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Abstract

A comparison was made between experimental high-resolution electron microscopy images of sapphire
and their simulations, particularly the contrast ratio hetween the two. It was found that there were incon-
sistencies between the simulation packages, let alone with the experimental images. Hawving eliminated
or accounted for most suggested causes for the mismatch the contrast ratio between the experimental and
simulated images was found to be 0.57 + 0.02. Comparison of power spectra suggested that the problem

lay in modelling the imaging optics of the microsc

experimental images was developed,

Introduction

In the past, high resolution electron mi-
croscopy has concentrated on qualitative analysis
of images. More recently attempts to determine
the fonicity of sapphire have accelerated the desire
to make quantitative comparisons of simulations
and experimental images. This has led to the dis-
covery that there is a major discrepancy in the
contrast (Handerd dewation) of gueh images. Fax-
perimental images taken without an energy filter
generally have a factor of six less contrast than
the simulations.

Several possible causes have been suggested.
1. Inelastic scattering from plasmons has been
found to contribute a factor of two to the contrast
loss. This can be eliminated by using an energy
filter to cut out these scattered beams, but this
still leaves a factor of three.
2. Phonon scattering causes a low encrgy loss so it
is not removed by an energy filter. This could af-
fect the contrast, particularly if no objective aper-
ture is used.
3. Amorphous material on the surface of the sam-
ple would elastically scatter electrons. For filtered
images this would cause a small reduction in con-
trast by adding a constant background.
4. Fringing fields are not accounted for in simula-
tions. They are most noticeable in ionic structures
with large unit cells. However, the phase changes
calculated assuming all the change occurs within
the sample are very similar to those where the
changes occur in the fringing field.
3. Damage caused to the lattice by the electron
beam of a microscope causes a progressive loss of
contrast with time.
6. Stray scattering, reflections from the micro-
scope sides, damage to the detector and X-rays
hitting the detector could affect image contrast.
7. If the point spread function and sampling of
the detector are not accounted for, a large drop
in contrast would result. This loss is typically a
factor of 23 for a CCD camera.

Experimental Procedures
Sample Preparation
A sample of sapphire with a (100) surface nor-
mal was used. In order to get a range of thick-
nesses in each picture a crater with sloped sides
was created by ion-milling. The angle of the slope
couldn’t be too great or the simulations carried

ope. A method for estimating sample vibration from

out later would break down, To remove surface

contamination the sample was washed in agua re-

gia. Finally it was annealed at almost 1500°C to

climinate the majority of lattice defects.?
Obtaining Images

The microscope was targeted at the inner
edge of the crater, to include the full range of
thicknesses from vacuum to around 100nm. A se-
ries of images was taken at different defocii.

The initial pictures, used to set up the image
processing techniques, were taken with a 397kV
microscope. This caused a lot of damage to the
sample as time progressed. There were also large
steps between defocus values. These two effects
meant it proved impossible to determine precisely
the defocii used. The extreme spoiling caused by
the beam also made comparisons using the later
images virtually meaningless,

The main series was taken using a Philips
CM300 FEG 297kV microscope. Very small (ap-
prox. 10nm) defocus steps were made. The images
taken with this less powerful beam gained very lit-
tle damage with time (Fig. 1a). In fact after 16
exposures of one area the damage was still less
than after 14 with the old microscope.

The latter series was taken with no objective
aperture. As a test for stray and phonon scatter-
ing contributions, one shot was taken with a 2mm
aperture. This was small enough to cut out sec-
tions of the field of view. The contrast of the cen-
tral portion of the no aperture image was 0.3579
while the 2mm aperture gave 0.3581. This indi-
cated that there was very little contribution from
phonon or stray scattering and there was no prob-
lem with not using an objective aperture.

Image Processing

Cleaning up the raw microscope pictures was
a seven step process. See Appendix A for the
program used to carry these out.

1. Remove dud pixels: There are two causes of
dud pixels in an image — either a camera pixel
had been permanently damaged or an N-ray hit
it during the exposure. Obviously, leaving these
anomalies would drastically affect any measure-
ment of contrast. The routine looks for pixels that
are drastically brighter or darker than all their
neighbors, and replaces them with an average of
the neighbors.

