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Preface
This document has been compiled with great care and is believed to be correct at the date of print. The
information in this document is subject to change without notice.

Notice
This documentation is available in English only.

Copyright
No part of this manual may be reproduced or transmitted in any form or by any means, electronic or mechanical,
including photocopying and recording, for any purpose without the express written permission of Fritz & Sojka
GbR.

LEEDCal Citation
Note that you should replace version v 4.1 with the identifier for the revision of the program that you actually
use.
LEEDCal 2013 Version v 4.1, Falko Sojka and Torsten Fritz, Fritz & Sojka GbR, Apolda Germany, 2019.
Additional Citation Recommendations
In general, we recommend citing the original reference describing the basic ideas of the algorithms used in
LEEDCal 2013 when reporting results obtained by means of our LEED software, as well as giving the citation
for the program(s) itself as mentioned above.
The original literature reference is:
F. Sojka, M. Meissner, C. Zwick, R. Forker, and T. Fritz: "Determination and correction of distortions and
systematic errors in low-energy electron diffraction", Rev. Sci. Instrum. 84, 015111 (2013).
DOI: 10.1063/1.4774110
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1. Introduction
Welcome
Welcome to the LEED image calibration software LEEDCal 2013 (henceforth called LEEDCal for short). Low
energy electron diffraction (LEED) on epitaxial layers is a powerful tool for the examination of long-range
ordering at the interface. However, artefacts or distortion of the LEED patterns may be caused by the camera
lens used to capture the pattern or by the LEED instrument itself. Therefore, additional work is necessary in
order to derive precise epitaxial relations, critical for a complete understanding of the surface construction. The
straightforward calibration procedure with the LEEDCal software can be applied to all LEED instruments from
mainstream vendors and is compatible with conventional, channel plate and spot profile analysis LEED
instruments.
The graphical user interface guides the user step by step through the calibration process, which uses a software
algorithm to determine and correct for systematic distortions present in LEED patterns. Up to two different
surface structures, defined individually or via epitaxial relations, can be simulated at once, including rotational,
mirror and glide symmetries. The automatically created correction matrix found by analysing a sample with a
well-known surface structure (e.g. Si(111) 7x7 or one monolayer PTCDA on Ag(111)) can subsequently be
applied to correct all future LEED patterns acquired under the same experimental conditions. To that end,
another piece of software is included in the LEEDCal package, namely LEEDCal_corr 2013.
The LEEDCal software is designed to run on a Windows PC with either Windows 10, Windows 8, Windows 7,
or Windows XP.

Notice
The entire LEEDCal package is freeware and does not require licensing or registration!

Required LEED System
For installation and configuration of LEEDCal you need a functional LEED system and a calibration sample.


Fixed camera mount and digital camera (conventional LEED and MCP-LEED) or
direct digital image recording of diffraction patterns (SPA-LEED)



Calibration sample: well-known structure, e.g. Si(111) 7 x 7 or one monolayer
PTCDA on Ag(111); about 150 spots visible, distributed over the entire screen.
Choose the primary energy correspondingly. The sample surface must be aligned
perpendicularly to the viewing direction (direction of electron gun in conventional
LEED and MCP-LEED).

Attention
Only diffraction patterns recorded under same experimental conditions should be corrected.
It is therefore crucial to implement the same camera settings (distance, zoom, alignment) for
user measurements as used for the calibration sample. In addition, the distance between the
LEED device and the sample surface should always be the same and needs to be adjusted
as accurately as possible.

LEEDCal
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Installation
1.

Visit the LEEDCal download area https://fritz-sojka-gbr.de/leedcal/ on our webpage to download
the software.

2.

Unzip the downloaded file leedcal-2013-v-4.1.zip to a folder of your choice.

3.

For LEEDCal 2013 the MATLAB Runtime (R2013a (8.1)) 64-bit is required. Download the
MATLAB Runtime from https://fritz-sojka-gbr.de/leedcal/ to a folder of your choice and execute it
using administrator rights. Follow the installations instructions carefully. Use the default
installation path suggested by the installer.

Attention
Note that MATLAB Runtimes are not downwards compatible. Do not attempt to use other
than the required runtime library! This runtime is only available as 64-bit version and will not
function on an old 32-bit system.

