
Using Friedel Pairs to Determine the Center

Beam Coordinates of Electron Di�raction

Patterns

Daniel Krentzel

dkrentzel@gmail.com

under the direction of

Prof. Sven Hovmöller

Department of Environmental and Material Chemistry

Stockholm University

Research Academy for Young Scientists

July 8, 2015



Abstract

When analyzing electron di�raction (ED) patterns, the position of the direct beam

is important in order to correctly calculate the unit cell dimensions. Due to over-

exposure, the direct beam's coordinates cannot be determined with a satisfying

exactness (≥0.1%). In this paper, two new methods, using the properties of Friedel

pairs, were explored to improve these values. The �rst method uses a vector be-

tween a Friedel pair to calculate the direct beam's position, while the second

method relies on creating linear functions through Friedel pairs and intersecting

them. The results from the new methods were analyzed and it was concluded that

there was not enough data to make assumptions about the actual quality of the

developed methods.
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1 Introduction

The �rst time structures on atomic level were seen, was in 1912. Sir William Henry

Bragg and his son William Lawrence Bragg solved the structure of crystalline

NaCl with the aid of X-ray di�raction patterns. About 15 years later, the idea was

transferred into using electrons [1].

Being under constant development, electron crystallography has reached a

point at which it outperforms X-ray di�raction in some areas. It presents a good

alternative when analyzing very small crystals [2] and it has the bene�t that by

using magnetic lenses, the electrons can be refocused to form an EM image [1].

The structure of very small crystals with the size of 10 nanometers can be

solved by electron di�raction (ED). Furthermore, the very short wavelength of

electrons [3], which is about 0.02 - 0.03 Ångström (Å), leads to resolutions better

than 1.0 Å in single still photos [4].

The development of software such as CRISP in 1991 [5], ELD in 1992 [6] or

RED in 2013, helped diminish the formerly very time consuming and complicated

process of collecting and analyzing ED patterns. The program RED, in particular,

helped introducing methods for large quantitative analysis, bringing down the

required work time for solving crystal structure from several months to only a few

hours [7].
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2 Background

2.1 The Unit Cell

The main characteristic of crystals is the well-de�ned and ordered arrangement

of the atoms, ions or molecules, leading to highly regular shapes. When describ-

ing crystalline structures, it is therefore su�cient to de�ne the smallest repeating

pattern, clearly showing the symmetry characteristics of the entire crystal. This

pattern is called the unit cell. The variables used to describe the unit cell's dimen-

sions are a, b and c, which represent the basic lattice vectors in three dimensions,

a, b and c for the unit cell lengths and α, β andγ describe the angles between the

three basic vectors (see Figure 1). The lattice describes in what way the unit cells

are packed together.

Figure 1: The length of the basis vectors a, b and c are equal to the unit cell
lengths a, b and c. The black dots at the end of the basis vectors are the lattice
points from which the next unit cell will be connected to, forming a crystal lattice.
[1, 8].

In two dimensions, the unit cell can be constructed according to four di�erent

systems (oblique, rectangular, square and hexagonal), while the unit cell systems
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in three dimensions simply obey two criteria: they are only allowed to have six

faces and those faces have to be pair-wise parallel [1, 8].

2.2 Real and Reciprocal Space

There is a direct relationship between the reciprocal space, i.e. the di�raction

patterns and the actual HREM image (real space). With the aid of Fast Fourier

Transform (FFT), it can be stated that the re�ections act as the Fourier compo-

nents in the actual transform, where each re�ection is present as a cosine wave over

the entire image. Therefore, every pixel in the image contributes to reconstructing

the re�ections in the ED pattern [6].

(a) HREM image of gold be-

fore FFT using CRISP 2.2.

(b) The di�raction pattern

of gold after FFT.

(c) Reconstructed HREM

image of gold after having

used inverse FFT.

Figure 2: In this Figure, the connection between real space (Figures 2a and 2c)
and reciprocal space (Figure 2b) is shown by using the program CRISP [5]. Figure
2a is a HREM image of gold, which, by using FFT, is converted into a di�raction
pattern (Figure 2b). With the use of inverse FFT, the original HREM image can
be reconstructed (Figure 2c).