2. Fourier transform: The picture is the convolu-
tion of the real intensity distribution with a cam-



Fig. 1a Illustration of the small amount of dam-
age caused by the 297kV electron beam. The top
image was the first taken of the area, the bottom
image was the 16th. They have been processed and
aligned. Twenty {012} and twenty {014} fringes
have been marked with A and B respectively.

era pixel and the auto-correlation function of the
microscope. In transform space this corresponds
to a multiplication, which is easy to undo.

3. Correct for square camera pixels: The fourier
transform of a square is a sine(z) -sinc(y) function.
An image containing this function is created and
the transformed picture is divided by it.t

4. Remove point spread: The point spread
function is the fourier transform of the auto-

1 In picture-picture calculations, the operation
is carried out usinglghe mte;nitxes of correspond-
ing pixels: (33) = (33) = (3,3)-

correlation function. This is removed by weight-
ing the image with the inverse of the microscope’s
transfer function, a process known as deconvolu-
tion.

5. Get rid of deconvolution noise: The last step
adds lots of high frequency noise to the image.
This can be removed by multiplying the fourier
picture by a 2D gaussian (in real space this is the
convolution of a gaussian with the image — blur-
ring). The optimum half-maximum radius of the
gaussian has to be found by trial and error —
small enough to cut out most of the noise but not
too small as to remove signal. For the pictures
used here it was found to be 125 pixels.

6. Inverse fourier transform: Return the image to
a readily comprehensible form.

7. Undistort: Stray magnetic fields in the micro-
scope and anomalies in the imaging optics cause
the electron beams to bend differently depend-
ing on where they are. This distorts the images
slightly. The effect doesn’t change much with time
80 a distortion map obtained from an image taken
of a uniformly thick bit of the sample can be ap-
plied to all images taken that session.

This proved impossible for this series. All the
pictures taken of the uniformly thick sample con-
tained discontinuities in the crystal lattice that
introduced phase shifts in the mapping (Fig. 1b).

Fig. 1b Distortion map for the 297V microscope.
The left section is the y-displacement, the right
section is the z-displacement.

Note the discontinuities in the z-displacement.

Inspection of the map did show that the area
to be studied contained little distortion in the
x-direction and only a small gradient in the y-
displacement. It was decided not to bother with
this step.

In order to demonstrate the effect of the var-
ious steps, a picture of the dark field (where the
majority of the structure in the image comes from
the camera and noise) was processed to different
levels (Fig. 1¢). This particularly showed the im-
portance of multiplying by a gaussian after decon-
volution.

After the images had been cleaned up they
had to be aligned. The sample had drifted around,
so the series of images were centered on different
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Fig. 1c The effects of image processing: the power
spectrum of an image taken after different stages
of processing. 1. Before processing. 2. Deconvolved
but no gaussian blurring. 3. Everything ezcept re-
moving dud pizels. 4. Everything except correcting
for square camera pizels. 5. Fully processed image.
Note the lines caused by a row of damaged camera
pizels that wasn't totally removed by the program.

bits of it. Here the lack of amorphous material
proved to be a problem. Taking a cross-correlation
of two images picked up the sample-vacuum edge
and gave a strong signal in the y-direction but
didn’t have enough features to produce a reliable
signal in the x-direction. Unfortunately, most of
the drift was in the x-direction.

Consequently the re-centering had to be done
by manually marking features on each image. The
average of the drift calculated from each of these
markers was used to align each picture with the
previous one in the series. The parts of the images
which were not included on the whole series were
cropped off, so the resulting pictures all covered
the same area of the sample (Fig. 1a).

The validity of the processing was checked by
taking the power spectrum of a large area of one
of the pictures (not including the edge). This was
compared to a diffraction pattern taken with the
microscope (Fig.3b). The angles and length ra-
tios were all found to be correct. The contrast of
the images was stable to small amounts of blur-
ring, implying that there was not much contribu-
tion from noise.

Determining Image Parameters

The first thing to work out was the magnifi-
cation of the images. The power spectrum of an
experimental image was compared to a theoretical
diffraction pattern. This showed which spacings
corresponded to the major fringes. The magnifi-
cation could then easily be calculated by measur-
ing across several fringes (Fig. 1a) and employing
the formula below.

no. fringes x fringe width =
no. pizels x magnification

{014} :

20 x 0.3479 .

T 0.014 nm /pixel
{012} :

20 x 0.2552

—W = (0.014 nm/pixel

It is possible to calculate the thickness of
the sample from images. Two exposures of the
same area at the same defocus are needed, one
with and one without the energy filter (Fig. 1d).

