 1.

The beam tilt misalignment has to be es-
timated and corrected, prior to the correc-
tion of defocus and astigmatism. Due to
mechanical limitations to the construction
of a TEM, the condensor lenses, the objec-
tive lens and projector lens system are not
perfectly aligned. Therefore, several types
of beam tilt misalignment can be defined.
We will briefly discuss three types of beam
tilt alignment procedures using pairs of
deflection coils in a TEM: the coma-free,

dispersion-free and rotation alignment
procedure.

Coma-free alignment is considered to
be the most important. For a coma- free
alignment the effect of spherical aberra-
tion of the objective lens is rotational
symmetric around the primary beam

illuminating beam
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Fig.1: Effect of an induced beam tilt on the
low spatial frequencies of the specimen. A
beam tilt will result in an image displace-
ment if the TEM is not focused, or the astig-
matism not corrected. If astigmatism is
present, the image displacement is not
necessarily in the same direction as the in-
duced beam tilt.

emerging from the specimen [8], [21].
The coma-free alignment procedure is
formulated mathematically in section
2.1

Next to the coma-free alignment, dis-
persion-free alignment is of importance.
The energy spread of the electrons
emerging from the specimen limits the
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resolution of the image. In general, disper-
sion-free alignment can be obtained by
varying the high tension. When the high
tension is varied, two effects influence the
image simultaneously: an image rotation
with its centre defined by the interception
of the objective lens axis with the (inter-
mediate) image plane, and a (de)magnify-
ing effect with its centre defined by the
interception of the beam pointed at the
centre of the objective lens and the (inter-
mediate) image plane, see fig. 2. At only
one point in the image plane both effects
are eliminated (the stationary point) and no
effect is visible. The position of this station-
ary point is determined by the beam tilt
angle, as this angle determines the position
of the centre of (de)magnification. So, dis-
persion-free alignment is obtained by tilt-
ing the beam in such a way that the
stationary point is on the projector lens axis
(and consequently at the centre of the
fluorescent screen),

Simultaneous coma-free and dispersion-
free alignment of the illuminating beam can
be obtained when the deflection coils un-
derneath the objective lens are used to shift
the projector lens axis in order to position
the stationary point at the centre of the
fluorescent screen. So, first the TEM is
coma-free aligned, then the high tension is
varied and the projector lens system axis
shifted to obtain dispersion-free alignment.
In the experimental set-up in Delft,
described in section 3, the high tension and
the deflection coils underneath the objec-
tive lens cannot be controlled externally.
Therefore, a dispersion-free alignment
procedure was not implemented.

Rotation alignment is important when
we consider the effect of focusing (chang-
ing the objective lens current). Variation
of the objective lens current has features
similar to the variation of the high ten-
sion, and the rotation alignment proce-
dure is in most respects similar to the

OBJECTIVE LENS AXIS

SPECIMEN

OBJECTIVE

INTERMEDIATE
IMAGE

rROT

PROJECTOR LENS |

AXIS
IMAGE

Fig.2: Dispersion-free (DF) alignment of
the illuminating beam. When the high ten-
sion is varied, two effects influence the
image: an image rotation around ROT
and a (de)magnification. At one point in
the image, both effects are eliminated (at
the stationary point STN). The position of
the stationary point is determined by the
beam tilt angle. A simultaneously coma-
free (CF) and dispersion-free alignment of
the beam is possible by using the deflection
coils underneath the objective lens to shift
the projector lens axis towards the station-
ary point, instead of shifting the stationary
point towards the projector lens axis by
changing the tilt angle of the illuminating
beam.

dispersion- free alignment. The image of
a specimen structure on the fluorescent
screen, will shift off from the screen when
the stationary point is not positioned on
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the projector lens axis, and a large focus
change is induced (relative to the mag-
nification of the TEM). So, the rotation
alignment procedure induces a beam tilt in
such a way that the stationary pointis on the
projector lens axis. The rotation alignment
procedure is used for low and medium
resolution work, as the coma-free and rota-
tion alignment may differ a few mrad. The
rotation alignment procedure is described
mathematically in section 2.1. The im-
plementation and test is discussed in sec-
tions 3 and 4.

The autotuning of the TEM is most effi-
ciently done in two steps, because of two
reasons.

Firstly, a two step procedure is more
dose efficient than a single step procedure,
which is an important requirement in many
applications [22], [23]. The first step tunes
the TEM parameters with a relatively low
accuracy to asetting of the TEM which cor-
responds with a higher image contrast (for
instance near Scherzer focus). The second
step is done with a high accuracy (using the
high contrast images), and can be used to
focos the TEM to Gaussian focus, or 10 any
other setting of the TEM.

Secondly, more than one procedure may
be used to tune the TEM, each of the pro-
cedures having been designed to work op-
timally under different imaging conditions.
An example of a first tuning step is the
autotuning method described in this paper.
The second tuning step may use higher spa-
tial frequencies than the first step and con-
sequently, be more accurate, slower and
less robust than the first step (as it may in-
corporates the effect of image blurring in
the procedure). An example of such a
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second tuning step is described in section
23

Implementation of the autotuning
method is described in section 3, fol-
lowed by the experimental results in sec-
tion 4,

2 Theory of autotuning

2.1 Effect of beam tilt : a mere image dis-
placement

The autotuning method measures the
effect of beam tilt on the image of the
specimen. For the lower spatial frequen-
cies of the specimen, this effect is a mere
image displacement, The image dis-
placement can be measured from the
cross covariance function of the two im-
ages (section 2.2). The procedure used
for the coma-free alignment requires five
images; for the correction of defocus and
astigmatism three images are required.

From linear image theory it can be
derived [24] that the effect of beam tilt is
a mere image displacement d, given by

d={-|t+m|*+(D-05A)}(t +m)
+A((t+m).a)a} (1)

provided that the highest spatial frequen-
cy |k| in the image is lower than {-
[t+m |2+ (D-05A)| }U'S to ensure that
the effect of image blurring due to the
spherical aberration of the objective lens
is smaller than the image displacement
due to defocus D, astigmatism Aa and/or
misalignment m, with the induced beam
tilt represented by t. The TEM
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parameters are given in the normalised
units Sch and GI, with 1 Sch=(Csx )*?, 1
Gl= (Cs;\3)0'25, Cs the constant of spherical
aberration and » the wavelength of the
electrons.

plying a low pass (digital) filter to the im-
ages. A more dose efficient approach is
to incorporate the effect of image blur-
ring within the autotuning method, as is
described in section 2.3.

BACK FOCAL PLANE

MISALIGNMENT

DEFOCUS AND ASTIGMATISM

Fig.3: The induced beam tilt angles used for coma-free alignment of the illuminating beam
and the correction of defocus and astigmatism, represented by a position in the back focal
plane. Figure (a) corresponds with the coma-free alignment procedure. One image is formed
without an induced beam tilt (1), and two pairs of images are formed with equal, but opposite
and perpendicular angles (2,4 and 3,5). Figure (b) corresponds with the correction of defocus
and astigmatism. Three images are required to estimate the defocus and astigmatism. One
image is formed without an induced beam tilt (1), the other images are formed with beam tilt

angles equal in magnitude but perpendicular (2,3).

Some remarks can be made on the rela-
tion between image displacement and
beam tilt (1). Firstly, from fig.1 and (1) itis
clear that the direction of the induced beam
tilt (t) is, in general, not equal to the direc-
tion of image displacement (d). They are
equal only if no astigmatism and misalign-
ment is present (so there is only defocus).
Therefore, the parameters m, D, A and a
can only be estimated if more than one
image displacement is measured. Secondly,
to suppress the blurring effect due to the
spherical aberration, the highest spatial fre-
quency in the image must be lower than the
limit mentioned. This can be effected by ap-

Prior to the correction of defocus and
astigmatism, the TEM has to be aligned.
If the TEM is not aligned on the coma-
free axis, it is not possible to distinguish
between the effect of misalignment and
the effect of astigmatism in the image, by
observing the texture of the image. Con-
sequently, the compensation of misalign-
ment may be mistaken for the correction
of astigmatism. The beam tilt angle cor-
responding with a coma- free alignment,
is estimated using five images. One
image is formed without an induced
beam tilt, one pair of images is formed
with equal, but opposite tilt angles +1j,
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beam tilt, one pair of images is formed with
equatl, but opposite 1ilt angles +11, and the
other pair of images is formed by tilting the
beam perpendicularly over two equal, but
opposite tilt angles +12, see fig. 3. The dif-
ference in the image displacements relative
to the image formed without an induced
beam tilt, is the estimator for the misalign-
ment. It is not difficult to derive from (1)
that these differences between the dis-
placements d¢ are given by

dei= -4(m.4)ti-26°m, )

with tj induced and known for i=1,2. Note
that the estimation of misalignment is inde-
pendent of the defocus or astigmatism,
When this type of misalignment is cor-
rected, the effect of spherical aberration is
rotational symmetric around the primary
beam and therefore aligned on a coma-free
axis.

Another beam tilt alignment procedure is
the rotation alignment. The rotation align-
ment is needed to minimize the movement
of the image on screen when the defocus is
changed. The procedure measures the
image displacement dr following a defocus
change (Dj-D2), given by

dr=(D1-D2)m @)

with D1-Dz induced and known. From (3)
it follows that the alignment is independent
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of the defocus and astigmatism. Note that
not included in this model of image for-
mation s the effect of image rotation and
change in magnification, due to the
change in objective lens current. Fur-
thermore, the variation of defocus not
only causes a displacement of the image,
but may also result in contrast reversal if
the defocus values are chosen on either
side of Gaussian focus. This contrast
reversal may result in an erroneous es-
timate of image displacement if no atten-
tion is paid to this effect, as is described
in section 2.2.

Defocus and astigmatism are es-
timated after the coma-free alignment
procedure, The relation between the
image displacement df and the defocus
and astigmatism for an induced beam tilt
t follows from (1) and is given by

di= {-*+(D-0.5A)}t + A(ta)a} (4)

where t is induced and known. Note that
the relation between the image displace-
ment and the defocus or astigmutism is
linear for a beam tilt t smaller than (D-
U.SA)U'S. For larger beam tilts, the term
t* has to be included within the correc-
tion algorithm. Furthermore, the direc-
tion of image displacements is important
for the correction of defocus and astig-
matism, as is obvious when astigmatism
is considered as a direction dependent
amount of defocus. Consequently, two-
dimensional

image  displacement
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measurements are necessary for the correc-
tion of the TEM parameters.

2.2 Measurement and correction of TEM
parameters

Several methods are available to es-
timate an image displacement [25]. In this
paper the image displacements are
measured using cross covariance functions
of pairs of images: the position of the max-
imum of the cross covariance function is an
estimator for the image displacement.
Another method is to minimize the sum of
the (absolute) differences between the
pixel values of two images [17].

The maximum cross covariance es-
timator is preferred for two reasons. First-
ly, the stochastic properties of this method
are well known [25], which is important
when the signal-to-noise ratio in the images
is low. Secondly, a cross covariance function
can be calculated using Fourier transforms
of images, which enables us to incorporate
(digital) low/high pass filtering of the im-
ages within the estimation procedure of the
TEM parameters. Moreover, the Fourier
transform can also be used to calculate the
diffractogram of an image, or the cross
spectrum of two images as needed for the
extended autotuning method (section 2.3).
Note that the time needed to calculate the
displacement is proportional to the time
needed to calculate the Fourier transform
of an image.