In order to determine the unit cell dimensions, it is important to de�ne d∗ in
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reciprocal space, as seen in

d∗2 = 1

d2
=
h2

a2
+
k2

b2
+
l2

c2
.

The variables h, k and l describe the position of a re�ection in reciprocal space.

Since d∗ is the distance from the center beam to one re�ection, the center beam's

position must be well de�ned. The variables h, k and l describe the position of a

re�ection in reciprocal space. An erring de�nition of the center beam's coordinates

leads to subsequent errors and ultimately to erroneous calculations of the unit cell

dimensions, which are dependent on the d-value. The d-value and d∗-value can be

converted by

d =
1

d∗
.

This equation describes the inverted nature of reciprocal space to real space. There-

fore a shorter distance in reciprocal space equals a longer distance in real space

[1].

2.3 Electron Di�raction

For determining the structure of crystals, ED is a suitable option (see Figure 4).

This is mainly due to the fact that an electron's wavelength [3] (0.02-0.03 Å at an

accelerating voltage of 200-400 kV) is considerably shorter than what usually is

seen when using X-ray di�raction (1.0-1.5 Å). The resolution obtained by electron

di�raction from good crystals sometimes even exceeds 1.0 Å resolution. Another

important factor when studying small crystals is the strong interaction of elec-

trons with the electrostatic potential. The strong interaction with matter enables
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electron crystallography to study much smaller crystals than what is possible with

X-ray di�raction (a million times smaller). Even studies of crystals containing only

10 � 20 unit cells can be done by ED [1].

Since the electron's wavelength is directly related to the Ewald sphere through

the formula

k0 =
1

λ

the amount of re�ections seen in a pattern at the same time is very high, since the

Ewald sphere (see Figure 3) is almost �at in ED (λ=0.02 Å) [1]. When choosing a

Figure 3: Due to the curvature of the Ewald sphere, the distance from the Origin
O to the actual re�ection R' will not be displayed correctly on the recording
media. Therefore, certain adjustments have to be made before further usage of
the collected data. But, since the radius of the Ewald sphere is relatively big in
ED, its actual e�ect is rather small [7].

suitable crystal for electron di�raction, the right thickness is of prime importance.

Thin crystals with a few nanometers in thickness will show single scattering events,

whilst thicker crystals will present a larger amount of dynamical scattering [4]. X-
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ray and neutron di�raction will lose the phase information as opposed to electron

microscopy (EM) images, where it is retained. Furthermore, the collected data will

get to higher resolutions [6].

Figure 4: An ED pattern of garnet taken with a transmission electron microscope
(TEM). In the center, the direct beam can be seen. The di�raction spots, also called
re�ections, each represent one set of Bragg planes in the crystal. The re�ections
are given the coordinates h, k and l (Miller indices) in reciprocal space. These
Miller indices provide information about the number of planes that cut the unit
cell axis [1].

2.4 RED � Software for Automated Data Collection and

Data Processing

Because of the recently very complicated procedure for obtaining large amounts

of data and combining it in a three dimensional way using electrons, X-rays and

neutrons were very popular when doing single crystal di�raction. The process with
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electrons usually consisted of manually collecting ED patterns on photographic

�lm - a very complicated and long procedure requiring highly skilled sta�. The

determination of rather complex structures, like ν-AlFeCr, lasted up to seven years

[9].

With the arrival of charge-coupled device (CCD) cameras, digital images were

introduced to ED and the amount of frames was of no serious concern anymore.

Many thousand ED patterns can now be gathered in a matter of hours using TEM

[7].

New methods for merging three dimensional electron di�raction data are the

automated di�raction tomography (ADT), introduced by Kolb et al and the rota-

tion electron di�raction (RED), developed by Hovmöller et al. ADT makes use of

specialized hardware and scanning transmission microscopy and applies discrete

steps of goniometer tilt (mechanical tilt) in order to collect data from as much of

the reciprocal space as possible. RED on the other hand uses a combination of

discrete steps in the goniometer tilt and very small steps of beam tilt, achieved by

adjusting the lenses inside of the transmission electron microscope (see Figure 5).