Is '
S it
I+ Is _ Y
Iy
In (unﬁltemd) thickness
filtered mean free path

Iy=area under zero-loss peak.
Is=area under scattering peak.

Fig.1d Energy against scattering angle for un-
filtered images. The largest peak is the zero-loss
peak. The secondary peak is due to plasmon scat-
tering and is removed by the energy filter.

For an overview of the sample thickness an im-
age containing this function was created. To re-
move the effects of individual atoms the unfiltered
and filtered images were smoothed before the cal-
culation was carried out. Contours were marked
on to give a clear impression of the sample shape
(Fig. 1e). When extracting sections later on, the
mean intensities of the extracted square in each
smoothed image was fed into the equation to ob-
tain the thickness.

The defocus of each experimental image had
to be determined in order to compare them to sim-
ulations. This was done directly from the images,
as the microscope had only been focussed by eye.
The astigmatism was also calculated to be 7.76nm,
75°.

Extracting Experimental Series

Once the images had been cleaned up and
aligned, the small sections to be compared with
simulation had to be extracted. Using the rou-
tine listed in Appendix B, five areas (with thick-
nesses from 20nm to 80nm) were marked and cut
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Fig. 1e Thickness map of sample. The whiter the
tion is the vacuum.

out of every image in the defocus series. This pro-
duced an array of pictures, with thickness in one
direction and defocus in the other (Fig. 3c).

Computer Simulations
Multi-slice Method

Both programs described below use the multi-
slice method to simulate the effect of a crystal on
the electron beams. It assumes that the potentials
of the atoms in 3D can be modelled by layers. As
a crystal contains many unit cells, this repeating
pattern can be represented by stacking the layers.
The electrons arriving at the first layer are taken
to be plane waves at normal incidence.
1. Project potential: Work out the positions and
magnitudes of the atom potentials of one unit cell
on a plane. The result is similar to the shadow
cast by an array of balls of different sizes when
illuminated by plane waves. It is here that the
ionicity could have an effect — by altering the
magnitudes of the potentials.

The potentials are derived from the atomic
scattering factors, approximated by four gaussian
splines®. At 297kV this approximation is valid up
to an objective aperture diameter of 0.2nm?.

2. Calculate phase changes: When the waves meet
a projected potential layer the phase of different
parts is changed by the potential. This is equiva-
lent to beams being bent by the charges.

3. Calculate fresnel progagator: The wavefronts
propagate between the layers, which are close
enough to be in the fresnel regime.

4. Apply phase change and propagator: Repeat

for N layers. To simulate a crystal of thickness ¢
using slices of thickness a, N = t/a.

5. Account for microscope optics: After exiting
the sample the electron waves are focussed. This
can be modelled using the known parameters of
the lensing system.

The method needs thin slices to work. For
large unit cells it is required to take n subslices
of the unit cell. This can be done in two ways.
Firstly, the potential is projected down as before,
but then each slice is an nth of this projected
potential. Secondly, the unit cell is divided up
and each slice is projected separately. This sec-
ond approach requires n projected potentials but
still only one fresnel propagator.

EMS

This commonly used package was used to test
the multi-slice method under the conditions used.
Sapphimhasala.rgeunitcel]andsotakingsub—
slices was required. The EMS simulations showed
that there was no difference between projecting
the potential then slicing it up and slicing the unit
cell then projecting. This was an essential com-
parison as the main simulation package could only
do the former.

Semper

In order to include more parameters in the
model, the same simulations were carried out us-
ing routines within Semper, an independent im-
age processing system. This threw up an inter-
esting problem. With the same values for all
the parameters the new images (Fig. 3¢) did not
look at all like the ones produced using EMS.
The most obvious cause was a discrepancy in the
projected potentials. EMS creates this within
one of its own programs, the Semper routines
rely upon an external Fortran program (GTW-
POT). The potentials were qualitatively the same
(Fig. 2a) and placed the atoms in the correct
places. However they were not quantitatively the
same. The mean intensity of the EMS-generated
potential was 9.48 while that of the GTWPOT-
generated potential was 19.97. This mean is
the representation of the mean forward scatter-
ing potential, Vp, which can readily be calculated.

Vo___a(nuxf.u+noxfo)
axbxe

12 x .5867 + 18 x .1983 )
(.4758) x (.4758 x cos 30) x 1.299

= 4788 (
= 19.95

thus proving the GTWPOT-generated potential
to be correct. It has been noted that V, can vary
by up to 6% using different scattering factors for
aluminium and oxygen, and by up to 24% between
neutral and ionised sapphire? but that does not



account for such a large discrepancy. When the
same calculation was carried out for the simpler
case of FCC Aluminium both packages got the
COITECT Answer.