4.

We recommend that you restart your computer at this point, particularly if you get an error
message "mclmcrrt711.dll not found". Note that this error occurs specifically if you have installed
a different version of the MATLAB runtime by mistake.

5.

Create a folder for the LEEDCal files: "…\Program Files\LEEDCal"

6.

Upon unzipping the installation file leedcal-2013-v-4.1.zip, copy all files and subfolders to the
directory you have just created. We also suggest creating a shortcut to the exe-files either on
your desktop or on your start menu.

7.

The zip-file of LEEDCal 2013 (v 4.1) includes LEEDCal_corr 2013 (v 5.0).exe. If you want to use
the newer version LEEDCal_corr 2013 (v 5.1).exe you have to download it separately. In that
case you must also install additionally the MATLAB Runtime (R2018a (9.4)) 64-bit after
download from our web page https://fritz-sojka-gbr.de/leedcal/.

8.

Start the software LEEDCal 2013 (v 4.1).exe by double clicking. If the installation has been
successfully completed the software will load.

Attention
After starting the software, first the MATLAB Runtimes will have to be loaded in the
background. Depending on the performance of your computer, this may take up to 1 minute.
In the meantime, nothing is displayed on the screen, and it may appear as if the software will
not start. Be patient, and do NOT double click on the exe-file again!

LEEDCal
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2. Running the Calibration Program LEEDCal

Notice
If running LEEDCal for the first time we recommended that you read through all the steps in
detail before starting this procedure.

Notice




Image formats that can be handled are png, bmp, gif, and jpg.
Loaded images will appear in gray scale.
Diffraction images must have bright spots on a dark background. If that is not
the case, use the built-in image processing tool as described below.

Notice
For training purposes, i.e. for getting used to the new software, we highly recommend using
the DemoImage which is automatically loaded when the program starts (DemoImage1.png,
Si(111) 7 x 7). For the more advanced user a second DemoImage (DemoImage2.png) is
provided which contains data from the organic molecule PTCDA on an Ag(111) surface.


Start the software by double clicking your desktop icon or the LEEDCal.exe file in
the program directory. DemoImage1 will be loaded by default. Afterwards, the
program screen should look like depicted in Figure 1.

Attention
After starting the software, first the MATLAB Runtimes will have to be loaded in the
background. Depending on the performance of your computer, this may take up to 1 minute.
In the meantime, nothing is displayed on the screen, and it may appear as if the software will
not start. Be patient, and do NOT double click on the exe-file again!

LEEDCal
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LEEDCal main screen after starting.

Use the Load Image button located in the lower right corner to load the image which shall be
used for calibrating your device.

The calibration process runs through a number of steps in a predefined order. Every step needs to be finalised
with a click on the Next button.

LEEDCal
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Step A: Built-in Image Processing
In this step it is possible to enhance the visibility of measured spots in the calibration image. If you are already
satisfied with the appearance of your image, you can skip this step entirely and move on to Step B.

Notice
For the calibration procedure, it is necessary to have a LEED pattern from a well known
sample (e.g. Si (111) 7x7) with a sufficient number of bright diffraction spots on a dark
background.


If required, the built-in image processing can be applied. Images can be inverted,
smoothed and contrast enhanced by background subtraction.

Notice
While DemoImage1.png is already image processed, DemoImage2.png is unprocessed and
we would recommend that you try this yourself.


To start, press the Edit Image button. The following window (Figure 2) will appear.

Figure 2.

LEEDCal

LEEDCal image processing window.



Use the Original Image / Edited Image button to switch between the original and
processed image.



Use the Invert Original Image checkbox for image inversion of the loaded image.
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Use the Median Filter on/off checkbox and select the filter size (default value: 3 x 3
pixels) for smoothing the image and to eliminate pixel errors.



Use the Gaussian Blur on/off checkbox for background subtraction and contrast
enhancement. Two temporary images (foreground / background) will be created to
which the Gaussian Blur algorithm will be applied with two different strengths. Finally,
the two images will be subtracted.



Use the Foreground (small) slider to change the blur radius of the foreground
(merely a softening of the image). A value of 0 means no softening.