The only requirements for using RED are a standard TEM and the RED software.

Data collection is done by collecting ED patterns at steps of 0.1◦ in an interval

of ±70◦, resulting in a total number of about 1400 electron di�raction frames.

The probe is rotated around a rotation axis. In order to check the less reliable go-

niometer, and not exceeding the beam tilt's limitations (around 3◦), sets of 21 ED

patterns are recorded. The last pattern should be identical to the �rst pattern of

the next set, since the beam tilt moves from −1◦ to +1◦ degree and the goniometer

makes steps of 2◦. To avoid the problem of overexposure, several series of RED

data can be collected, each with di�erent exposure times. Thus, these series and
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Figure 5: By combining beam and goniometer tilt, most of the reciprocal space can
be recorded. The goniometer will tilt in steps of 2◦, while the magnetical lenses in
the TEM will achieve a beam tilt in steps of 0.1◦ after [7].

their data can be combined in order to obtain a complete image of the analyzed

crystal [7]. Data processing is done using the RED software. The whole process is

visualized in Figure 6. The software will extract the important data and process

it. In a �rst step, electron wavelength, orientation of the tilt axis, reciprocal space

sampling, �le names of the individual frames, and corresponding goniometer tilt,

beam tilt and combined tilt is determined by loading an information �le. Then,

shift correction can be used to see how much the direct beam moves in x and y

direction between frames. The numbers gained in this step are on sub pixel level.

Afterwards, peak hunting is used to �nd all the relevant di�raction spots by using

Gaussian functions. The peak's intensity is then determined either by looking at

the surrounding pixels and then determining the highest intensity in the re�ection

by a smoothed Gaussian function, or calculating the average intensity of a certain

circular area [7].

All the ED patterns are combined in three dimensions and visualized in the
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Figure 6: The data input contains �le names of every frame, tilt, electron wave-
length and orientation of the rotation axis. Since the direct beam shifts position
in each frame, RED performs a shift correction for every frame based on the infor-
mation from previous frames. Peak hunting identi�es di�raction spots, which will
be combined in three dimensions (see Figure 7). Peak merging and Indexing list
the properties of every re�ection in a peak table (HKL list output) from [7].

RED software (see Figure 7). When this is completed, the RED software tries to

�nd three reciprocal basis vectors to use as reference for indexing all re�ections.

The unit-cell is determined by using the basis vectors. If the unit-cell determined by

RED does not display the desired symmetry, the RED software provides a website

to retrieve a di�erent orientation matrix. Indexing is done by decomposition of each

position vector based on the found basis vectors. The values are then rounded to

integers. For each peak, the RED software will output hkl values, intensity, d-value,

frame number and x- and y-coordinates for the frame [7].
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Figure 7: The re�ections identi�ed by peak hunting will be combined in three
dimensions. The two dimensionally identi�ed peaks are projected back onto the
the Ewald sphere (see Section 2.3). Thereafter the new calculation of the position
of the re�ection will be used to position it in the three dimensional reconstruction
of the reciprocal space [7].

2.5 Friedel's Law

In reciprocal space, there will always be a corresponding re�ection mirrored at

the reciprocal lattice origin, as seen in Figure 8. These two re�ections are named

Friedel pairs. This mirrored re�ection, given that a re�ection has the indices (2, 3,

1) and the phase 25◦, will subsequently have the indices (-2, -3, -1) and the phase

−25◦, while the intensities are supposed to be the same, as described by Friedel's

law [1]. Friedel's law is de�ned by

|F (hkl)| = |F (−h− k − l)|
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and

φ(hkl) = −φ(−h− k − l).

Figure 8: Friedel pairs on ED patterns are point re�ected on the center beam. In
this case, the Friedel pair with the indices (±4, 0±2) is displayed on an ED pattern
from garnet.