So, the displacement between two im-
ages (I1(x) and I2(x)) is measured using the
following algorithm

d = "YFUF @I (e} (6)

where F denotes the Fourier transform,
F! the inverse Fourier transform, * the
complex conjugate and x the (discrete)
image coordinates in pixels. In principle,
the position of the maximum is known
within one pixel, and is thus related to the
magnification of the specimen to the
camera. The accuracy can be increased
with interpolation techniques. For ex-
ample, prior to the inverse Fourier trans-
form in (5) the image size can be
increased (within the computer memory)
by adding pixel values with the average
value of the image, following the Fourier
transform of each image. In this way,
loosely speaking, the displacement is es-
timated with a smaller pixel size.
However, to apply this method in prac-
tice, the computational load might be
too heavy to perform the estimation of
displacement within reasonable time.

Another interpolation approach is to
fit a function (for instance a polynomial)
through the top of the cross covariance
function, see fig. 9. The position of the
maximum of this function has an ac-
curacy better than one pixel. However,
when the shape of the measured cross
covariance function near the maximum
does not correspond with the model, a
biased estimate of the position of the
maximum is obtained which limits the
practical accuracy of the interpolation
technique. In our measuring set-up we fit
a second order polynomial through the
maximum (using 9 pixels), and find that
the effect of mismodelling (and in-
strumental limitations) results in a bias
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less than 0.2 pixel for magnifications lower
than 124,000,

The coma-free alignment procedure
measures the differences between image
displacements d¢ using five images. During
the procedure the displacements are scaled
to specimen level, the magnification de-
pendent image rotation is corrected for, the
misalignment m is estimated and a correct-
ing beam tilt opposite to m is induced.
Rotation alignment is performed similarly,
by measuring the displacement dr using two
images, estimating the misalignment m and
inducing a correcting beam tilt opposite to
the estimated misalignment. When the im-
ages are recorded on either side of focus the
Cross covariance may give an erroneous es-
timate of the displacement because of con-
trast reversal in the images, see fig. 4. The
contrast reversal can be interpreted as an
extra phase shift of = in the frequency
domain, and can be corrected for prior to
the inverse Fourier transform in (5), by
multiplication of the sum of the phases of
the complex Fourier transformed images
by a factor of two. The estimate of displace-
ment is then correct, provided that it is
divided by two.

The estimator of defocus and astigma-
tism are derived form (4). The parameters
describing the defocus and astigmatism are
estimated by measuring several (N) dis-
placements dn (n=0,.,N-1) between im-
ages formed with equal, but opposite beam
tilts in different (N) directions (magnitude
of tilt t, azimuthal angles =n = 2=zn/N with
n=0,.N-1 for N even and >4 (see fig.3).
Each image displacement measurement is
perturbed by noise due to the noisy images,
or instability of the TEM parameters.
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Therefore, a least squares estimator is
used to estimate the TEM parameters
from

N-1
D=(2tN) 3 [dnxcos(zn) + daysin(zn)] (6)

n=0

N-1
Aa= ([N}t 2. [6uxcoS(tn+v)-

" dnysin(za+v)] (7)

N-1
Ab= ([N)I z [anﬁil’l(?n + ‘J") +
n=0

dnyeos(n+ )] (%)

where t is the magnitude of tilt, =n the
azimuthal angle with =n =2zn/N, N the
number of measured image displace-
ments with dnx and dny the components
of the image displacement d, v the angle
between the stigmator and coordinate
system relative to the deflection coils,
and A,, Ab the astigmatism modelled as
Aa = A cos(2« ) and Ap = A sin(2a ),
where A is the magnitude of the astigma-
tism and « the angle. When the number
of measured image displacements N in-
creases, the accuracy in estimating
defocus and astigmatism will increase ac-
cordingly.

The minimum number of image
measurements needed to estimate the
TEM parameters with (6-8) is four
(N =4). However, because the TEM has
been aligned on the coma-free axis, the
effect of beam tilt is symmetric with
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ti;“

Fig.4: Contrast reversal due to change in
defocus will give an erroneous estimate of
image displacement. The images of a carbon
foil evaporated with gold at a defocus of -
[+ 2.5 wm are shown (above). Due to the con-
trast reversal, the position of the global
maximum of the cross covariance function
does not correspond with the image displace-
ment (right): a local minimum of the cross
covariance function is present at the position
which corresponds with the image displace-
ment. No correction was made for the shad-
ing pattern of the camera, which results in a
cross covariance function having artifacts
near zero image displacement (centre of
(right)). When a correction is made for the
shading pattern by dividing by a zero image,
most of these artifacts disappear, as is il-
lustrated by fig. 9.

respect to zero beam tilt. Because of this
symmetry, it is sufficient to measure only
three images: one image formed without an
induced tilt, and the other two images
formed with a beam tilt equal in magnitude

but with «/2 rad difference in azimuthal
angle, see fig.3.

2.3 Effect of beam tilt : image blurring

Due to the spherical aberration of the
objective lens, the displacement of the
specimen image is not equal for all spa-
tial frequencies of the specimen; the high
spatial frequencies are influenced more
strongly by the objective lens than the low
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Fig.5: The magnitude and phase of the
PCTF for a defocus of 1.5, no astigmatism
and a beam tilt of 0.2.

spatial frequencies. This effect is visible as
image blurring, and can be described as

extra phase shifts due to the (complex)
transfer function of the objective lens, see
fig. 5. These phase shifts of the transfer
function cannot be measured from one
single image. However, if two images are
recorded, the phase shifts can be measured
and be used for autotuning. This method
was recently proposed and tested in simula-
tions [20].

For a weak phase object these phase
shifts are described by linear image forma-
tion theory [24], are given by

P(k) = arg{ri(k)ra(k)*} (9)
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where I'1,I’2 are the phase contrast trans-
fer functions corresponding with images
I1(x)and I2(x), the * denotes the complex
conjugate and k the spatial frequency
scaled to specimen level anc expressed in
GI'!. This model of phase shif:s will be
referred to as phase model.

Provided that double sideband imag-
ing is a valid description of image forma-
tion, the phase model of a pair of images
formed with two opposite beam tilts t, is
given by

P(k) =4={[k* + {*-(D-0.5A) k.t
-A(k.a)(t.a)} (10)

Note that the blurring effect is due to
the term kz‘ which is neglected in (1).
Furthermore, when we compare (1) with
(10) the relation between a phase shift
and an image displacement is clear: a
finear phase shift is a mere image dis-
placement [25]. The phase shifts are de-
pendent on the TEM parameters and not
on the (power spectrum of the)
specimen,.

To measure the phase shifts. the fol-
lowing estimators (P°(k)) of the phase
angles of the cross spectrum are taken:

4 4 *
P'(k) = arg{ 3 3 i0)lzi(k) } (1)

i=1j=1

where I1ij(k), 12ii(k) } denote the Fourier
transformed ij" image segment of the
image I1(x) and I2(x), respectivelg}. In our
experiments, one image of 256 pixels
consists of 42 image segments of 64>
pixels, and each segment is weighted with
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Fig.6: HMlustration of the mathematical model of a measured image of a carbon foil. The
image is assumed to be the sum of an image described by phase contrast image formation
(such as a carbon foil filtered by the PCTF) (left), and the instrumentation noise or Poisson
noise (right). The SNR is defined as the ratio of the image variance of (left) to the noise
variance of (right).

a Hamming window as weighting function
[25].

Coma-free alignment is obtained using
three images, one formed without an in-
duced tilt (t=0) and two formed with equal
but opposite tilt angles +t. The difference
between two phase models P1(k) and P2(k),
with P1(k) corresponding with beam tilts 0
and +t and Pa(k) with beam tilts 0 and -t,
is given by

P(k) =4 {C(km)+2(mt)(kt)}.  (12)

As is clear from (12), the coma-free align-
ment can be obtained, independent of
defocus and astigmatism. First, the three
images (with the appropriate beam tilts)
are recorded. Then the phase spectra are
computed and, with (12), the misalignment
m esitmated.

Defocus and astigmatism are estimated
and corrected, subsequent to coma-free

alignment. Two pairs of images are used
for this. One pair is formed with tilted
beams over two equal but opposite
angles +1t1, the other pair of images is
formed by tilting the beam perpen-
dicularly over two equal, but opposite
directions 412 (t1.tz2=0and |t1| = |t2]).
Each phase model is described by (10).
Using these four images two phase
spectra are computed. From the two
measured phase spectra and the phase
model (10), the parameters describing
defocus and astigmatism can be es-
timated.

The estimation of defocus and astig-
matism from the measured phase spectra
is carried out by minimizing the criterion
[20]:

[Mes

J =| % {cos[Py'(k)-Pi(k)] (13)

1
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where B denotes the frequency region for
which double sideband imaging theory is
valid, and i the index use of the two phase
spectra used for the estimation of the TEM
parameters. Some remarks can be made
with respect to (13). When the measured
phase spectrum P’(k) is perturbed by noise,
the phase will exhibit phase jumps of 2« (as
the phase is defined between = and ). If in
(13) the sum of the squares of the differen-
ces had been used, these jumps would have
increased the variance of the estimator. The
cosine in (13), however, is not influenced by
these phase jumps. Note that for small dif-
ferences between the measured (P’(k)) and
modelled phase spectrum (P(k)), the
criterion is similar to a least squares
criterion,

The frequency region B chosen for the
experiments is a frequency band with
0.4 <k < 1.2, as for this frequency band, the
mathematical model of the cross spectrum
(DSB model) is a valid description of image
formation. For higher or lower spatial fre-
quencies, the mismodelling will introduce
extra bias in the estimates. A Levenberg-
Marquardt algorithm is used [26] as
numerical minimization procedure. From
the simulations presented in [20], it has
been concluded that iteration to the correct
values of defocus and astigmatism (global
minimum) is ensured, provided that a
preceding tuning step has corrected
misalignment with an accuracy of 3 mrad
and the defocus and astigmatism with an ac-
curacy of 150 nm.

In conclusion: four images, and the
measurement of two phase spectra, are re-
quired to estimate the defocus and the
astigmatism.,
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2.4 Expected accuracy and compulation
speed versus the noise properties

The performance of the method as a
function of the noise in the images has
been evaluated with a measure for the
achievable accuracy in tuning the TEM
using a beam tilt [20]. The achievable ac-
curacy has been calculated using a math-
ematical model of the specimen, the
TEM and the noise in the measured im-
ages. To measure the accuracy of the
autotuning method as a function of the
SNR of the images, that is: to measure
the stochastic properties of the autotun-
ing method, the tuning method has to be
applied many times under the same
measuring conditions. Unfortunately,
due to specimen drift, radiation damage,
focus drift and other instabilities this is
difficult to do in practice.

To obtain information on the stochas-
tic properties of the autotuning method
simulations were done. Simulations are
only useful when the mathematical
model used for the experimental system
is a valid approximation of reality. And
even then, the conclusions drawn from
the simulations must be interpreted with
care.

In the simulations carried out [20], the
power spectrum of a thin carbon foil was
modelled with a negative exponential,
the TEM was modelled with the phase
contrast transfer function (PCTF), the
image pickup device was modelled with
a 512° pixel camera and the noise was
considered to be white (all frequencies
present and of equal intensity). In
general, these assumptions hold in prac-
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Fig.7: The achievable accuracy in tuning the
TEM (Pg) as a function of the defocus, for a
beam tilt of 0.2 and a SNR of 0.5. The achiev-
able accuracy near focus is worse than the ac-
curacy at Scherzer focus. Consequently, a
more accurate estimate of defocus can be
made if the TEM is tuned near Scherzer focus
in a previous step.

tice, as is confirmed in other papers (for in-
stance in [27]). The (signal) image of a carb-
on film can be described using the PCTF,
the noise as a realisation of a (white)
stochastic process having a Gaussian dis-
tribution. To illustrate this model of a
recorded image, see fig. 6. Thus, for a
Philips EM 420 TEM operated at 120kV, a
number of simulation experiments were
carried out, believed to be sufficiently
realistic.