Use the Background (large) slider to change the blur radius of the background.
Settings should always be larger than for the Foreground (small) slider.



Use the Gamma (n-th root) slider to further adjust the contrast of the resulting
image.



Use the Invert Final Image checkbox to invert the final image. Remember that the
calibration software can only handle bright spots on a dark background.



Use the Save Image button to store the displayed (!) image. If you want to save the
processed image make sure it is displayed by using the Original Image / Edited
Image button.



Even without saving, you can use the modified image for further analysis by using
the Apply button. The Edit_Image window will close automatically and the image
which was displayed before will appear in the main program window.



Alternatively, you can use the Cancel button to discard all changes to the image and
return to the main program window. The Edit_Image window will close automatically.

Step B: LEED Pattern Simulation
In this step, the goal is to find a sufficiently good alignment between simulated and measured spots by simulating
a distorted LEED pattern on top of the measured one by defining up to two different structures. Many further
options like the number of rotational domains or the existence of mirror planes and glide symmetry are available
to reduce the number of simulated spots in accordance with the measurement.

LEEDCal



Make sure Lattice Simulation is checked in the Display panel which is located on
the right side of the main screen.



For simulating the LEED pattern use the control panels on the far left, see
Figure 1 on page 77.



Up to two different structures can be simulated. By default, the definition panel for
Structure 1 is displayed. To switch back and forth between the two structures use
the Go to Structure 1/2 button in the upper left corner of the main screen.



The two accessible lattice definition panels are displayed in Figure 3.

Fritz & Sojka GbR

1

2. Running the Calibration Program LEEDCal

10

Step B1: Definition of the Real Space Lattice(s)

Figure 3.

LEEDCal

Definition panels for Structure 1 and Structure 2.



Simulate Structure 1 (most likely the bulk lattice, but at any rate the reference
structure) by defining the Lengths [Å] of the respective lattice vectors and the angle
Gamma [°] in between. Corresponding spots appear in yellow. Note that the bulk
lattice parameters for Si(111) are already preloaded with DemoImage1.



Specify the number of rotational domains by numerical input in the field No. of Rot.
Domains. At least one domain is necessary.



If you know that your structure has a mirror symmetry specify the angle between the
mirror plane and vector 1 of the current structure 1 by inserting a floating point
number to the field Angle between Mirror Plane and ... or use the respective slider.
The angle to use here is half the angle between vector 1 and the mirrored vector 1.
Make sure to tick the checkbox on/off appropriately.



If the lattice to be simulated contains glide symmetry (which leads to the extinction
of certain spots) use the Glide Plane checkboxes to define glide plane(s) parallel
to either vector 1, vector 2, or both.



Simulate Structure 2 (most likely a superstructure) by defining the Lengths [Å] of
the respective lattice vectors, the angle Gamma [°] in between, and the Rotation to
Structure 1 [°]. Alternatively, define an Epitaxial Matrix with respect to Structure 1.
Corresponding spots appear in red. Note that the super structure parameters for the
Si(111) 7 x 7 reconstruction are already preloaded with the DemoImage1.



As described for Structure 1, you can now specify the Number of Rotational
Domains, a Mirror Plane, and Glide Planes.

Fritz & Sojka GbR
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For simulation of multiscattering between the two structures use the Multiscattering
on/off checkbox. Use the Multiscattering button to adjust the respective
parameters. Multiscattering/Moiré spots appear in blue.

Step B2: Definition of the LEED Pattern Geometry:


Make sure to change to Structure 1 first in order to be able to define all geometry
parameters, including the Rotation to the X-Axis [°].



The Rotation to the X-Axis [°] describes the rotation of the entire simulated patterns
and can be adjusted by slider or direct numerical input.

Figure 4.

Definition panel for the LEED pattern geometry.



The Scaling can be adjusted by slider or direct numerical input.



A Radial Distortion can be simulated by slider or numerical input field to improve
the manual adjustment. Positive or negative values refer to pincushion or barrel
distortion, respectively.



Use the buttons up, left, right, and down to move the centre of the simulated pattern
in steps as defined by the Increment slider / numerical input field.