2.6 Previous Method

Hovmöller et al noticed that it was not possible to de�ne the exact coordinates

of the direct beam, due to overexposure (see Section 2.4). In order to avoid using

the direct beam as a reference point, vectors were created between each of the

re�ections in every frame. This was done by using a tool integrated in RED named

Unit Cell Re�nement. The desired intensity range of the used re�ections and the

wanted d∗-value-range could thereby be adjusted. In doing so, the length in pixels of

the vectors between the re�ections can be calculated with an elevated exactness and

subsequently the d∗-value can be de�ned by knowing the pixel size in Å−1. Then,

by applying equation 2.2 from Section 2.2, the actual d-value can be determined.
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2.7 The Aim of the Study

As mentioned above, X-ray crystallography is currently the more reliable source for

collecting data from di�erent materials, although electron microscopy is expected

to catch up in the coming years [1]. One of the greatest issues when dealing with ED

is imprecise results. This is especially apparent when trying to reconstruct known

crystals, previously solved by X-ray di�raction. When using the method described

in Section 2.6 on data collections from garnet, a structure previously solved by

X-ray di�raction, errors in the calculation of the unit cell became apparent. From

the four data collections, either the angles were not close enough to 90◦ or the

sides a, b and c were not identical (The unit cell of garnet is cubic and therefore

a = b = c and α = β = γ = 90◦ applies). Since reciprocal and real space are

closely linked, it was assumed that the data collection and data processing of the

di�raction patterns were not totally perfect. The aim of the present study was to

�nd new methods for determining the direct beam's position in order to improve

the accuracy from ±1% to ±0.1%.

3 Method

Two new methods were developed for determining the center beam's coordinates,

based on data collected with the RED method. The data was then processed with

RED.
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3.1 Data Collection

The re�ections of a whole data set (about 1400 ED patterns) were extracted by

the program RED and each re�ection's maximum, i.e. the highest intensity, was

recorded. The table from one of the data collections from garnet can be seen in

Figure 13 in Appendix C. The positions of the maxima were determined both in

pixels and indices. The d-value in Å for real space and Å−1 for reciprocal space

(d∗)were calculated, as well as the azimuth angle (in relation to a reference line

parallel to the x-axis and crossing the direct beam) in degrees and radian. There-

after, x′, y′, x′′ (with stretching correction) and y′′ (with stretching correction)

were calculated, which are the coordinates of a vector between each re�ection and

the center beam. The re�ection group can be seen as a categorization according

to Friedel pairs.

3.2 Developed Methods

3.2.1 Calculation of the Friedel Pair Method with Vectors

Friedel pairs were searched in a random frame and a vector between them was

constructed, as seen in Figure 9. The vector was then divided by two and added

to one of the Friedel pairs, thus �nding the central beam's x- and y-coordinates. A

similar script was used in Excel to compare this �rst method to the data from the

program RED. The Excel �le was created in such a way that it was enough to �rst

estimate the position of a Friedel pair in RED, then �nd it in the .pk �le in which all

the re�ections were listed (a document automatically created by RED after having

performed peak search) and copy it to the Excel �le. The Excel �le then returned

the center coordinates based on the Friedel pair. The Excel calculations were based
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Figure 9: In order to calculate the direct beam's coordinates, a vector is created
between a Friedel pair and divided by two. The new vector is then added to one
of the re�ections.

on theMatLab script seen in Appendix B. The calculation was performed a total

of 15 times. Then the calculated center's value in each case was subtracted with

the value RED provided for each frame and thus the di�erence was determined.

The value for each frame was calculated by adding the shift correction for each

frame to the coordinates of the �rst frame. The mean value of the di�erence was

then calculated for all the x-coordinates and all the y-coordinates. In a �nal step,

the mean di�erence between the values provided by this method and RED were

added to the original value from frame 1, calculated by RED. Since RED provides

the possibility to manually manipulate the coordinates for the �rst frame in the
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.sc �le this was done and the new values for the center were implemented. The .sc

�le is automatically created by RED after having performed the shift correction.