In the simulations it was shown that the
accuracy in tuning the TEM has a depend-
ence on defocus as shown by fig. 7,
provided that the SNR is about 1, the in-
duced beam tilt equals 0.2, the defocus
spread (.2 and the beam divergence (.14,
respectively. As fig. 7 shows, for a TEM in
Scherzer focus, the achievable accuracy in
tuning a TEM (Pg) is better than fora TEM
in Gaussian focus, as the image contrast is

higher. Another conclusion drawn was
that the tuning accuracy is proportional
to the SNR in the images, provided that
the SNR is larger than 0.5, as is shown in
fig.2. By accumulating images, the ac-
curacy in tuning the TEM will increase
according to the simulations, up to some
point where the instrumentation limits
the accuracy in controlling the TEM
parameters. When the dose is decreased,
the accuracy in tuning the TEM will
gradually worsen, until the effects intro-
duced by the camerasystem limit the per-
formance of the autotuning method.
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3 Implementation of the autotuning
method

The autotuning system of a TEM is, in
general, a feedback system consisting of
three parts: a TEM, a camera as image pick-
up system, and a computer for the computa-
tions anid control. Essential is that the TEM
can be controlled externally; defocus, stig-
mator and deflection coils in particular. For
practical autotuning it is crucial that the
computation of image displacement and
the application of digital low/high pass fil-
ters, is done with high speed (within
seconds). Therefore, a fast Fourier trans-
form facility must be available to calculate
the image cross covariance functions and
cross spectra. Numerous papers on the
computer control of electron microscopes
have been published [28], [29], [30] and
[31]. Next, the required specifications for
autotuning of each part of the feedback sys-
tem are discussed.

3.1 Instrumentation requirements

3.1.1 The Transmission Electron Micro-
scope

For our purposes, the TEM must have
facilities for external control of the beam
tilt, objective lens stigmator and focus. Ex-
ternal control of the condensor lens system
(electron intensity on the camera, beam
divergence), position of pivot points and
the magnification of the TEM, is con-
venient for the calibration of the computer
control, but is not essential for the autotun-
ing procedures. In addition, it is convenient
when the communication between TEM
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and computer is two-way; that the TEM
is able to give specific information on its
status when the external computer
prompts for it.

3.1.2 The camera

In this paper the camera is loosely
defined as that part of the feedback sys-
tem which transforms the electron inten-
sity distribution in the TEM present at
the image plane, to a grey level distribu-
tion in the framestore of a digital com-
puter. This transform consists of many
steps. A recent overview of existing sys-
tems is given in [4]. Several methods are
available to record an image.

A methodtorecord the image by using
only one detector element (such as a
transmission detector), scanning the
electron intensity distribution over the
detector, and measuring at time intervals
the electron current. The advantage of
this approach is that the electron inten-
sity distribution is recorded with exactly
the same detector: no shading pattern is
visible in the recorded image due to
variation in the sensitivity of the image
recording elements. A disadvantage is
that the method is not dose efficient, as
only one detector is used for the (serial)
intake of the image. So, for practical sys-
tems a single-detector recording system
is not sufficient.

Another way to record the image is to
use a one-dimensional CCD array in-
stead of a single detector. The advantage
compared to the single detector is a
higher dose efficiency. The disad-
vantages are the inhomogeneous sen-
sitivity of the detector elements (shading
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pattern) and the necessity to protect the
CCD chip against the high energy electrons
(hundreds of keV). A fluorescent or YAG
screen is often used to transform the
electron intensity distribution to a light in-
tensity distribution which is recorded with
the CCD chip. This transformation con-
tributes to the shading pattern of the
camera.

A more dose efficient approach is to use
a two-dimensional CCD array or a vidicon
type of camera. In the remaining part of the
paper, it is assumed that this type of image
pickup device is used.

The camera influences the performance
of an autotuning method considerably, be-
cause it has a finite pixel resolution and sen-
sitivity. The resolution limits the choice of
electron optical magnification as the
camera is only capable to detect images up
to some spatial frequency. Presently, im-
ages of about 256 pixels of a specimen
recorded with a camera are normally used
for processing, but cameras with 10247
pixels are commercially available. The pixel
size of a vidicon type of camera is adjus-
table, and in practical situations adjusted to
the resolution of the fluorescent (or YAG)
screen (in practice 25 to 50 um). A CCD
camera has a fixed pixel size of about 5 to
25 pm, smaller than the resolution of the
fluorescent or YAG screen. Therefore,
demagnification of the image on the screen
to a smaller image on the CCD camera is
needed to use the resolution of the CCD
camera effectively. This demagnification is
done either by means of fibre coupling or
optically, and may introduce extra image
distortions.

The sensitivity of the camera deter-
mines the applicability of the autotuning
method for low dose work. When an
image intensifier is connected to the
camera, a sensitivity of 5.10° electrons
per em® per second (specifications of a
Gatan 622) can be obtained, without an
intensifier .10°. To suppress noise in the
recorded images, accumulation of a
number of images, possibly using special
hardware, is essential. The sensitivity of
the camera is not the same for all pixels
(shading pattern). The shading pattern
will not shift when the illuminating beam
is tilted and has to be corrected for. A
correction method is to devide and image
with an image recorded without a
specimen (so called zero image). This
correction method has been found to be
sufficient.

A digital high pass frequency filter has
been found to be helpful to remove the
low frequencies of the shading pattern (a
smooth change in sensitivity of the pixel
elements across the camera, or a smooth
change in the illumination intensity
across the camera). If the image has
hexagonal structures in its shading pat-
tern due to the coupling of optical fibres,
the effect of this pattern can also be
eliminated using a digital filter. Note,
that this filtering is needed only for
tuning, and may not be needed for the in-
terpretation, or display, of the actual im-
ages. For the application of digital filters
within electron microscopy see [32].

The afterglow of an image on the
camera determines a minimum time
span between the input of each new
image (due to the fluorescent or YAG
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screen on camera) and, therefore, is a limit-
ing factor to the speed of the autotuning
procedure. In practice, a time span of a
second between the intake of each image
(for instance, after inducing a beam tilt) is
needed.

3.1.3 The computer - control of the TEM

A digital, or serial interface to control of
beam tilt, stigmator and defocus is
preferable to analogue control as it is less
sensitive to electronic noise. Furthermore,
the interface must be fast and flexible to
perform complex control procedures with
success. For instance, for the coma- free
and dispersion free alignment procedures
an external control of the beam tilt, the
defocus, the magnification and the conden-
sor lens system is indispensable. Commer-
cially, available TEMs are mostly equipped
with a serial communication port, but are
presently rather slow in handling the in-
structions given (in the order of seconds).

3.1.4 The computer - image processing

In general, the speed of an autotuning
method is determined by the computation-
al power of the image processing system.
The autotuning method described in this
paper requires the calculation of cross
covariance functions and cross spectra of
pairs of images. Therefore, the specifica-
tions of the image processing computer
with respect to speed and accuracy of Fast
Fourier Transform (FFT) of images are of
importance.

An image is such a vast amount of data
that micro- and mini-computers have dif-
ficulties processing it within minutes. An
image of 512 pixels of 16 bits deep requires
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0.5 Mbyte of RAM to store it. An IBM
PC, with DOS as operating system, is not
able to multiply images without using the
(time- consuming) hard dise, and will
take minutes in doing so. In addition, the
Fourier transform of an image is such a
computational load that it will take
minutes on a PC.

Consequently, the processor, bus,
memory and operating system must be
suitable to process Mbytes of data and to
perform FFTs of images within fractions
of a second. Therefore, special hardware
for an FFT of an image (array processor
or FFT processor) must be available.
Furthermore, the images have to be
transferred between RAM and the spe-
cial hardware units within fractions of a
second, which requires a high speed pic-
ture transfer bus. Finally, special
hardware to accumulate (at video-rate)
images to suppress noise, and to subtract,
add, multiply and divide images is vir-
tually inevitable for implementation of a
practical autotuning system.

3.1.5 The computer - the user interface

The operator of the TEM is interested
in solving the problems concerning the
specimen under study, and not in the
computers connected to the TEM., Yet,
in practice, the interface between com-
puter and TEM operator is often poorly
designed: the output is a nice color pic-
ture, but the input is only a keyboard
(with, again, another monitor) near the
TEM. The user interface should be
designed in such a way that the operator
is able to influence continuously the
status of TEM and image processor. For
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this reason is the accessibility and user-
friendliness of the highest software level
available of importance, as at this level the
TEM and computer are used during experi-
ments. It is not possible to define a "best’
user interface, as it is application and
problem dependent. Perhaps the most
friendly way to control the computer is
using a few commands, invoked with a
mouse. For example, a command to ac-
cumulate images, calculate a diffractogram,
or to correct the defocus and the astigma-
tism.

Application programming must be
feasible to develop more specific com-
mands. Normally, this lower level program-
ming is done in Pascal, Fortran, C or
assembler.

3.1.6 Some examples of measuring set-ups

The least expensive set-up consists of a
PC configured as user interface, image
processing device and TEM interface
simultaneously. A video image is stored,
and a Motorola 68020 (Macintosh, Atari)
or Intel 8086 (IBM PC) processor is used
for image processing. It is doubtful whether
this set-up is suitable for practical applica-
tions, as it will take minutes to process the
images. Nevertheless, when special exten-
sion boards are added to this system
(Fourier board, video-rate image integra-
tion board, array processor board,
transputer boards), it will enhance the per-
formance considerably.

Presently, a limitation of PC-based sys-
tems is that the commercially available
image processing software is not designed
to the hardware extensions specific for
autotuning. However, impressive PC-based

image processing systems are becoming
available (SEMPER [33] and EMS [34]).
Another point to consider is how suitable
the system is for future demands on, for
instance, image simulation (SHRLI [35])
or reconstruction techniques (IM-
AGINE [36]).

A flexible set-up consists of an image
processing system for which a variety of
extension boards and compatible
software  packages are available
(VMEbus, Multibus, DEC Q-bus,
operating systems VMS, UNIX, 0S-9). A
few examples of this type of set-up are the
IMAGINE machine, a MicroVAX with
SEMPER [33], or the system described
in the next section (TVDIPS). For user
convenience this system may be control-
led by a separate (small) computer, dedi-
cated to the specific application.

3.2 The experimental set-up in Delft

The experimental set-up in Delft con-
sists of a Philips EM 420 TEM, a Gatan
622 camera without image intensifier, a
DEC PDP 11/23 computer used as TEM
interface, a TVDIPS image processing
device with special hardware and an IBM
PC/AT as user interface, see fig. 8. Each
of these parts is discussed separately.

3.2.1 The Philips EM 420 TEM

The Philips EM 420 is a 120 kV TEM
equipped with a tungsten filament and
has a point resolution of 0.34 nm. The
TEM is, in its standard configuration not
equipped with external control of beam
tilt, focus and objective lens stigmator.
Therefore, modifications in the
electronics were necessary to control

929



Practical autotuning

Terminal Termineal
Monitor
Philips DEC
EM 420 PDP 11/23 TVDIFS
IBM PC AT

Gatan 622

camera

Fig.8: The experimental measuring set-up in Delft. A Philips EM 420 images a specimen on
a Gatan 622 camera, which is connected to a Tietz Video Digital Image Processing System
(TVDIPS). This system controls the TEM interface (DEC PDP 11/23) and uses an IBM

PCIAT as intelligent terminal.

these parameters externally. Other
parameters, like the magnification and the
beam divergence, are controlled manually.