Use the Save Structure or Load Structure buttons on the right for saving your own
structures or loading pre-defined structures.

Notice
LEEDCal stores not just the lattice parameters but also the entire geometry parameters.
Note that the structure files for the two demo images are provided with the software.

LEEDCal
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Step B3: Using the Spot Info Button


Left mouse click on the Spot Info button which is located in the upper right corner of
the main screen.



Left mouse click on a simulated spot for information about this spot.



A new panel opens at the right, providing information on the spot indices (upper
indices (n, m) belong to Structure 1, lower indices (k, l) belong to Structure 2), their
affiliation to rotational and mirror domains, and on the Cartesian coordinates in pixel.
However, if the two lattices have common lattice points, only the indices for Structure
1 are meaningful, with (k, l) set to (0, 0) intentionally.



Repeat all steps for the next spot. For every new spot you want to index you need to
left mouse click the Spot Info button first.

Step B4: Moving on to the Next Step

Attention
Make sure you have achieved adequate alignment between simulated and measured spots
before finalizing this step!
Alignment is adequate when the assignment of the simulated spots to the measured spots is
bijective, so that the program can give a distinct index to all spots found in the next steps.

Figure 5.


LEEDCal

Example of sufficient manual alignment.

To finalize the LEED Pattern Simulation step press the Next button.
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Step C: Spot Selection and Search
In this step, the search areas for the automatic spot identification are pre-selected and the fit options are defined.
Pre-selection is not too critical, as everything can still be corrected later on and you will get a reasonable result
even if the alignment is not perfect. However, if the search areas are defined properly, it will save time in the
next step.

Figure 6.

Screenshot of main window at the beginning of step Spot Selection and Search.

Step C1: Adjust Fit Options


Check the Correlation Search checkbox only if you found it too difficult to achieve
adequate alignment between simulated and measured spots in step LEED Pattern
Simulation.



Check the Background Correction checkbox if you want to include a (skewed)
background plane for every single spot in the spot fit.



Use the Width of the Fit Area [pix] input field to adjust the fit area such that entire
spots are covered. Centre of the area is the theoretical spot position from step LEED
Pattern Simulation or, if Correlation Search is checked, the preliminary spot
position found by it.

Attention



LEEDCal

Search areas should not overlap.
Oversized areas will result in long calculation times.
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Step C2: Adjust Fit Area Selection (global)


First use the Spot Info button and choose one weak but useful spot in the image.



Go to the Fit Area Selection (global) panel. Try to adjust parameters there in such
a way that a coloured box is situated on top of every discernible experimental spot.



Use the Mean Value (LB) input field to define a lower bound for the mean value of
the gray scale values in the little coloured boxes.
Tip: set the value slightly lower than the mean gray level given in the Spot
Information panel.



Use the Std. Dev. [%] (LB) input field to define a lower bound for the standard
deviation of the gray scale values in the little coloured boxes.
Tip: set the value slightly lower than the standard deviation given in the Spot
Information panel for the weak spot selected above.

Step C3: Adjust Fit Area Selection (discrete)


Use the Remove Spot button to exclude obviously wrong spot search areas by
removing the coloured boxes. Make sure you remove all red boxes that lay outside
the LEED screen area and on top of the electron gun! During this process, the
checkboxes in the Display panel can be checked / unchecked to see whether spots
are lying under the coloured boxes. The Remove Spot mode can be left any time by
a right mouse click.



Use the Undo Remove Spot button to undo false removals. With every click on this
button one box removal will be undone in reverse order of deletion.



To finalise this step press the Next button. On that, spot positions will be searched
for in the red search boxes.

Figure 7.
LEEDCal

Screenshot of main window at the end of step C: Spot Selection and Search.
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Step D: Evaluate Found Spots
In this step, the spot found positions can be critically evaluated. Spots can still be excluded, and even new spots
can be searched for.

Figure 8.

Screenshot of main window at the beginning of step Evaluate Found Spots.