As a result, the peak table and all its values were a�ected by this change, so they

were exported to an Excel �le and analyzed (see Figure 13 in Appendix B).

3.2.2 Calculation of the Friedel Pair Method with Intersection

The intersection method uses two Friedel pairs as seen in Figure 10. Each pair is

given a linear function. The resulting equation system is solved and thus the inter-

section retrieved. Since the direct beam lies in the middle of all Friedel pairs, every

intersection following this scheme will result in the coordinates of the central beam.

Figure 10 shows the concept behind the Friedel Pair Method with Intersection.

4 Results and Discussion

Both of the newly developed methods were compared with the values calculated

by RED.

4.1 Friedel Pair Method with Vectors

Due to the special properties of Friedel pairs described in Section 2.5, it was as-

sumed that using a vector and dividing it by two in order to calculate the direct

beam's coordinates would be much more straightforward than using Gaussian dis-

tribution to determine the center pixel. The full results of this method can be

reviewed in Appendix A Tables 1 and 2. At �rst, only 15 values were included in

the sample. The di�erence to the RED coordinates was calculated in each case and
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Figure 10: Each of the two linear functions is created based on one Friedel pair. The
intersection of the functions is the direct beam's coordinates, since it is positioned
in between the Friedel pairs.

the mean of these values was determined to be 0.265 pixel for the x-coordinates

and −0.469 pixel for the y-coordinates.

In absolute values, the x-coordinates di�ered with 0.374 pixel from RED's

values. The standard deviation was 0.284. The absolute value of the y-coordinate's

di�erence was 0.492 pixel. This means that the values calculated by the Friedel

Pair Method with Vectors were fairly accurate, since they only di�er on subpixel

level, except in one case (1.24 pixel).

A certain trend concerning the di�erence values was observed. The x-values

were, except fo three cases, always above zero, while the y-values were all below
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zero. This indicates an erroneous calculation of the �rst frame's center beam by

RED. The shift correction, which is calculated with great precision, is dependent

on the calculation of the direct beam's position in the �rst frame. Therefore, a

possible error is carried through to every frame, resulting in a systematic error.

Since this trend was observed in nearly every sample, this could very well be the

case.

In order to test this hypothesis, the calculated mean di�erences were added to

the �rst frame's coordinates, provided by RED. The new values (682.30, 563.27), as

described in Section 3.2.1, were implemented in RED through a modi�cation of the

.sc �le. It would be worth mentioning that RED does only allow two decimal places,

meaning that the exact values (682.3046667, 563.2706667) could not be used. This

change of center outputted new values on the peak table. As mentioned in Section

3.1, x′ and y′ are the coordinates of a vector created between the center beam and

a re�ection in pixels. Taking advantage of the Friedel pair's basic property that

they are mirrored at the center beam, x′ and y′ can be used as an indicator for

the exactness of the calculated center. This is achieved by adding x′ of the �rst

Friedel pair to x′ of the second Friedel pair (The same principle applies with the

y′-values). The expected value is zero, since Friedel pairs are positioned at an equal

distance from the center beam in di�erent directions.

Primarily, this procedure was done with the original values, using (682.04,

563.74) as the coordinates of the center beam. The mean value for the x′-sums

was −0.174 (standard deviation: 1.0168) and −0.834 (standard deviation: 0.839)

for the y′-sums. In a second step, the center beam values were changed to (682.30,

563.27). The average x′-sum was −0.693 (standard deviation: 1.017) and for the

y′-sums, a mean value of 0.106 (standard deviation: 0.831) was calculated. The
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values from the newly calculated center with the Friedel Pair Method with Vectors

is, according to the above numbers, somewhat better than the estimated value of

RED. Interestingly enough, by increasing the x-coordinate and decreasing the y-

coordinate, the mean value of the di�erence of the x′-values was increased by 0.519,

while the y′-di�erence was decreased by 0.940. This leads to the conclusion that

every value actually is a�ected by the �rst frame's center beam coordinates and

that probably the error of the imprecisely processed data is to be found there.