3.2.2 The Gatan 622 camera

Connected to the TEM is a Gatan 622
video camerawith a YAG crystal to convert
the electron intensity distribution to a light
distribution. For the computations an
image size of2§62pixels appeared to be suf-
ficient. At a magnification of 12,400 the
pixel size corresponds with 0.346 + 0.010
nm. An image is clearly visible at a vidio
monitor when the average intensity of the
image corresponds with an exposure time
of 50 s at an emulsion setting of 1. The min-
imum time span before storing a new image
(after, for example, a beam tilt), is due to
the afterglow in practical situations about
0.5s.
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3.23 The DEC PDP 11/23

The TEM interface consists of a DEC
PDP 11/23 computer, to control the
beam tilt, focus and objective lens stig-
mator. The DEC is controlled by the
image processing computer through a
serial port. If an instruction cannot be
carried out (for example, because the
range of the DAC is not sufficient for
some specific task), the image processing
computer is informed.

The DEC is fitted with 256 kByte of
RAM, an 8 bit digital I/O boards of which
3 bits are used to control the focus of the
TEM, eight 12bit DACs (-5t0 + 5 V) of
which two are used to control the objec-
tive lens stigmator and two for the beam
tilt. Focus is controlled in steps of 6,47 +
(.09 nm and 1000 steps/s. The DACs con-
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nected to the x-coil and y-coil tilt the beam
with 8.56 + (.03 mrad/volt and 10.06 +
0.04 mrad/velt, respectively (depends on
the position of the pivot point) and with 40
mrad/s. The DACs connected to the stig-
mator introduce astigmatism with 3.90 +
0.06 pm/volt for both stigmator coils with 20
pm/s. For development purposes, the TEM
interface can be also be controlled with a
separate terminal.

3.2.4 The TVDIPS image processing device

As image processing device TVDIPS, a
commercially available system [37], is used.
The system is equipped with a special
software shell to perform a number of basic
operations on images, without the need of
programming. For example, the averaging
of images for noise suppression, calculation
of diffractograms, or automatic image con-
trast enhancement is done without any
programming. More application depend-
ent tasks, like the computation of cross
spectra or Fourier filtering, require
programming in Pascal, C or assembler.

The system is built around the VME bus,
the Motorola 68020 processor and the
multi-user multi-tasking operating system
08/9. The system is equipped with S Mbyte
of RAM, 80 Mbyte of hard disk and two
floppy disk drives. Furthermore, the system
consists of a high speed picture bus, an
image Arithmetic Logical Unit (ALU) for
the accumulation of images at video-rate,
and a 16 bits integer FFT processor.
Fourier operations are done at high speed:
a diffractogram of 256° pixel image in 0.8 s
and a cross covariance function in 2.5 s.
Division of images is done with the
Motorola 68020 processor and will take

about 2 s. For images with a high signal-
to-noise ratio it was found to be sufficient
to subtract the shading pattern, which
takes about (.2 s,

The image processing system is con-
trolled using one of the two serial ports
of an IBM PC/AT configured as terminal.
The second serial port is used to control
the TEM interface (DEC computer).

3.2.5 The IBM PC/AT

An IBM PC/AT is configured as the
user interface and is connected to the
image processing system. For any PC a
vast amount of graphical software is
available to help the operator to control
the TEM and image processing system
conveniently. As high level language the
scientific language ASYST is used. Ap-
plication dependent programs are
developed in this language. If needed,
lower level application programming of
the image processing system can be done
in Pascal or assembler.

4 Experimental results

The performance of the autotuning
method is tested on a Philips EM 420
TEM, operated at 120 kV. Experimental
results will be presented obtained with
the autotuning method for magnifica-
tions between 12,400 and 124,000.

4.1 Calibration

The relation between the TEM
parameters, and the currents through
lenses and coils in the TEM is measured.
This calibration of control has to be
repeated when the pivot point of the
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beam tilt, the centering of the stigmator, or
the video amplifier setting is changed.

The magnification from specimen level
(nm) to camera level (pixel) is calibrated at
a magnification of 12,400. This is an impor-
tant calibration, as the calibration of all the
other magnification settings are related to
this one. A crystalline specimen (catalase,
with two orthogonal frequencies of 8.75 and
6.85 nm) is imaged and its diffractogram is
calculated. From the distances between the
diffraction spots (the spatial frequencies)
the corresponding scaling factor (0.346 +
0.010 pixel/nm) is computed.

Next, the relation between the beam tilt
(mrad) and the voltages applied to the
deflection coils is calibrated. The diffrac-
tion pattern of an amorphous gold film is
imaged. Using Bragg’s law, the beam tilt is
related to the distance between the diffrac-
tion rings visible on the screen. The propor-
tionality constants between the voltages
applied to the deflection coils were found
tobe 8.56 + 0.03 mrad/V (x-coil) and 10.06
+ 0.04 mrad/V (y-coil).

The focus step size (nm) is calibrated
using the previously calibrated beam tilt
angle and magnification. First, the beam is
tilted, and the image is recorded. Next, a
number of focus steps are induced and a
second image is recorded. Then the dis-
placement between the two images is
measured using the cross covariance func-
tion (pixels). Finally, the defocus difference
is calculated and the focus step is known
(6.47 £ 0.09 nm at 120 kV.

The other magnification settings are
calibrated using the same amount of
defocus and beam tilts. From the measured
displacements, and the calibration of mag-
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nification 12,400, all the other magnifica-
tion settings are calibrated (27,500: 0.720
+0.02 pixel/nm, 75,000: 1.890+0.079
pixel/nm, 160,000: 4.268+0.723
pixel/nm.

Finally, the stigmator coils a and b are
calibrated by inducing a change in the
voltages applied, and measuring the
amount of astigmatism introduced. The
sensitivity of stigmator coil a, and of b,
was found to be 3.90 + 0.06 um/V,

Another approach is to calibrate the
TEM during autotuning. During each at-
tempt, the ration between the induced
change in the TEM parameter and the
corresponding displacement can be
measured. The advantage of this ap-
proach is that it results in a very robust
autotuning procedure. A drawback is
that extra images are required and thus a
larger dose. For this reason, we chose to
separate the calibration and autotuning
procedures.

4.2 Automatic rotation alignment

The rotation alignment procedure
corrects the beam tilt misalignment in
such a way that the image does not shift
when the defocus of the TEM is changed
(section 2.1). Prior to the alignment, the
TEM is automatically set in underfocus
to avoid contrast reversal when the
defocus change is induced (section 2.2),

The implemented algorithm requires
as input the magnification. From the
magnification the change in defocus,
suitable for alignment at that specific
magnification, is derived (see Table 1).
The algorithm calculates the misalign-
ment from two images formed at two
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Table 1: The induced amount of defocus as
used by the rotation alignment procedure
as a function of the magnification. The ac-
curacy in estimating the misalignment was
better than 0.1 mrad.

Magpnification 1%image ged
pm pm

12,4000 -30 -10
12,500 -15 -5
75,000 -8 <3
96,000 -4 2

Fig.9: lllustration of the rotation alignment
procedure. The images correspond with an
underfocus of -9.1 um (upper left) and -5.4
wm (upper right) at a magnification of
45,000. The maximum of the cross
covariance function of the two images
(lower left) indicates an image displace-
ment as result of abeam tilt of 4.3 mrad. The
image displacement is estimated with an ac-
curacy better than 0.2 pixel, by fitting a
quadratic polynomial through the top of the
cross covariance function (lower right). The
images are corrected for the shading pattern
produced by the camera system by dividing
by the zero image. If no correction is made
for the shading pattern, artifacts will be
present in the cross covariance function as
is shown by fig. 4.
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Table 2: The measured accuracy in estimat-
ing the defocus and astigmatism as a func-
tion of the magnification. The induced
beam tilt angle is 8 mrad.

Magnificaton ~ defocus  astigmatism
nm nm
12,400 36 72
27,500 18 36
75,000 8 16
96,000 5 10
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Fig. 10: The image displacements as a function
of the induced é”eam tlt at a mag#can’on of
27,500 and a defocus of 2.5 um. The effect r?r'
spherical aberration is clearly visible for tilt
angles larger than 10 mrad. From these
measurements the constant of spherical aber-
ration was estimated to be 2.30 + 0.03 pm.

accuracy of the algorithm depends on the
accuracy of the image displacement
measurement, which is, apart from the ef-
fects due to noise in the images, 0.2 pixel for
magnifications up to 124,000. The accuracy
in aligning the TEM is 0.1 mrad. The align-

ment procedure takes 7s, of which4 s are
used for the computations,

The procedure is shown by fig. 9. Ata
magnification of 45,000 two images are
recorded at -9.1 and -5.4 um underfocus.
The initial misalignment was 4.3 mrad, as
indicated by the position of the global
maximum of the cross covariance func-
tion.

4.3 Automatic coma-free alignment

The coma-free alignment procedures
estimates the misalignment from the dif-
ferences in image displacement for op-
posite beam tilts. Itis described insection
2.1. Five images are recorded: one
without a beam tilt, and four with equal,
but oppositly tilted beams. Prior to align-
ment, the TEM is set automatically inun-
derfocus, in order to have optimal image
contrast. The optimal beam tilt and
defocus is magnification dependent.

The implemented algorithm requires
as input the magnification, induces the
beam tilts and estimates the misalign-
ment from the image displacements. The
measured accuracy is better than 0.1
mrad, with induced beam tilts of 8 mrad.
The procedure takes about 15 s to align
the TEM, of which 10 s are used to calcu-
late the four cross covariance functions.

When the TEM is not aligned coma-
free, the image displacements cor-
responding with opposite beam tilt,
differ in magnitude. When the image dis-
placement is measured as a function of
the beam tilt angle, the constant of
spherical aberration can be estimated
(4). For the experiment shown in fig.10,
the misalignment was ().7 mrad, and the
constant of spherical aberration 2.30 +
0.03 mm.

4.4 Automatic focusing and correction of
astigmatism
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The correction of defocus and astigma-
tismrequires the recording of three images:
one formed without an induced beam tilt,
and two of the images with equal beam tilts
in perpendicular directions (section 2.1).
Prior to the recording of the images, the
TEM is aligned coma-free. As in the pre-
vious sections, the accuracy of correction
depends on the accuracy of the displace-
ment estimates, which is illustrated by
Table 2. The procedure takes 6.5 s, of which
5 s are used for the computations.

An illustration of the correction proce-
dure is given in fig.11, at a magnification of
45,000, a defocus and astigmatism of 2.5
pm, respectively, 12.0 um, using a beam tilt
angle of 8 mrad.

A more accurate estimate of the defocus
and astigmatism is made when the image
displacement is measured as a function of

i B 4 2 M
tism. One image corresponds with
a defocus of -2.5 wm and an astigmatism of 3.9 wm (left) at a magnification of 45000 with
a beam tilt of 8 mrad. The other image is the result after the correction of defocus and astig-
matism (right).

more than two azimuthal angles. Fig.12
shows the measured image displace-
ments corresponding with 8 beam tilts
(/8 rad between each tilt), at a mag-
nification of 75000. The values of defocus
and astigmatism were -1.95 and 0.02 wm,
respectively.

4.5 Instrumental limitations for low
SNR images

In a previous paper [20], the achiev-
able precision in tuning a TEM using the
beam tilt method was calculated. These
calculations gave a relation between the
signal-to-noise ratio (SNR) in the images
(related to the dose used for recording
the images) and the achievable precision
in estimating the TEM parameters from
these images. This achievable precision
can be used as to evaluate the perfor-
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Fig.12: The image displacement as a func-
tion of the azimuthal angle of the induced
beam tilt at a magnification of 75,000. From
this figure the defocus and astigmatism were
estimated to be -1.95 ym and 0.02 uwm,
respectively.

mance of the measuring set-up with respect
to the of noise in the images (see section
2.4).