It seems likely that there is a bug in EMS
when it deals with large trigonal unit cells — the
atoms are placed in the correct places but the po-
tential is projected incorrectly,

Fig.2a Top: EMS-generated projected potential.
Bottom: GTWPOT-generated projected potential.
The difference in dimension is believed to be to do
with the way the packages display the information,

In order to carry out the simulations, vari-
ous parameters needed to be set. Most of these
could be simply taken from the microscope doc-
umentation and converted into the correct units
for the package being used. However, there was
a problem with the 297kV microscope. This had
no objective aperture - ie. the aperture radius was
infinite. The programs used to do the simulations
would start to overflow with too large radii and
so introduce errors or even crash. Trial runs were
done, varying the aperture size, to study the effect.
At large apertures the resulting images were com-
pletely unrecognizable. The largest radius which
didn't produce such degradation was found to be
0.lnm. Above this the gaussian splines approxi-
mation for the atomic seattering factors is invalid.

Comparison of Experiment

and Simulation
Vibration

It was noticed that the experimental images
were blurred forms of the simularions. By blurring
the simulated images with gaussians it was possi-
ble to create images that looked very similar to the
cxperimental ones. The reason for the smudging
in the experimental pictures is almost certainly
the sample vibrating around in its own plane dur-
ing the exposure, The causes of this motion would

be thermal noise (random and gaussian-like), elec-
tron impact (minor effect in the xy direction), and
drift caused by the sample charging with electron
impact and being within a magnetic field (slow
compared to exposure time). The Semper pro-
gram was able to model vibration in this plane,
but doing so greatly increased the processing time.

To speed things up, a comparison of the ef-
fects of blurring with gaussians and introducing
vibration was carried out. The results were indeed
very similar, once edge effects had been cropped
out (Fig.3a). (See Appendix C for the graphs
produced to relate standard deviation, number of
gaussians required and amount of xy vibration.)
This allowed a quick match between simulation
and experiment to be made using gaussians and
then only one or two vibration simulations were
needed to match the images exactly.

E

Lo lett is the starting imagy
for both methods.

s vibration

Flurring

Fig. 3a The effects of introducing oy vibration into
the stmulation compared with blurring the image
with gaussians. From left to right, the amounts of
vibration were 0.0inm, 0.06nm and 0.10nm, the
number of gaussian of radius I were ¥ 9§ and
242. Pairs of images have the same mean and
standard deviation, and so conirast.

Note the difference at large vibration — the region
of the experimental images. {{0nm thickness, fnm
defocus, no astigmatism)

The actual vibration amplitude of the sample
was unknown. The validity of the vibration level
chosen could thus not be checked. Due to this
the blurring was used merely to check that the
pictures matched qualitatively, the quantitative
comparisons being made using simulations with-
out any vibration.

Power Spectra

The power spectra of the experimental images
matched with the diffraction patterns produced
by the microscope and a pen-and-paper calcu-
lation using accepted values for allowed peaks?.



The angles were all correct and the length ratios
fell within 2% of each other (Fig.3b). The two
simulations also matched in general appearance,
all the spots falling in the same places. How-
ever the Semper power spectrum contained some
distortion of the diffraction spots and the EMS
diffraction pattern came from a separate program
within the package, just like the projected po-
tential. The overall match would seem to imply
that there is little problem with the multi-slice
method but that the discrepancies between exper-
iment and simulation lie in the description of the
imaging optics'.
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Fig. 3b 1. Pen—and-paper colculation.

2. Microscope diffraction pattern. 3. Power spec-
trum of processed ezperimental images. 4. EMS
generated diffraction patiern. 5. Power spectrum
of Semper simulated image.

Note: the images have been scaled to the same
height but the simulations are wider.

Matched Series
The sirmulated images match the experimen-
tal ones across many thicknesses and defocii
(showing that the normal incidence approxima-
tion was valid). The contrast ratio between ex-

perimental results and simulated ones was caleu-
lated using the program in Appendix D. The av-
erage contrast ratio between all pairs of images
was (.57 = 0.02.