Step D1: Adjust Options in Panel Display
Residua in Image


Red dots indicate the positions found



Yellow lines indicate the deviations between the positions found and the numerical
pre-fitted simulation (10 times magnified by default, but can be changed by adjusting
the input field Stretching Factor)



Overlaid at the top left of the image the Mean Residuum (sum of deviations divided
by the number of spots) will be shown in green if sufficiently small or in red if
inacceptable large.

Result Spot Finder

LEEDCal



Red dots indicate the positions found



Yellow circles indicate the start position (given by the manual simulation) of the spot
search



Blue circles indicate the result of the correlation search which corresponds to the
centre of the fit area



At the top left of the image the Number of Spots found is given

Fritz & Sojka GbR
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Step D2: Procedure


Choose one of the above Display panel options. Note that this selection can be
changed at any time.



Use the Spot Selection Criteria panel to eliminate erroneously found spots
manually or by using the pre-defined criteria.
Spot Out Of Fit Region excludes spots which are found outside the fit area.
Spot Too Far Off excludes spots which are found too far off the start position (given
by the manual simulation) of the spot search.
Half Width < 2 pix excludes spots when the fit result of the FWHM is less than 2 pix.
Position Error > 1 pix excludes spots when the statistic error of the spot position
found (fit result) is more than 1 pix.
Gauss Amplitude Too Small excludes spots when the amplitude resulting from the
fit is too small compared to the amplitude of the majority of the other spots found.
Gauss Width Too Small excludes spots when the FWHM resulting from the fit is
too small compared to the widths of the majority of the other spots found.
Gauss Width Too Large excludes spots when the FWHM resulting from the fit is
too large compared to the widths of the majority of the other spots found.
Background Offset < -20% excludes spots which have a too negative background
offset.



Use the Add Spot button to add spots. Just click on a spot you would like to use.
The spot position will be searched for automatically using the options and parameters
of the Fit Options panel.

Notice
The Add Spot command may fail if the new spot would have a totally wrong position or if no
manually simulated spot (see on page 9) can be assigned to the click position. Just try again.

LEEDCal



Use the Remove Spot button to exclude badly found spot positions from further
analysis. During this process the checkboxes in the Display panel can be
checked/unchecked to see whether spots are lying under the drawings. The Remove
Spot mode can be left any time by a right mouse click.



Use the Undo Remove Spot button to undo false removals. With every click on this
button one spot removal will be undone in reverse order of deletion.



At the end of this step, your screen should look somehow like depicted in Figure 9.
Neither overly large yellow arrows nor red dots outside the LEED screen area should
be present.

Fritz & Sojka GbR
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Screenshot of main window at the end of step D: Evaluate Found Spots.

Step E: Calculating the Distortion
After identifying the measured spots and their relation to simulated spots, we can now determine the distortion
of the LEED device.


When you click the Next button, a little window named Axis Expansion Distortion
pops up. If for some reason your image is stretched in one direction, choose the Yes
button, otherwise the No button. If unsure, choose the Yes button.



After the time necessary to do the calculations a window Browse for Folder pops up,
where you select or create a folder for storing the data of the analysis. Note the hints
at the top of the window.



After storing the data, a little window named Asymmetric Distortion pops up. If you
want to calculate the asymmetric distortion, choose the Yes button, otherwise the
No button.
Tip: Choose the Yes button if the value of The Mean Residuum after Radial Fit is
high (more than 3 pixels by a screen diameter of around 950 pixels). Also choose
the Yes button if the value of The Mean Residuum after Radial Fit strongly differs
from the value of The Mean Residuum of Radial Fit.
If unsure, choose the Yes button.

Attention
Calculating the asymmetric distortion may take a while.

LEEDCal
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After the calculation has finished a window named Save your corrected image pops
up. Choose a type, a name and a folder to save the corrected version of your
calibration image. Alternatively click cancel to proceed without saving the image at
this point.



Finally, another window Calibration of Images pops up where you need to input the
primary energy of the electrons which was used during recording the calibration
image. Only by using the Apply button the calibration factor of your device will be
calculated and used in the stored data.

Step F: Analysing the Results
In this final step, an in-depth analysis of the correction result is feasible. Various views can be selected in order
to evaluate your results. Some further information will be provided below the image in most cases. Choose a
button on the bottom left hand side to see additional information.

Figure 10.