In this paper, the SNR of an image is
defined as the ratio of the variance of the
specimen image (signal) and noise. The sig-
nal variance is calculated from the ac-
cumulation of a large number of images.
The noise variance is calculated from the
difference between the accumulated image
and a single image. Several methods to
measure and suppress the noise in a
recorded video image were proposed [38],
[39] and [40]. This definition of SNR is
chosen as a simple measure for the ratio of
the power in the noise and the power in the
image. For other purposes it may be more
convenient to define a SNR per spatial fre-
quency of the recorded image.
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In the set-up in Delft, the Gatan
camera, without image intensifier, is not
limited by shot noise (with a Poisson dis-
tribution) but by instrumentation noise,
for a dose between S and S0 electrons per
pixel (fig.13); the SNR is proportional to
the square of the dose and not propor-
tional to the dose. Furthermore, the SNR
of animage of a thin carbon film is, under
these circumstances, less than 2. It is evi-
dent that for low dose experiments, an
image intensifier is necessary. The SNR
depends also on the defocus of the TEM,
and varies by a factor of three in practi-
cal situations.

The practical limitation in measuring
an image displacement appeared to be
0.2 pixel for a magnification lower than
124,000 (reproducibility of 0.2 pixel); an
increase of the SNR did not result in a
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Fig.13: The SNR as a function of the
electron dose per pixel. The SNR is propor-
tional to the square of the electron dose,
which indicates that the instrumentation
noise of the camera is stronger than the
shot noise (Poisson distribution)
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better accuracy. Furthermore, the shading
pattern of the camera system (section 3),
frustrates the estimation of image displace-
ment of low contrast images (roughly lower
than 0.5) and makes pre-processing of the
images necessary. To illustrate the in-
fluence of the shading pattern see fig. 4 and
9.The cross covariance function is distorted
in the sense that it has high values near the
position corresponding with no image dis-
placement (the shading pattern stays posi-
tioned, independent of the beam tilt).
These values may exceed the value of the
peak corresponding with the image dis-
placement. Fig. 9 shows a cross covariance
function when a correction is made for the
shading pattern. The peak corresponding
with the image displacement is clearly
visible, and shows the image displacement.

Finally, as the Fourier transform is cal-
culated with a 16 bit integer accuracy and
the cross covariance following the Fourier
transform is available with 8 bits precision,
the calculation of the cross covariance func-
tion is less accurate than that in the simula-
tions,

In the next section the theoretical and
practical autotuning results are sum-
marized, and present developments are dis-
cussed.

5 Discussion and conclusions

Experimental  results  concerning
automatic control of the misalignment,
defocus and astigmatism of a TEM have
been presented. The method used is
designed for both amplitude and weak
phase objects, and needs further extension
to be applicable to cristalline or periodic
material (strong phase objects). The

autotuning method has been tested on a
Philips EM 420 TEM equipped with a
Gatan 622 video camera, connected to a
TVDIPS image processing system with
special fast computer-hardware, and
controlled by a small DEC 11/23 com-
puter.

The procedure uses only the lower
(< 0.4 GI'")spatial frequencies in the im-
ages and measures image displacements
when the beam is tilted. From these
image  displacements the TEM
parameters are estimated and adjusted.,
The accuracy is magnification and noise
dependent. At a magnification of 12,400
the defocus can be estimated with 36 nm
accuracy, the astigmatism with 72 nm and
the alignment with (.1 mrad, respective-
ly. At a magnification of 96,000 these
values are 5 nm, 10 nm and (.1 mrad
respectively. The total time needed for
alignment is 7 s, and for the correction of
defocus and astigmatism 6.5 s.

The practical limitations were due to
a finite reproducibility in controlling the
beam tilt, defocus, stigmator, a finite ac-
curacy in calculating Fourier transforms
and the shading pattern of the camera.

To improve the performance of the
autotuning system, it is necessary to use
a computer controllable TEM (such as
the Philips CM or the Jeol 4000 series) as
basic instrument. The digital control of
the deflection coils, objective lens and
stigmator will may be more reproducable
than the anologue control as used in the
experiments described in this paper. Fur-
thermore, when other parameters (other
than defocus, astigmatism and beam tilt)
are accessible and controllable, more
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complex and robust autotuning procedures
can be realised. For instance, the control of
the magnification, combined with the con-
trol of the condensor lens system, in order
to obtain the same spot size or the same in-
tensity on the screen, makes autotuning at
other magnifications than the one used for
making the micrographs  possible.
Moreover, a simultaneous coma-free and
dispersion free alignment is feasible (see
Introduction), when the variation of the
high tension is combined with the control
of the deflection coils beneath the objective
lens system.

The demands on the computer con-
nected to the microscope are high. Essen-
tial is that image displacements can be
measured by calculating the cross
covariance function within a few seconds.
The calculation of the cross covariance
function should be done using Fourier
transform with floating point arithmetic.
Furthermore, to overcome the limitations
due to the shading pattern of the camera,
division of a recorded image by a so called
zero image, is essential. Low- and/or high
pass filtering of the recorded images before
the estimation of image displacement may
be needed at low dose work, or at high mag-
nifications.

The application of automatic control of
a TEM will lead to new methods of re-
search and image recording in low and
medium resolution electron microscopy.
Forinstance, the method may be helpful for
object reconstruction purposes. Further-
more, special techniques for low dose work,
and the recording of small areas of tilted
specimens at a correct defocus are present-
ly developed [41] and [42].

The developments in automatic control
of electron microscopes combined with the
developments inimage simulation software
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[35], image recording devices [43], image
processing [44] and high resolution
holography [45] will have a strong impact
on high resolution electron microscopy
[46] and [47]. New reconstruction techni-
ques combined with an accurate setting
of the beam tilt and defocus, may make
on-line specimen structure reconstruc-
tion possible, with a resolution deter-
mined by the fundamental limits of the
specimen, and not by those of the the
microscope [48]. It is evident that image
processing combined with accurate con-
trol of the TEM is essential for the fur-
ther development of high resolution
electron microscopy techniques.
Presently, the method described in
this paper is implemented on several
types of the Philips CM series of TEMs
combined with the TVDIPS image
processing system, to test the perfor-
mance and flexibility for low dose
electron microscopy at medium resolu-
tions. Methods for automatic control of a
TEM suitable for high resolution
electron microscopy imaging conditions,
combined with the integration of image
simulation procedures on fast computer
systems are under development.
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Conclusions and Discussion

6 Conclusions and Discussion

In this report the theoretical and ex-
perimental possibilities and limitations of
an automatic method to correct the
defocus, astigmatism and beam tilt
misalignment of a transmission electron
microscope (TEM) were discussed. The
method is based on measuring the effect of
abeam tilt on a specimen image in a TEM.
This autotuning method was implemented
designed and tested, and was found to be
successful for low-dose electron micros-
copy, and for high resolution electron
microscopy, if the specimen is a weak phase
object.

The effect of a beam tilt on the specimen
image is a mere image displacement for the
low spatial frequencies of the specimen
(low magnification). For higher magnifica-
tions not only a displacement is visible, but
also image blurring. The image blurring is
due to the spherical aberration of the objec-
tive lens, which influences the diffracted
electron beams corresponding with the
higher spatial frequencies of the specimen
differently from those corresponding with
the lower spatial frequencies. This image
blurring frustrates autotuning based on es-
timating mere image displacements. Four
methods to autotune the TEM, in spite of
this blurring effect, were described.

The first approach is to tune the TEM at
a lower electron optical magnification than
the magnification used for recording the
micrographs (chapter 2). At lower mag-
nification (<20,000) the effect of the
spherical aberration on the estimation of
image displacements is nigligible. This ap-

proach is sufficient when the structures
on the specimen do not contain high
resolution information (<20 nm), and
when the specimen is not highly radiation
sensitive,

The second approach is to remove the
blurring effect due to those higher spatial
frequencies, by applying a low-pass digi-
tal filter to the images, prior to the es-
timation of image displacement. If this
low-pass filtering is applied to the im-
ages, autotuning of a TEM based on
measuring image displacements, will
work at both low and high electron opti-
cal  magnifications.  Consequently,
autotuning is then possible at the same
magnification as used for recording the
images on micrographs. A drawback of
this approach is the dose inefficiency.
Firstly, high spatial frequencies of the
specimen image are important to the
tuning precision. Secondly, the electrons
contributing to the high resolution infor-
mation are not taken into account for
autotuning, and only used to damage the
specimen.

The third approach is to correct for
the blurring effect due to the spherical
aberration, prior to the estimation of
image displacement (chapter 3). The
non-linear effect due to the spherical
aberration on the phase of the cross
spectrum of a pair of images formed at
oppositely tilted illumination, can be cor-
rected using a digital phase correcting fil-
ter. This phase correcting filter is only
dependent on the induced beam tilt
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angle. Thus, as the induced beam tilt angle
is known, the blurring effect can be cor-
rected for. Note that with this method the
beam tilt misalignment and the astigmatism
are assumed to be corrected previously.

The fourth approach is in most cases the
most suitable: instead of removing, or cor-
recting, the non-linear effect due to the
spherical aberration is incorporated in the
autotuning method (chapter 4). The phase
angles of the cross spectra of pairs of images
formed with oppositely tilted illumination
are used to estimate the TEM parameters.
This approach makes use of the highest fre-
quencies in the images, and is, therefore,
suitable for high resolution, and low-dose
electron microscopy.

Simulations of a TEM and measuring
set-up showed that the minimum dose
needed to tune the defocus with 2 nm
precision is about 6500 electrons per nm’,
for a TEM operated at 120 kV at an
electron-optical magnification of 400,000,
at Scherzer defocus, with a thin amorphous
film as specimen, and an (digital) image size
of 512 pixels (Chapter 2 and 4). The
precision depends strongly on the setting of
the TEM and type of specimen. For ex-
ample, the precision in tuning the defocus
is 2 nm if the TEM has been set previously
in Scherzer defocus and 10 nm for a TEM
in focus.

In addition, in the simulations it became
evident that a two step autotuning proce-
dure should be used for tuning. The first
step adjusts the TEM with low precision to
some setting from where the second tuning
step can be done with high precision. This
two step procedure is dose efficient, and
each step may consist of different tuning

procedures. For example, the first tuning
step may be done at low magnification
(for low-dose considerations) by measur-
ing mere image displacements using the
cross covariance function of pairs of im-
ages (chapter S, section 2.1). The second
tuning step may be done at a higher
electron-optical magnification, and in-
corporates the non-linear effect due to
the spherical aberration of the objective
lens (chapter 5, section 2.3).

For a full implementation of this
autotuning approach, the instrumental
requirements are high. Firstly, most of
the electron optical elements in a TEM
must be computer controllable (the mag-
nification, condensor lens system, objec-
tive lens, the deflection coils above and
underneath the objective lens, a beam
shutter). Secondly, the image processing
device must be able to calculate Fourier
transforms of (5 12° pixels) images within
a fraction of a second. The latest types of
TEMs and image processing systems
meet these requirements.

The performance of the autotuning
method was tested in Delft on a conven-
tional Philips EM 420 TEM, a Gatan 622
video camera, a fast image processing
system (TVDIPS), and a small DEC PDP
11/23 computer used for the external
control of the TEM. The experimental
set-up does not meet all the instrumental
requirements as mentioned above, but
was found to be sufficient to test the basic
principles of the autotuning method. A
Philips EM 420 TEM is not computer
controllable, and was therefore modified
for the external control of the defocus,
the stigmator and the deflection coils
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above the objective lens. The method was
found to work fast and reliable. At a mag-
nification of 12,400 the defocus was es-
timated with an accuracy of 36 nm and the
astigmatism with 72 nm. At a magnification
of 96,000 the defocus was estimated with 5
nm accuracy, the astigmatism with 10 nm
and the misalignment with 0.1 mrad,
respectively. The induced beam tilt angle
for these experiments was 8 mrad. The total
time needed for alignment was 7s, and for
the correction of defocus and astigmatism
6.5 s.