Conclusions

Maost of the suggested causes of the contrast
loss have been addressed. Inelastic scattering from
plasmons was cut out by using energy filtered im-
ages. The phonon and thermal diffuse scattering
is incoherent for the small spherical aberration of
the microscope used® so these should not have con-
tributed to the contrast. The comparison of the
2mm aperture image with the no aperture images
would appear to confirm this. The sample proved
to be remarkably devoid of amorphous material.
This caused problems in getting information from
the images but did cut down that source of con-
trast loss. The use of a lower energy electron beam
helped reduce the progressive damage caused to
the sample. In addition the contrast comparisons
were carried out using only the areas that could
be seen to be free from damage. There proved to
be little stray scattering contributing to the im-
ages. X-ray detections and other spurious pixels
were removed early in the image processing. The
effects of sampling with an array of square camera
pixels were accounted for, as was the point spread
of the microscope.

Having eliminated or accounted for all these
effects, the contrast of the experimental images
was .57 £ 0.02 times that of the simulations.

The power spectrum of the simulations did
match the experimental diflraction patterns pretty
well, though there was a small amount of distor-
tion of the diffraction spots in the Semper simu-
lation. This suggests that the problem lies in the
deseription of the imaging optics.

Suggested Further Work

The method used to establish the amount of
blurring required was purely pragmatic. The vi-
bration amplitude was chosen to make the simu-
lated images look like the experimental ones. By
varying the amplitude, the contrast ratio could be
made to be one, albeit with images that didn’t
quite look like the experimental ones. Attempts
should be made to determine the actual vibration
amplitude of the sample.

An investigation into the possible bug in EMS
could be profitable. A good start would be to
determine if the projected potential displayed is
the one used by the multi-slice program.
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Fig.3c Left: Ezperimental Series. Right: Semper Simulation. Thickness is across the page, defocus is
down the page (both in nm).
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Appendix A
whole()
! Processes images to account for dud pixels, convolution with camera pixels,
! point spread function of microscope and distortions due to the microscope
! imaging.
! Requires the 1-D MTF and distortion map for the microscope used.
! Alasdair Shaw 2000
! Define local variables ...
local Sfir,tlas,tmtf.Srad.sccp.Spix.Sdma,Sund.Sdza.Sneu,Srys,Ssiz.Scsi
local $all,$at,$dev
! Get user input ...
typ r
ask ’First source picture number? ’$fir
ask ’Last source picture number? ’$las
ask 'Destination device number? ’$dev
ask ’First destination picture number? ’$new
ask ’Zap dud pixels? (Y=1,N=0) ’$dza
ask ’Correct for camera pixels? (Y=1,N=0) *$ccp
ask ’Remove Point Spread Function? (Y=1,N=0) ’$rps
if $rpe=0 jump und
ask ' Location of 1-D mtf? ’$mtf
typ ' Half-widtk of gaussian to reduce noise?’
ask ' (Try 125, Use O for none) ’$rad
und:
ask ’Undistort? (Y=1,N=0) ’$und
if $und=1 ask ’ Location of distortion map? ’$dma
ask ’Align pictures? (Y=1,N=0) ’8$all
if $all=1 ask ’ Location of alignment table? ’$at
ty-p »
! Make sarcastic comment if no options selected ...
if $ccc=0 & $rps=0 & $und=0 & $dza=0 & $all=0 typ ’Why did you run this then?’
! Make sure picture area clear ..
o=$new+($las-$fir)
trap=58 exa $new+($dev*1000),0+($dev*1000)
if rc=58 jump work
typ ’Required area not free.’
typ ’Please make sure there are no pictures between ’,$new,’ and 150532
typ ’ ABORTING’
jump x4
work:
typ ’WORKING’
! Compress device to try to make sure the files fit on ..
compress dev $dev
if $ccp=0 & $rps=0 jump copy
! Determine size of images ...
picture $fir size
if nx=ny jump same
typ ’'SOURCE PICTURES NOT SQUARE!’
typ 'THIS WILL CAUSE FAILURE IN CORRECTING FOR CAMERA PIXELS’
typ *AND/OR REDUCING NOISE AFTER REMOVING PSF.’
typ ’ ABORTING’
jump x4
same:
$siz=nx
copy:
! Do calculations in memory ...
trap=34 deass dev 19 nover
ass mem dev 19 siz 260000 nover