4.2 Friedel Pair Method with Intersection

The decision to develop another method was made due to the fact that the cal-

culated coordinates by the �rst method only provided numbers in steps of 0.5.

By creating a linear function through one Friedel pair and intersecting it with

another linear function, created by a second Friedel pair, it was assumed that

this would provide more exact results. In Table 3 in Appendix A, the obtained

values from four intersections in random frames can be seen. The mean value of

the x-coordinate di�erences was calculated to be 0.172 pixel and the average of

the y-coordinate di�erences was determined to be −0.658 pixel. This di�erence is

clearly much higher than what was seen in the �rst method (−0.469 pixel). When

looking at the y′-di�erence with the original direct beam coordinates, the mean

value is −0.834, meaning that the y-coordinate calculated by RED is not very ex-

act. The x′-di�erence from the original coordinates is −0.174. This is an indicator

that the x-coordinate provided by RED is much more exact than the y-coordinate.

The x-coordinate di�erence from this method somewhat follows that trend, since

the x-di�erence is smaller, while the y-di�erence is higher. It could therefore be
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assumed that this method indeed is more exact than RED's estimations and could

act as a good indicator for RED's calculations or even replace RED's old method

for estimating the center beam's position.

4.3 Reliability and Usefulness of the Methods

Both methods were poorly tested from an empiric standing point, since calculating

15 direct beam positions, in the �rst case, and four, in the second case, does not

even correspond to two percent of the collected 1050 frames.

4.3.1 Friedel Pair Method with Vectors

The main issue with this method is the fact that, since the used pixel-coordinates

are integers, the calculated values for the direct beam will either be integer or a

number ending on 0.5. Since high accuracy is sought, meaning a determination on

subpixel level, this method is not suitable.

In order to further test the hypothesis of a systematic error originating from the

�rst frame's direct beam coordinates, �ve more Friedel pairs were analyzed. Table

2 in Appendix A lists these re�ections and the calculated center coordinates. It is

seen that the trend of having positive x-coordinate di�erences is discontinued, since

three of the �ve values are below zero. All the y-coordinate di�erences remain below

zero. The results for the x-coordinate di�erence being di�erent than expected could

arguably be traced back to having used frames in which this trend is contradicted.

Since the frames were chosen randomly out of a total amount of 1050 frames, this

could very well be the case. Therefore, in order to test the hypothesis with greater

security, a quantitative study should be carried through.
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After having performed the steps explained in Section 4.1 (changing the direct

beam coordinates in RED and using the x′ and y′ method), the new values were

analyzed. It was seen that there was a trend of the x′ and y′-sums approximating

zero with growing intensity (see Graphs 14 and 15 in Appendix D). This may be

due to the fact that lower intensity re�ections are less reliable when determining

their center coordinate. A similar trend was found when looking at the d∗-value

and the x′ and y′-sums (see Graphs 16 and 17 in Appendix D). Lower d∗-values

seemed to provide results closer to zero. As explained in Section 2.2, d∗ and d are

inverse to each other. Therefore, a longer distance in real space provides better

results (see Graphs 17 and 18 in Appendix D). This could be justi�ed by the fact

that an error of the same absolute size on di�erently long distances will have a

greater in�uence on the shorter distance.

4.3.2 Friedel Pair Method with Intersection

The main drawback of the second method is the need for two Friedel pairs on the

same frame. It was seen that the intensity of the chosen re�ections was a minor

concern, since seven of the 16 re�ections used in this study had an intensity below

30.

However, when trying to intersect more than two linear functions, a de�nite

intersection point was not existent. Three functions were all intersected and the

values seen in Table 5 in Appendix A show that there is a di�erence of 0.74 in the

x-coordinates and 0.19 in the y-coordinates. This means that by just using two

linear functions, the direct beam's position is not exactly determined, because the

calculated values di�er more than half a pixel.