The availability of a facility in the image
processing system for Fourier transform of
images is essential for practical autotuning
of a TEM. The commercially available sys-
tem connected to the TEM was able to cal-
culate a cross covariance function within 0.8
s, with 16 bits integer arithmetic. The
reproducibility in controlling the TEM
parameters was found to limit the accuracy
in estimating an image displacement to
about (.2 pixel. The shading pattern of the
camera limited the estimation of image dis-
placements for images with a very low sig-
nal-to-noise ratio. A correction for this
shading pattern by dividing by a (so called)
zero image was found to be sufficient.

For the next generation of the ex-
perimental autotuning system in Delft, it is
essential to enhance parts of the ex-
perimental set-up to be able to continue the
further development of the autotuning
method. First of all the TEM should be
modified extensively, or replaced by the
latest Philips CM series of TEM, to realize
the complex tuning procedures as are
needed in practice (change in magnifica-
tion during tuning, simultaneous rotation
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and coma-free alignment, low dose
work). A computer controliable TEM
makes the design and implementation of
complex autotuning and imaging
strategies feasible. Secondly, for low-
dose electron microscopy, the camera
systemshould be equipped with an image
intensifier. Furthermore, the image
processing system should be equipped
with a floating point array processor to
calculate Fourier transform of images,
and have facilities for the external con-
trol of the TEM.

Presently, some of these enhance-
ments are effectuated. The autotuning
method described in this report is imple-
mented on several TEMs of the Philips
CM series of microscopes (computer
controllable), to evaluate its perfor-
mance in practical situations. The image
processing system used (TVDIPS), has
facilities for the external control of the
CM type of microscope and a 80 Mflop
array processor for a fast (200 ms) float-
ing point calculation of Fourier trans-
forms of $12° pixel images.

Existing low dose techniques may
have considerably benefit from an
autotuning facility. For instance, a well
known method is to tune the TEM at a
different area of the specimen than the
area of interest. This method may be im-
proved to cope with non-flat surfaces, or
even specimen tilts [1-2]. A more ac-
curate estimate of the defocus at the area
of interest is possible if the defocus at
areas surrounding the area of interest is
measured. When the values of the TEM
parameters are measured for the areas
surrounding the area of interest, an in-
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dication of the defocus at the area of inter-
est can be derived by means of interpola-
tion. This procedure to estimate the TEM
parameters on areas surrounding the area
of interest is rather complex to implement.
The use of the deflection coils above and
underneath the objective lens, the use of
the condensor lens system combined with
the electron optical magnification to il-
luminate a specific area on the specimen,
and the use of a beam blanker within the
TEM is necessary. Furthermore, estimating
the defocus in several areas of a tilted
specimen is of interest for the reconstruc-
tion of specimen structures from a
specimen tilt series; the defocus can be cor-
rected dynamically during the recording of
micrographs of several areas on the
specimen,

Another technique to obtain informa-
tion on radiation sensitive structures which
may benefit of autotuning, is the periodic
averaging technique [3]. A large number of
identical structures (the so called unit
cells), hardly visible due to the (shot) noise
in the images, are averaged (in place, not in
time) to increase the signal-to-noise ratio of
a unit cell. Limitations of these kind of
methods are due to the projection of three-
dimensional structures to two-dimensional
structures and to the random orientation of
all those structures.

A limitation to this technique is that the
specimen area is too large to be recorded
on one micrograph. If the large area is not
flat, then the defocus of the specimen im-
ages recorded will differ. Therefore, a
reproducable estimate of the defocus is
useful to minimize the difficulties related to
the reconstruction of the unit cell. The

reconstruction requires the processing of
thousands of video images and is not yet
feasible on- line. However, with the
developments in high resolution camera
systems (2{)482 pixels), and the increase
in computational power, the display of
the on-line reconstructed structure
might be feasible within the coming
decade.

Another exciting possibility with an
autotuning facility on a TEM is the on-
tine reconstruction of the specimen
structure from a through focus series of
specimen images [4-5]. For weak phase
objects the phase contrast transfer func-
tion of the TEM determines which fre-
quency region of the specimen image is
directly interpretable. At a certain
defocus, an image is not directly inter-
pretable due to contrast reversal and
amplitude filtering of the specimen
image. Therefore, if at each defocus
value for which an image is recorded, the
TEM parameters are measured, a direct-
ly interpretable image can be displayed
on a monitor, after composition of a
number of specimen images formed at
different focus. For this application, an
accurate setting of the defocus and beam
tilts, and a fast Fourier transform facility
on the image processing system is neces-
sary.

Other developments from which the
research on radiation sensitive material,
and high resolution microscopy may have
benefit are related to the gun and the use
of the deflection coils underneath the ob-
jective lens [6]. If, the so called, flashed
illumination is possible (electron il-
lumination of the specimen for only a few

115



Coclusions and discussion

msec), an autotuning system can be used to
process the noisy images (only a few
electrons contribute to the image forma-
tion) until the computer system has ob-
tained enough information on the setting of
the TEM to estimate the TEM parameters
up to some desired accuracy {7). Further-
more, when the specimen is moving, the
computer system can align the video images
obtained within the computer, or adjust the
seiting of the deflection coils underneath
the objective lens as a dynamic shift to nul-
lify the movement of the specimen. This
technique requires prediction of the posi-
tion of the specimen at a certain moment
and is therefore not possible if the
specimen movement is random. When the
movement of the specimen image is due to
instrumental instability, the movement
should be eliminated by technical improve-
ments and not with a computer system cor-
recting for the movement.

For high resolution electron microscopy
the autotuning method was tested in
simulations. For the experimental testing of
the method a high resolution TEM com-
bined with image simulation software must
become available For high resolution
electron microscopy it is inevitable to com-
pare the measured specimen images with
simulated images. The specimen thickness,
structure, orientation and TEM setting, in-
fluence the image severely [8]. The method
described in this work is suitable for a weak
phase object, but not for thick crystalline
material. The development of an autotun-
ing method applicable to thick cristalline
material is highly desirable. Still, in many
practical situations, the structures of inter-
est are positioned on a thin amorphous film
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(weak phase object), which can be used
for autotuning of the TEM,

Autotuning for high resolution
electron microscopy is highly desirable as
the comparison between measured and
simulated high resolution images is less
ambiguous when the setting of the TEM
is known accuractely. Furthermore, the
resolution of the images can be increased
when a beam tilt is induced, combined
with an appropriate amount of defocus
[9]. From a series of images formed with
different beam tilts and defocus values, a
directly interpretable image of the
specimen  structure may be be
reconstructed.

An interesting development in the in-
terpretation of high resolution electron
microscopic images, is the proposal of a
new restoration procedure of the wave
function emerging from the specimen
[10]. The procedure proposed can be
used for direct, unambiguous structure
retrieval from a number of images. The
instrumental requirements for the ap-
plication of this proposed method are ex-
tremely high, but might be met with the
latest generation of TEMs, computer sys-
tems and automatic control [facilities.
The autotuning method should be able to
estimate and control the defocus of the
TEM with an accuracy of at least 2 nm,
but is never realized in an experimental
set-up.

The developments in TEM and image
processing show that within five or ten
years, autotuning will be a facility on any
new TEM. A camera, a framestore and
image processing facilities will be in-
tegrated in the TEM. This is to be ex-
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pected because the ratio of the computa-
tional power of computers to the costs in-
creases. In addition, the importance of
(on-line) image processing within electron
microscopy increases, especially for the low
dose and high resolution work.

Consequently, the quality and reliability
of the TEM as an analytical tool will
depend, more and more, on the design and
implementation of automatic control
facilities. Three levels of automatation are
to be expected. The lowest level will be dis-
igned for a full human control. Forinstance,
the manual control of the defocus will be
highly reproducable and fully calibrated.
The next level of automatation will make
specific tasks related to, for instance, low
dose work (tuning the TEM at another area
in the specimen than the area used for
recording), less complicated and more
reproducable. The highest level of
automatation will be related to the facilities
to design and incorporate, new, control pro-
cedures.

For successful development of proce-
dures towards the requirements of the
microscopist, with their various applica-
tions, a standardization of the instrumenta-
tion and  software is  essential.
Unfortunately, only time will show what
hardware and software will become a stand-
ard in the coming years. Nevertheless, it was
one of the goals of this work to present a
possible standard way of tuning the TEM
parameters automatically, The method
described is applicable for most commer-
cially available TEMs, and useful for a
variety of research done with a transmission
electron microscope.
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Een transmissie electronenmicroscoop
(TEM) is een belangrijk instrument voor
het onderzoek van biologische en anor-
ganische structuren., De toepasssing van
een TEM wordt onder meer beperkt door
het oplossend vermogen van het instru-
ment, de gevoeligheid van het preparaat
voor de bestraling met electronen, en door
de kunde van de microscopist om het
microscoop in te stellen. Met het instellen
van het miscroscoop wordt in dit rapport
bedoeld het corrigeren van het defocus en
het astigmatisme, en het uitlijnen van de
belichtingsbundel ten opzichte van de ob-
jectieflens.

Het doel van het onderzoek is om een
methode te ontwerpen, te implementeren
en te testen, die automatisch de TEM in-
stelt. Het automatisch instellen van de
TEM duiden we verder aan met autotuning
of met zelf-instelling.

Een tweetal belangrijke eisen stellen wij
aan de autotuning methode. Ten eerste be-
hoort de methode geschikt te zijn voor
zowel het werk met zeer stralingsgevoelige
preparaten (low-dose) als hoog oplossend
vermogen electronenmicroscopie. Bij low-
dose electronenmicroscopie speelt vooral
de gevoeligheid van het preparaat voor de
electronenstraling een belangrijke rol, en
bevatten de beelden veel ruis. Voor hoog
oplossend vermogen electronenmicros-
copie is niet zozeer de stralingsschade aan
het preparaat een probleem als wel de zeer
hoge nauwkeurigheid waarmee de TEM in-
gesteld dient te worden voor een een-
duidige interpretatie van de

preparaatafbeeldingen. De tweede eis
die aan de methode gesteld wordt is dat
hij het microscoop zo nauwkeurig
mogelijk instelt met het gebruik van een
minimaal aantal electronen.

De dissertatie is bedoeld voor degene
die zich bezig houdt met de ontwikkeling
van nieuwe technieken en methoden met
betrekking tot de toepassing van trans-
missie-electronenmicroscopie.

De autotuning methode is ontwikkeld
om de microscopist te helpen het micros-
coop zo nauwkeurig mogelijk in te stel-
len als het preparaat zeer gevoelig is voor
de electronenstraling. De mogelijkheden
en beperkingen van autotuning in de
praktijk wordt uitvoerig beschreven.

De beschrijving van de autotuning
methode, alsmede de eisen die gesteld
worden aan de instrumentatie komen
aan de orde. Er wordt een aantal sugges-
ties gedaan hoe de autotuning methode
van nut kan zijn voor low-dose
electronenmicroscopie en voor
reconstructie van drie-dimensionale
structuren uit een reeks beelden op-
genomen met verschillend defocus en/of
bundelkanteling.

Het ontwerp en de uiteindelijke test
van de autotuning methode wordt in een
zestal hoofdstukken beschreven.