10



! Copy pictures te protect raw data ...
o=§new
for i=$#fir,3las
cop i o+19000
o=g+1
loop
! Set first and last to new first and last ...
cd=1%
$fir=fnew
$las=g-1
if $rps=1 cop $mtf 995
if $all=1 eop $at 994
typ ’Finished copying pictures into memory.'’
Z.H.P:
if $dza=0 jump x0
! Display one of the images - makes dudzap bit work for some reasom ...
dis Snew
! Zap dud pixels ...
trap=34 deass dev 20 nover
ass mem dev 20 siz 56000 nover
for i=$fir,$las
! find +ve and -ve spikes
$pn=1
! anything > $mlim is dud
$mlim = 16000
! anything > or < sd*$ns is dud
$ns = 6
!' fir rad $f to get replacement pic
$f = 2
if set($%1) $p = $$1 jump yO
$t = sel
$p=i
$t = $ns
$ns = §t
yo:
if set($$2) $ns = 832
unset $31, $52
' create kernal - at least for images - ima(1/(ft(psf)))
create 20999 siz §

P -2, 2 =-0.059, -0.031, 0.096, -0.031, -0.059
P -2, 1=-0.031, -0.139, -1.123, -0.139, -0.031
p -2, 0=0.096, -1.123, 5.146, -1.123, 0.096

P -2,-1 = -0.031, -0.139, -1.123, -0.139, -0.031
P -2,-2 = -0.059, -0.031, 0.096, -0.031, -0.059
1

create kernal for replacing duds initially
crea 20998 siz 7 val 1/24 fp

crea 20997 siz 5 val O fp

pas 20997 20098

! find pixels > $mlim & replace

cal :$p>8mlim to 20996 byte

pic 20986 sum

if 8=0 jump y1

fir $p 20997 with 20998 fp

cal ifelse(20:996, 20:997, :8p) to $p fp

11



yi:
! fir with hp filter (20998) & zero duds
fir $p with 20999 to 20995 fp
sur full 20995 nover
$a = mean-$ns*sd
$b = mean+$ns*ad
cal 20:996 | 20:995>8b | 20:995<$a to 20996 byte
pic 20996 sum
if 8=0 jump y2
! zero duds in original
cal :$p*{ 20:996)
! generate smoothed version of dud free picture in 20997
fir §p 20997 gau rad $f fp
fir 20996 20995 gau rad $f fp
cal 20:997/(1-20:995) fp
! 20997 is best replacement pic now so replace
tit 20996 from $p
cal ifelse(20:996, 20:997, :8$p) to $p fp
! write mask picture to overlay
ovwrite with 20996
y2:
sel $p
del 20985,20989
loop
deass dev 20 nover
typ 'Finished removing dud pixels.’
x0:
if $ccp=0 & $rps=0 jump here
! Fourier Transform ...
for i=§fir,%las
fou i
loop
typ ’Finished Fourier Transforming pictures.®
if 3cep=0 jump x1
! Create FT of camera pixel (sincx.sincy) ...
create 987 size $siz,$siz
$cei=$siz/2
cal to 997 ifelse(x=0,1,3csissin(x/$csi)/ifelse(x=0,1/cai,x))
-i!elae{y-n.l.t:aitaiu(y!ﬁcsi}fifﬁlse(y-ﬂ.1f!csi.y})
cut 997 9898 size $csi+l,$siz right
del 997
ren 998 997
title 997 text 'sincx.sincy’
typ 'FT of camera pixel created.’
! Correct for camera pixels ...
for i=$fir,$las
cal :i/:997 vo i
loop
typ ’Finished correcting for camera pixels.’
xi:
if $rps=0 jump x3
if $rad=0 jump x2
! Calculate Gaussian ...
gaussian to 998 size $siz,$siz radius $rad
cut 998 998 size (8siz/2)+1,$siz right
title 998 text 'gaussian’
typ ’Gaussian of half-width ',$rad,’ created.’

12



x2:
! Calculate reciprocal of mtf ...
cal 1/:995 to 999
title 999 text '1/mtf’
for i=$fir,$las
! Weight with reciprocal of mtf ...
weight i with 999
if $rad=0 jump past:
! Put guassian back in ...
cal :i=:8998 to i

past:
loop
Lyp 'Finished removing point spread.’
x3:

! Tranaform back ...
for i=§fir,%las
ima i
loop
typ 'Finished inverse transforming images.’
here:
if Pund=0 jump align
! Undistort pictures ...
for i=§fir,%las
cut i i size $siz+100
extract i i with $dma
cut i i size $siz-100
loop
typ 'Finished undistorting pictures.’
align:
if $all=0 jump x$
for i=%fir,%las
select 994
x=P(3, (i-$fir))
y=P(4,(i-$fir))
extract i 995 pos x,y
del i
ren 995 i
loop
typ 'Finished aligning images.'
x39:
for i=%fir,%las
cop i i+(Edev+1000)
loop
cd=%dev
deass dev 19 nover
typ 'Finished copying pictures onto device ',$dev,’.’
xd:
typ 'FINISHED®
end
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Appendix B

gthick()

! Displays thicknees of sample at position chosen with mouse.