When looking at the calculated direct beam coordinates by this method (see
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Table 3 in Appendix A), the di�erence of the x-coordinate to RED's calculations

are, apart from one case, always above zero and the y-coordinate di�erence is

constantly below zero. This trend is analogue to the trend observed in Table 1 and

further supports the hypothesis of a systematic error concerning the direct beam

coordinates in the �rst frame.

4.4 Calculating a Con�dence Zone using the Friedel Pair

Method with Intersection

As mentioned in Section 4.3.2, the Friedel Pair Method with Intersection does

not provide unanimous intersection points, when more than two linear functions

are intersected. By creating more linear functions, more intersection points can be

found. When using the binomial coe�cient

(
n

k

)
=

n!

(n− k)! · k!

it can be seen that the amount of possible intersections grows at a very rapid

pace by simply adding one more linear function (see Table 6 in Appendix A).

Therefore, if one would be interested in the accuracy of a calculated value for

the direct beam's coordinates, a con�dence zone could be created by intersecting

more than two Friedel pairs, as seen in Figure 11. This con�dence zone could

then be an indicator for how probable a certain value is. For example, if a certain

calculation situates the direct beam in a region, densely packed with intersection

points, the probability of that being the actual coordinate is much higher, than if

the intersection points are situated somewhere else (see Figure 12 in Appendix C).

Furthermore, in order to obtain the best possible results in the calculation of
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the direct beam's coordinates, shift correction should be calculated in relation to

a frame containing many Friedel pairs with fairly high intensities.

Figure 11: By creating a linear function for each Friedel pair, the intersection points
can help determining the direct beam's coordinates. Since the intersection points
were shown to have a rather great impreciseness, the intersection points should
just be used as references.

5 Conclusion

The methods developed in order to achieve a greater accuracy of the direct beam's

coordinates did not deliver totally satisfying results. However, a trend was identi-
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�ed, indicating that the error possibly is to be found in the reference frame of the

shift correction. The calculated coordinates with the �rst method were shown to

be as accurate as the program RED, in the analyzed samples. The second method,

using intersection points, did not provide satisfying results either. The idea of a

con�dence zone was presented, in which the probability of a calculated position of

the direct beam could be determined. Since the methods were not tested on a large

scale, no actual conclusions concerning the bigger picture could be drawn from the

data presented in this paper. Therefore, a larger quantitative analysis would be of

interest, if the actual quality of these method was to be tested.
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Table 1: In order to calculate the direct beam's coordinates using the Friedel Pair
Method with Vectors, the coordinates of the re�ections of the Friedel pairs were
needed. center x and center y are the calculated coordinates by this method. The
shift correction and the RED coordinates modi�ed by the shift correction are used
to determine the di�erence between the calculated center beam coordinates and
RED's estimation. In this table, the original 15 values are listed.

x y center x center y

shift
correc-
tion
x

shift
correc-
tion
y

RED x RED y
di�erence
center -
RED x

di�erence
center -
RED y

588 604 683 565.5 0.80 1.88 682.84 565.62 0.16 -0.12
778 527
579 527 683.5 565.5 0.80 1.88 682.84 565.62 0.66 -0.12
788 604
674 488 683 565.5 0.80 1.88 682.84 565.62 0.16 -0.12
692 643
811 624 682.5 565.5 -0.20 1.90 681.84 565.64 0.66 -0.14
554 507
580 743 682 565 -0.20 1.90 681.84 565.64 0.16 -0.64
784 387
631 654 682 565.5 -0.03 1.95 682.01 565.69 -0.01 -0.19
733 477
565 488 682.5 565 -0.03 1.95 682.01 565.69 0.49 -0.69
800 642
513 558 681.5 566 -0.75 3.50 681.29 567.24 0.21 -1.24
850 574
635 454 682 566.5 -0.75 3.50 681.29 567.24 0.71 -0.74
729 679
580 578 681.5 566.5 -0.43 3.22 681.61 566.96 -0.11 -0.46
783 555
644 674 681.5 565 -0.75 1.98 681.29 565.72 0.21 -0.22
719 457
800 643 683 564 -0.03 2.45 682.01 566.19 0.99 -1.19
566 487
639 622 682 562.5 -0.20 0.52 681.84 564.26 0.16 -0.26
725 506
457 669 680.5 564.5 -0.60 -0.80 681.44 562.94 -0.94 -0.44
904 456
565 559 682 567 -0.50 1.23 681.54 564.97 0.46 -0.47
799 570