In hoofdstuk 1 wordt ingegaan op
electronenmicroscopie en een aantal
toepassingen. Er wordt benadrukt dat
het van belang is de TEM nauwkeurig in
te stellen, zonder dat het preparaat on-
nodig door electronen bestraald wordt.
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Vervolgens wordt een overzicht gegeven
van een aantal methoden die beschikbaar
zijn om het defocus, astigmatism en de
misalignering te corrigeren (handmatig en
semi-automatisch). De conclusie van het
hoofdstuk is dat de methode voor hetinstel-
len van de TEM, gebaseerd op het meten
van een beeldverschuiving als gevolg van
het kantelen van de belichtingsbundel, zeer
geschikt is als autotuning methode.

Zoals gezegd is het van belang de TEM
in te stellen met gebruik van een minimale
aantal electronen. Dit heeft tot gevolg dat
de beelden waarmee de instelling van de
TEM afgeleid, en zonodig gecorrigeerd
moet worden, veel ruis zullen bevatten.
Daarom is een statistische, en niet deter-
ministische,  parameterschattingstheorie
gebruikt om een schatter te ontwerpen die
de TEM parameters (het defocus, het astig-
matisme en de uitlijning) zo precies
mogelijk schat (minimale variantie van de
schatter). Bij de statistische schat-
tingstheorie is de ruis in het model van de
waarnemingen opgenomen. Juist in beel-
den van een transmissie electronenmicros-
coop is de voorkennis omtrent de statistiek
van de ruis groot aangezien ze voor een
belangrijke mate door Poisson statistiek
beschreven wordt (tel ruis).

In hoofdstuk 2 wordt vervolgens het
preparaat, de TEM en het beeldop-
namesysteem gemodelleerd. Met behulp
van dat mathematisch model wordt bepaald
wat de precisie (variantie van de schatter)
zal zijn waarmee de TEM parameters
onder realistische meetomstandigheden
geschat kunnen worden. Als maat voor de
haalbare precisie wordt de ondergrens van
Cramer en Rao bepaald, De ondergrens
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van Cramer en Rao is afhankelijk van het
preparaat, de TEM en het beeldop-
namesysteem, maar niet athankelijk van
de viteindelijk geimplementeerde schat-
ter. De ondergrens van Cramer en Rao is
dan ook een geschikt hulpmiddel voor
het optimaliseren van de meetopstelling
en de meetstrategie. De conclusie van
het hoofdstuk is dat de haalbare precisie
in het schatten van het defocus uit
beeldverschuivingen ongeveer 5 nm zal
zijn, met gebruik van 6500 electronen per
nm", een vergroting van 400,000, een
beeldopnamesysteem dat 512° beel-
delementen bevat, en als het preparaat
een dun amorf vlies is (koolvlies).

De autotuning methode bepaalt de in-
stelling van de TEM uit het meten van
beeldverschuivingen wanneer de belich-
tingsbundel gekanteld wordt. Bij lage
vergrotingen, en dus voor de lage spatiele
frequenties in het preparaat, is het effect
van bundelkanteling een zuivere
beeldverplaatsing wanneer de TEM niet
gefocuseerd is. Echter bij hoge vergrotin-
gen, is er naast beeldverplaatsing ook
beeldvervaging waar te nemen. Als
gevolg van de sferische aberratie van de
objectieflens, is de beeldverplaatsing af-
hankelijk van de spatiele frequentie:
hogere spatiele frequenties verplaatsen
zich over een andere afstand dan de
lagere spatiele frequenties, Het direct2
gevolg hiervan is dat de autotuning
methode, gebaseerd op het meten van
zuiver beeldverplaatsingen, niet goed zal
werken bij hogere vergrotingen. Er zijn
echter een aantal manieren om de in-
vloed van de sferische aberratie op het
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schatten van de TEM parameters te ver-

minderen.

Hoofdstuk 3 beschrijft een methode om
te invloed van sferische aberratie op het
meten van een beeldverschuiving te cor-
rigeren. Het blijkt mogelijk te zijn om het
defocus te schatten met behulp van
verschuivingsmetingen wanneer beide
beelden (digitaal) gefilterd worden voordat
een beeldverschuiving gemeten wordt. Het
benodigde filter is slechts afhankelijk van
de bundelkanteling, welke opgelegd wordt
en dus bekend is (mits de TEM is uitgelijnd
en het astigmatism vooraf gecorrigeerd is).
Naast de beschrijving van deze filtering
wordt de autotuning methode, gebaseerd
op verschuivingsmetingen, vergeleken met
een andere, in de literatuur voorgestelde,
autotuning methode (variantie methode).
De haalbare precisie van beide methodes
wordt onder realistische omstandigheden
berekend en vergeleken. De uitkomst van
deze  vergeliking is  dat  de
verschuivingsmeting ongeveer 30 maal
minder electronen gebruikt, en dus meer
geschikt is voor low-dose electronen-
microscopie dan de variantie methode.

In hoofdstuk 4 wordt de voorgaande
theorie, met betrekking tot het schatten van
de parameters uit een aantal beelden op-
genomen met gekantelde bundels, verder
uitgediept. Zoals gezegd, is het mogelijk de
TEM  parameters te schatten uit
beeldverschuivingen met behulp van kruis-
covariantie functies, mits het effect van
sferische aberratie verwaarloosbaar klein
is, door de beelden op te nemen bij lage
vergrotingen. Een andere mogelijkheid is
de beelden vooraf te filteren met het (hier-
boven beschreven) correctie filter. Het is

echter ook mogelijk de TEM parameters

te schatten uit het fase gedeelte van
kruisspectra van beelden opgenomen
met gekantelde belichtingsbundels.
Deze aanpak modelleert de sferische
aberratie als een extra parameter, en
heeft de wvoorkeur boven de
verschuivingsschatting wanneer het
preparaat zeer gevoelig is voor de
electronenstraling. Aangezien de hoge
spatiele frequenties in het preparaat
gebruikt worden voor het automatische
instellenvan de TEM, is de methode ges-
chikt voor hoog oplossend vermogen
electronenmicroscopie. Deze methode
is algemeen toepasbaar mits het
preparaat beschreven kan worden als
een zwak fase object. Voor dikke kristal-
lijne preparaten zal de methode niet
goed werken.

In hoofdstuk 5 wordt de voorgaande
theorie samengevat, de experimentele
opstelling en een aantal experimenten
beschreven. De meetopstelling bestaat
uit een Philips EM 420 TEM, een Gatan
622 camerasysteem, een DEC PDP 11/23
computer en een beeldverwerkend sys-
teem (TVDIPS). De Philips EM 420
TEM is in haar standaarduitvoering niet
geschikt voor computerbesturing. Een
aantal  (electronische) modificaties
waren dan ook noodzakelijk om het
focus, de stigmator van de objectieflens
en de deflectiespoelen boven de objec-
tieflens te kunnen besturen. De DEC
PDP 11/23 computer is hiertoe voorzien
van extra hardware en software. De
Gatan camera is verbonden met de
TEM, en met het beeldverwerkend sys-
teem TVDIPS. De TVDIPS computer
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bevat hardware om zeer snel verschuivin-
gen en kruisspectra te berekenen. De snel-
heid is van belang voor de autotuning
methode, aangezien de instelling van de
TEM bepaald wordt uit beeldverplaatsin-
gen die op hun beurt weer berekend wor-
den met kruiscovariantiefuncties. Een
kruiscovariantie functie van twee beelden
(256° beeldelementen) wordt in 0.8 s
berekend. De TVDIPS computer is ver-
bonden met de DEC computer die op zijn
beurt weer verbonden is met de TEM. De
autotuning methode is geimplementeerd
en blijkt betrouwbaar en nauwkeurig te
werken. Bij een vergroting van 96000 is de
reproduceerbaarheid in het schatten van de
uitlijning 0.1 mrad, 5 nm van het focus en 10
nm van het astigmatisme te zijn. Dit is vol-
doende nauwkeurig voor toepassingen in
de praktijk. De tijd die nodig is om het focus
en het astigmatisme te bepalen en te cor-
rigeren is 6.5 s. De uitlijning van de belich-
tingsbundel neemt 7 s in beslag.
Hoofdstuk 6 geeft een overzicht van de
eerste vijf hoofdstukken en richt zich op de
naaste toekomst met betrekking tot
autotuning. Er wordt benadrukt dat de
autotuning methode geimplementeerd is
op een aantal systemen buiten Delft, om
haar toepasbaarheid in praktische situaties
te testen. In samenwerking met Philips
(producentvan electronenmicroscopen) en
met de firma Tietz Image Processing Sys-
tems (producent van computer systemen
geschikt om de Philips CM serie
electronenmicroscopen te besturen) is de
methode geimplementeerd op het meest
recente  type  computerbestuurbare
electronenmicroscoop.
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Momenteel  worden de in-
dustrieel/commerciele aspecten van de
autotuning methode voor low-dose
electronenmicroscopie geevalueerd, en
vindt er een verdere ontwikkeling van de
methode plaats om een bruikbaar
hulpmiddel te zijn voor gebruikers van
de nieuwste generatie computerbestuur-
bare electronenmicroscopen.
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De schrijver van dit proefschrift wordt te Velsen geboren
en krijgt de naam Abraham Johannes Koster.

Hij besluit toe te treden tot de 'Mr. S. Vissering
Scholengemeenschap’, eveneens in Velsen.

Bram ontvangt het diploma voor het met succes doorlopen
van het Voorbereidend Wetenschappelijk Onderwijs.

Enthousiast begint hij als student bij de afdeling der
Technische Natuurkunde aan de Technische Hogeschool in
Delft.

Na het behalen van zijn Kandidaats diploma in 1982,
schrijft hij zich in bij de Kamer van Koophandel als
(mede-)oprichter van het automatiserings adviesbureau
"Microcontrol’.

Hij mindert zijn adviserende activiteiten en richt zich
meer op de studie waar hij al enige tijd bezig is met
zijn vierdejaarswerk, onder begeleiding van Dr.ir. A. van
den Bos, binnen de vakgroep Signaal/Systeem techniek,
sectie Parameterschatten. De titel van zijn verslag
luidt: ’Ontwerp van een gebruikersvriendelijke spectraal
analysator op parametrische grondslag’.

Meerdere maanden verblijft hij in Canada, waarin hij
gedurende twee maanden onderzoek verricht bij de groep
Micro-Structural Sciences van het National Research
Council (NRC) in Ottawa, met betrekking tot 'Quadrupole
Mass Spectrometry’,

Hij beseft dat parameterschatten van belang is voor de
automatische besturing van transmissie electronenmicros-
copen, en start een succesvol samenwerkingsprojekt tussen de
sectie Parameterschatten en de vakgroep Deeltjes Optica.
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Het samenwerkingsprojekt mondt uit in zijn afstudeerverslag
met de titel 'Achievable precision in autotuning of a transmis-
sion electron microscope’ onder begeleiding van Prof.dr.ir. B.P.
Veltman en Dr.ir. A. van den Bos.

Hij zet het samenwerkingsproject binnen de vakgroep
Electronen Optiek voort, onder begeleiding van
Profdrir. K.D. van der Mast en Drir. Avan den Bos,
maar nu als promovendus

Hij heeft zich vier jaar bezig gehouden met het ontwerpen, im-
plementeren en testen van diverse manieren om een transmis-
sie electronenmicroscoop automatisch in te stellen, in dienst van
het de Stichting Fundamenteel Onderzoek der Materie (FOM).
Hij weet dat de electronen microscopisten de autotuning
methode goed kunnen gebruiken om onderzoek te doen aan
zeer stralingsgevoelige, preparaten, en hoopt dat ze dat ook
zullen doen.
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12. If communication is defined as ’one or more persons making, having or con-
tinuing contact with one or more other persons by means of carrying out, or having
carried out an observable activity - or activities - with the purpose to realize one
or more goals,” and communication-failure as ’not being able to exchange infor-
mation as a result of an insufficient capability to speak, listen, write and read,’
then the medium television is not an aid for communication, but a cause for com-
muncation-failure, because this medium encourages people to look at a screen
without any other observable meaningful activity.