! Allows the area arcund that position to be extracted from every one of a
! series of images (a defocus series say).

! Requires a filtered image and am unfiltered image of the same area as
! the series, and the mean free path in the sample.

! NB: if these images are not the same scale as the series images
! change $sca to the appropriate factor.

! Creates areas from the unfiltered image in 997,

! areas from the filtered images in 938

! and thickness maps in 599.

! Alasdair Shaw 2000

local $fir,$las,$put,$sca,$thi,$mfp,$off, $kee,$pic,Pui,$fi

local $xa,$xb,¥xc,¥xd,$xe,$ya,Syb,$yc,$yd,Sye

! Get user inputs ...

ask 'First picture to extract series from? ’$fr

ask 'Last picture to extract series from? ’'$ls

ask 'Mean free path in the sample? (mm) ’$mfp

ask 'Location of unfiltered image? ‘'$ui

ask 'Location of filtered image? '$fi

ask 'First picture to put results? ’$put

! Set acale between series images and filtered image ...

$sca=]
! Disply first image of series ...
dis $fr to 1

! Calculate offset ...
typ 'Select region to set vacuum level.’
xwires region
cut $ui 997 @region
cut $fi 998 @region
cal 1n(:997/:998) to 999
picture statistics 999
$off=m*+$mfp
typ 'Offset: ', $off
for i=1,100
! Ioput centre of bit to extract ...
typ 'Click on centre of area.’
Iwires
! Extract area from unfiltered image ...
extract $ui 997 size 50*$sca position x*$sca,y*§eca
! Extract area from filtered image ...
extract $fi 998 size 50*$sca position x+$sca,y*$sca
! Calculate ln(unfiltered/filtered) for that bit ...
cal In(:997/:998) to 999
! Calculate average thickness of whole image ...
picture statistics 999
$thi=m*$mfp
! Remove offset ...
$thi=§thi-$off
typ 'Mean thickness is °,$thi,’om.’?
ask 'Do you want to keep this section? (Yes=1,No=0) ’$kee
if $kee=0 next i
! Make sure picture area clear ...
o=§put+($la-$fr)
trap=58 exa $put,o
if rc=b8 jump doit
typ 'Required area not free.’
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tYp 'Please make sure there are no pictures between '.8put,’ and ?!,e,’.?
typ ' ABORTING’
Jjump out
doit:
for j=8fr,3ls
extract j $put+j-$fr size 50 position X,y
title $put+j-$fr add text ' Thickness *,$thi, 'nm°
loop
$put=8put+$ls-$fr+1
ask 'Quit? (YES=1,N0=0) 'gq
if $g=1 jump out
loop
out:
t?p ¥
end
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Appendix D
confind()
local Sbe.tbe.Sxd,3yd,$pe.8pa.3ce,3cs.8cr.3dt.3cm
$cm=1
ask ’Picture number for experimental results? ’$pe
ask ’Picture number for simulation results? '$ps
ask ’Number across? ’$xd
ask ’Number down? ’$yd
picture $pe size

$be=NX/$xd
picture $ps size
$bs=NX/$xd
for f=1,2
$dt=0
$cr=0
for i=1,8yd
for j=1,$xd
cut $pe 999 size ($be*j), ($bexi) top left
cut 999 size $be,$be bottom right
picture 999 statistics
$ce=SD/M
cut $ps 999 size ($bm#j),($bs*i) top left
cut 999 size $bs,$bs bottom right
picture 999 statistics
$cs=SD/M
$cr=$cr+(S$ce/$cs)
$dt=8dt + (($ce/$cs)-$cm)2
loop
loop
$cm=$cr/ ($xd*$yd)
loop

$dt=root ($dt)/(($xd+*$yd)-1)

typ ’Mean contrast ratio E/S: ’,$cm
typ ’Standard deviation: ’,$dt

end
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