LEEDCal main screen at the last step.

Results Panel

LEEDCal



Lattice Fit shows how well the lattice simulation with radial distortion fits to the
calibration image.



Spot Finder shows how the spot finder has worked.



Removed Spots shows which spots were rejected and why.



Radial Correction shows the quality of the fit of radial distortion.



Residua in Image shows how the discrete asymmetric distortion looks.



Asymm. Corr. shows how the approximated asymmetric distortion looks.
Fritz & Sojka GbR
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Corrected Image shows how the corrected calibration image distortion looks.



Test shows how well an undistorted lattice simulation fits to newly (!) found spot
positions in the corrected calibration image.

Evaluation of your Analysis


Use the above mentioned display options to evaluate your analysis of the distortion
for your LEED device. Note that the stored correction matrix is used to correct your
other LEED images obtained under the same conditions. So make sure your analysis
is suitable. Otherwise do not hesitate to use the Back button to refine your analysis.

Calibration of Images Panel


Use the input-field on the right hand side panel Calibration of Images to input the
primary energy of the electrons which was used during recording the calibration
image and obtain the calibration factor of your device. Here, you can correct the
value set at the end of Step D.

Notice
A change here will not influence the stored data. You need to write down the obtained
calibration factor by hand.
Finishing Image Calibration


Use the Restart button to begin a new analysis, or simply close the window to leave
the program.

Summary: Output of an Analysis
LEEDCal provides multiple outputs after a successful analysis. These are saved in the folder Files_<name-ofthe-image> in the directory where the calibration image is placed. The output includes:


Corr_Rad_<name-of-the-image>.pcm and Corr_Full_<name-of-theimage>.pcm (if the asymmetric distortion was calculated as well) to use for
correction of further images



<name-of-the-image>_rad_fit.png and <name-of-the-image>_res_fit.png



<name-of-the-image>_asym_map_x.png and <name-of-theimage>_asym_map_y.png and the corresponding colour bar Colorbar.png



<name-of-the-image>_asym_map_abs.png which is scaled from 0 (black) to
maximum of the colour bar (white)



<name-of-the-image>_results.txt contains multiple information (semicolon
separated) about the analysis

In addition, the corrected image is stored in the directory chosen in the step Calculating the Distortion.

LEEDCal
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3. Correcting User Images
Only diffraction patterns recorded under same experimental conditions should be corrected. It is therefore
crucial to implement the same camera settings (distance, zoom, alignment) as used for the calibration sample.
In addition, the distance between the LEED device and the sample surface should always be the same and
adjusted as accurately as possible.

Notice
Throughout this manual, "LEEDCal_corr.exe" is used as abbreviation for the real program
name which should look like "LEEDCal_corr 2013 (v 5.0).exe”.

Figure 11.

LEEDCal

Screenshot of the program LEEDCal_corr.exe.

1.

Start the software LEEDCal_corr.exe with a double click.

2.

Use the Load Matrix button to load a pcm-file (containing the correction data), created with
LEEDCal.

3.

Use the Load Image(s) button to load one or more images (batch mode) you want to correct.

4.

In the Save as field you can specify an appendix to the image name that will be applied to the
corrected image(s). The image name itself is automatically part of the file name and cannot be
changed at this point.
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5.

In the Image Metadata panel additional information can be provided that will be stored in the
image. Image metadata (EXIF data) can be read by a variety of commercial or free image
processing software tools. For more information on image metadata check
http://en.wikipedia.org/wiki/Exchangeable_image_file_format.

6.

On the right side of the screen you will find the unt. area panel with a slider to set the height of a
field in the image that will not be corrected. This is a useful feature if experimental parameters
are displayed in the image which would become unreadable is the image correction procedure
would be applied to it.

7.

Use the Do it! button to correct the chosen images. Afterwards, the Do it! button is replaced by
a text reading “These images are already corrected. You may choose another one” to prevent
the user from accidentally correcting an already corrected image again.

8.

By using the Open Folder button you go directly to the directory where the corrected images are
stored. Clicking on a file name will open the images in your assigned standard image processing
software.

9.

Load new files to correct further images by using Load Image(s) button, or use the Close
Program button to exit.
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