Neil Postman (1986). Amusing ourselves to death: public discourse in the age of
show-business. New York, Viking.

C.JJ. Korswagen (1982). Mondelinge communicatie in theorie en praktijk. Gronin-
gen, Wolters-Noordhof.

13. In 1987 the average Dutchman used a motorcar more than a bicycle in com-
parison to 1980, if the increase in usage is measured as the ratio of the average
distance driven and the average distance biked per day. This is an indication that
the consideration of the average Dutchman given to environmental problems
decreased in that period.

Centraal bureau voor de statistiek (1988). Statistisch Zakboek 1988. ’s-Gravenhage,
Staatsuitgeverij, 239.

Theses

connected to the dissertation

Autotuning of a Transmission Electron Microscope

A.J. Koster, Delft, June 6, 1989.

1. For the autotuning of a TEM, the electron dose required for a two-step method
(consisting of a rough and a fine-tuning step, respectively) is, in general, smaller
than that required for a one-step method.

2. The possibility to estimate parameters of structures in the specimen directly
from electron microscopical images recorded with a videocamera will decrease
the necessity to store the images on photographic material for off-line process-
ing.

W.0. Saxton (1988). Accurate atom-positions from focal and tilted series of high
resolution electron micrographs. in: Image and Signal Processing in Electron
Microscopy, eds. P.W. Hawkes, W.O. Saxton, F.P. Ottensmeyer, A. Rosenfeld
(Scanning Microscopy International, Chicago), 213.

3. It is preferable to combine autotuning of a TEM and the calibration of the
TEM-control in one single procedure, as the reliability of autotuning will increase
drastically while the required electron dose will be only a factor of two higher
than without simultaneous calibration.



4. The acceptance of holography within electron microscopy as a method to study
specimen structures is hindered by the fact that a human being is able to observe
only the intensity of images and not complex images consisting of phase and mag-
nitude. Therefore, the application of holography will increase as soon as a
videocamera and an image processing system are part of a TEM and capable of
transfering and displaying the complex holographic images as an intensity dis-
tribution on a monitor.

Lichte (1986). Electron holography approaching atomic resolution. Ultramicros-
copy 20, 293.

5. In a discussion of the phase contrast transfer function in the weak phase ap-
proximation for tilted illumination, the frequency region should be mentioned for
which the double side band imaging is a valid description of image formation, be-
cause this region is highly dependent on the setting of the TEM.

W. Hoppe, D. Kostler, D. Typke and N. Hunsmann (1975). Kontrastuebertragung
fuer die Hellfeld-Bildrekonstruktion mit gekippter Beleuchtung in der Elektronen-
mikroskopie. Optik 42, No. 1, 43.

6. A method recently proposed to estimate the electron wave function emerging
from a specimen using a series of images formed at different values of defocus,
should be formulated statistically and not deterministically in order to get insight
in the practical limitations of this method due to the noise in the images and in-
accuries in the control of defocus.

D. van Dyck and W. Coene (1987). A new procedure for wave function restoration
in high resolution electron microscopy. Optik 77, no.3, 125.

7. The reliability and applicability of an autotuning method based on measuring
the variation in image contrast when the setting of the TEM is changed will in-
crease when this method is combined with an autotuning method based on
measuring the effect of beam tilt on the image.

W.0. Saxton, DJ. Smith, M.A. O’Keefe, G. Wood and W.M. Stobbs (1983).
Procedures for focusing, stigmating and alignment in high resolution electron
microscopy. Journal of Microscopy 130, Part 2, 187.

8. The evolution of the TEM during the past 10 years can be characterized by the
integration of computers to control currents through coils and not by the improve-
ment of electron optical components. It is to be expected that in the coming 10
years computers will play an even larger role with respect to the interpretation of
images for high resolution electron microscopy and the imaging of radiation sen-
sitive specimens for high resolution low dose electron microscopy.

9. Automatic control of a TEM will not increase the production (in terms of ob-
taining data of structures in specimens per time unit) when the knowledge and
expertise of the user is inversely proportional to the level of automation.

10. In the Netherlands, the educational program at university level has changed
in the past 20 years in such a way that the saying *studying at a university’ should
be, in general, replaced by 'taking a course at a university’.

Koninklijk Instituut voor Ingenieurs (1989). Compact academisch pakket perst ir-
studie in 3 jaar. Ingenieurskrant, 20 april, 52.

11. For scientific research the price of material or instrumentation is not a valid
criterion to justify a method or idea, since prices are time dependent.




11.Inwetenschappelijk onderzoek is de kostprijs van benodigde materiaal of mid-
delen geen juist kriterium om een methode of idee mee te rechtvaardigen, aan-
gezien de kostprijs in de tijd zal fluctueren.

12. Als men communicatie definieert als: het in gemeenschap treden, zijn of blij-
ven van een of meer personen met een of meer andere personen door het ver-
richten - of verricht hebben - van een waarneembare activiteit - of van waarneem-
bare activiteiten -, teneinde een of meer doelstellingen te verwezenlijken,” en com-
municatie-stoornis als: ’een belemmering in informatie-uitwisseling tengevolge
van het onvoldoende beheersen van elementaire vaardigheden zoals spreken,
luisteren, schrijven en lezen,” danis het medium televisie niet zozeer een hulpmid-
del tot communicatie, maar eerder een oorzaak van communicatie-stoornissen,
aangezien dit medium aanzet tot kijken naar een beeldscherm zonder dat dit kij-
ken resulteert in een andere waarneembare betekenisvolle activiteit.

Neil Postman (1986). Amusing ourselves to death: public discourse in the age of
show-business. New York, Viking.

C.JJ. Korswagen (1982). Mondelinge communicatie in theorie en praktijk. Gronin-
gen, Wolters-Noordhof.

13. Vergeleken met 1980 gebruikte de gemiddelde Nederlander in 1987 een
automobiel meer dan een fiets, als de toename in het gebruik gemeten wordt als
de verhouding tussen de afstand gemiddeld afgelegd per auto en die per fiets per
dag. Dit geeft aan dat het besef van de gemiddelde Nederlander van de
milieuproblematiek in deze periode is verminderd.

Centraal bureau voor de statistiek (1988). Statistisch Zakboek 1988. ’s-Gravenhage,
Staatsuitgeverij, 239.

Stellingen

behorende bij het proefschrift

Autotuning of a Transmission Electron Microscope

A.J. Koster, Delft, 6 juni 1989.

1. Voor het automatisch instellen van een TEM, is het benodigde aantal
electronen bij een twee-staps methode (bestaande uit een grof en fijn- instelling)
in het algemeen kleiner dan bij een een-staps methode.

2. De mogelijkheid om parameters van structuren in een preparaat direct (on-
line) te schatten uit electronenmicroscopische beelden opgenomen met een
videocamera onder bekende beeldvormingscondities zal de noodzaak om beel-
den op fotografisch materiaal op te slaan voor latere (off-line) verwerking ver-
minderen.

W.0. Saxton (1988). Accurate atom-positions from focal and tilted series of high
resolution electron micrographs. in: Image and Signal Processing in Electron
Microscopy, eds. P.W. Hawkes, W.O. Saxton, F.P. Ottensmeyer, A. Rosenfeld
(Scanning Microscopy International, Chicago), 213.

3. Het is beter om het automatisch instellen van een TEM en de calibratie van de
TEM-besturing te combineren in e¢€n enkele procedure, aangezien dan de
betrouwbaarheid van het automatisch instellen sterk zal toenemen en het
benodigd aantal electronen slechts een factor twee groter zal zijn dan zonder deze
gelijktijdige calibratie.




4. Het aanvaarden van holografie binnen de electronenmicroscopie als een tech-
nick om structuren in preparaten te bestuderen wordt belemmerd door het feit
dat een mens slechts intensiteitsverdelingen waarneemt en geen complexe beel-
den bestaande uit fase en magnitude. Het gebruik van holografie zal daarom pas
sterk toenemen zodra een videocamera met bijbehorend beeldverwerkingssys-
teem een integraal onderdeel is van het electronenmicroscoop en de complexe
holografische beelden direct (on-line) omgezet kunnen worden naar een
preparaatafbeelding in de vorm van een intensiteitsverdeling op een
beeldscherm.

H. Lichte (1986). Electron holography approaching atomic resolution. Ultramicros-
copy 20, 293.

5. Ten onrechte wordt bij het presenteren van de contrast transfer functie in de
zwakke fase benadering met gekantelde belichtingsbundel vaak het frequen-
tiegebied waarvoor *double sideband imaging’ de beeldvorming in het micros-
coop beschrijft niet vermeld, hoewel dit frequentiegebied sterk bepaald wordt
door de instelling van de TEM.

W. Hoppe, D. Kostler, D. Typke and N. Hunsmann (1975). Kontrastuebertragung
fuer die Hellfeld-Bildrekonstruktion mit gekippter Beleuchtung in der Elektronen-
mikroskopie. Optik 42, No. 1, 43.

6. Een methode recentelijk voorgesteld om de golffunctie tredend uit het
preparaat te bepalen uit een aantal beelden opgenomen met verschillend defocus
zou niet op een deterministische, maar op stochastische wijze geformuleerd
dienen te worden om de praktische beperkingen van deze methode als gevolg van
ruis in de beelden en onnauwkeurigheden in het besturen van het defocus af te
schatten.

D. van Dyck and W. Coene (1987). A new procedure for wave function restoration
in high resolution electron microscopy. Optik 77, no.3, 125.

7. De betrouwbaarheid en toepasbaarheid van een automatische methode om de
TEM in te stellen gebaseerd op het bepalen van minimum contrast in het beeld
zal groter zijn als deze methode gebruikt wordt in combinatie met een automatis-
che methode gebaseerd op het meten van het effect van bundelkanteling in het
beeld.

W.O0. Saxton, D.J. Smith, M.A. O’Keefe, G. Wood and W.M. Stobbs (1983).
Procedures for focusing, stigmating and alignment in high resolution electron
microscopy. Journal of Microscopy 130, Part 2, 187.

8. De ontwikkeling van TEM is de afgelopen 10 jaar in hoge mate bepaald door
de integratie van computers met betrekking tot regelen van stromen door spoelen
en niet door verbeteringen aan de diverse electronen optische onderdelen. Het
is te verwachten dat in de komende 10 jaar computers een nog grotere rol gaan
spelen, maar dan met betrekking tot beeldinterpretatie bij hoog oplossend ver-
mogen electronenmicroscopie en bij het afbeelden van zeer stralingsgevoelige
preparaten.

9. Automatisering van een TEM zal de productie (het verkrijgen van gegevens
over structuren in het preparaat per tijdseenheid) niet doen toenemen wanneer
de kennis en vaardigheid van de gebruiker omgekeerd evenredig is met de mate
van automatisering.

10. Het universitair onderwijsprogramma is in de afgelopen 20 jaar in Nederland
zodanig veranderd dat de zinsnede ’studeren aan een universiteit’ in het algemeen
beter vervangen kan worden door *het volgen van een cursus aan een universiteit.’

Koninklijk Instituut voor Ingenieurs (1989). Compact academisch pakket perst ir-
studie in 3 jaar. Ingenieurskrant, 20 april, 52.