26



Table 2: Here, the �ve values for the coordinates are seen, which were used in order
to test the hypothesis of a systematic error originating from the �rst frame.

x y center x center y

shift
correc-
tion
x

shift
correc-
tion
y

RED x RED y
di�erence
center -
RED x

di�erence
center -
RED y

630 656 681.5 565.5 -0.35 3.43 681.69 567.17 -0.19 -0.17
733 478
574 658 682 565 0.32 1.93 682.36 565.67 -0.36 -0.17
790 473
649 487 682.5 564.5 0.32 1.93 682.36 565.67 0.14 -0.67
716 643
677 542 682.5 562.5 0.18 1.38 682.22 565.12 0.28 -0.62
788 587
631 488 680.5 562.5 -1.12 -0.5 680.92 563.29 -0.42 -0.79
730 637

B Scripts

The following script was used in MatLab to determine the coordinates of the

center of the direct beam in pixels.

%a is the coordinates of the first Friedel pair.

%b is the coordinates of the second Friedel pair.

% v=a-b;

% d=v./2;

% c=b+d;

% c %c is the coordinates of the direct beam's center
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Table 3: A linear function can be created for each Friedel pair. When intersecting
these functions, the direct beam's coordinates will be calculated. In order to test
the accuracy of this method, the di�erence to the RED values was calculated.

x y k-value d-value center x center y

shift
correc-
tion
x

shift
correc-
tion
y

di�erence
center -
RED x

di�erence
center -
RED y

811 624 0.456 254.79 681.88 565.22 -0.20 1.90 0.04 -0.42
554 507
580 743 -1.75 1755.16
784 387
631 654 -1.74 1748.97 682.45 564.90 -0.03 1.95 0.34 -0.79
733 477
565 488 0.66 117.74
800 642
513 558 0.05 533.64 681.80 566.01 -0.75 3.5 0.51 -1.23
850 574
635 454 2.39 -1065.95
729 679
756 511 -0.69 1031.69 680.73 562.84 -1.12 -0.05 -0.19 -0.85
605 615
631 488 1.51 -461.69
730 637

Table 4: Here, more than two linear functions in the same frame were intersected
in order to test the accuracy of this method.

function x y k-value d-value
f 588 604 −77

190
80018
95

778 527
g 579 527 77

209
5960
19

788 604
h 674 488 155

18
-5315.89

692 643
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Table 5: Calculated Center with Intersection Method with more than two Func-
tions.

intersection center x center y
f ∩ g 683.24 565.40
f ∩ h 683.0 565.50
g ∩ h 682.98 565.31

Table 6: Possible Intersections listed after the number of crated linear functions.

linear functions possible intersections
2 1
3 3
4 6
5 10
6 15
7 21
8 28
9 36
10 45
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C Figures
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D Graphs
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Figure 12: Seven linear functions, created by the method described in Section 3.2.2
were displayed in GeoGebra. It shows that certain areas present a higher density
of intersection points. These areas can be used to evaluate the probability of a
certain center beam calculation.
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Figure 13: Extract from the peak table compiled for Garnet by RED.
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Figure 14: Plot of the x′-sum on the y-axis and intensity on the x-axis.
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Figure 15: Plot of the y′-sum on the y-axis and intensity on the x-axis.
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Figure 16: Plot of the x′-sum on the y-axis and d∗ on the x-axis.
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Figure 17: Plot of the y′-sum on the y-axis and d∗ on the x-axis.
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Figure 18: Plot of the x′-sum on the y-axis and d on the x-axis.
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Figure 19: Plot of the y′-sum on the y-axis and d on the x-axis.
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