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  1.  ABSTRACT 
 
In the year of events 2009 of this EMAS conference the discovery of X-ray interferences from 
lattice sources is celebrating its 75th anniversary.  This effect was discovered by Walther 
Kossel, named after him, in the city of Gdansk.  Hereby, the X-ray source is located within the 
crystal itself and interferences (lattice source interferences) appear whose evaluation leads to 
significant physical material parameters.  Therefore, lattice constants with a precision of 10-5 
can be determined non-destructively in the micro-range.  Both, the lattice parameter and the 
local crystal structure, can be ascertained at low and high temperatures, which make an 
important contribution to the investigations of crystallographic lattice transformations and 
especially to the characterisation of superconductors.  Incipient with the first Kossel 
investigations on copper single-crystals in Gdansk up to computer simulated results on metals, 
intermetallic compounds, Cu-Sn phases (e.g., Cu41Sn11), as well as on complex materials, such 
as BaTiO3, correspondingly running diffusion processes in microelectronical contacts the 
Kossel technique, complemented by the wide angle method and the electron backscattering 
diffraction (EBSD), provides comprehensive answers to current questions of research.  The 
contribution in hand gives selected application examples from different fields.  Moreover, the 
most important development steps of the Kossel interferences or rather the physical phenomena 
and developments during the past years with a close connection to it should be briefly reviewed 
here. 
 
 
  2.  INTRODUCTION 
 
  2.1. Chapters in Kossel's life in Heidelberg, Munich, Kiel, Gdansk and Tübingen 
 
Walther Kossel, born on January 4, 1888 in Berlin, was an outstanding physicist, both as an 
experimenter and as a theorist (Fig. 1).  His father, Albrecht Kossel, a professor of physiology 
in Heidelberg, was awarded the Nobel Prize for medicine in 1910.  Walther Kossel studied 
physics at the University of Heidelberg and completed his doctorate there under the Nobel 
Prize winner Philipp Lenard.  In an inspiring scientific sphere at the University of Munich, 
which was marked by the Nobel laureates Conrad Wilhelm Röntgen, Arnold Sommerfeld and 
Max von Laue, he explained, among other things, the X-ray spectra with the help of the Bohr 
model of an atom and developed the theory of the electron shell structure of the atoms.  In 
1921 he became a full professor of theoretical physics at the University of Kiel.  There, he 
continued his work in Munich on X-ray spectra and valence forces.  In 1928 he put forward a 
theory of crystal growth (Kossel crystal) together with I.N. Stranski. 
 
In 1932 Walther Kossel moved to Danzig, now Gdansk, where he was appointed a chair at the 
Technische Hochschule Danzig (now the Gdansk University of Technology), but this time as a 
professor of experimental physics.  The excellent experimental opportunities at Gdansk were 
not only of benefit to the evidence of X-ray interferences from lattice sources (Kossel pattern), 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Walther Kossel, 1888 - 1956 (from [1]). 
 
 
but also led, together with his pupil G. Möllenstedt in 1938, to the development of the 
convergent beam electron diffraction method (CBED, Kossel-Möllenstedt pattern).  After 
1947, he became a professor in Tübingen, attaining further results in the field of electron 
diffraction. 
 
  2.2. The discovery of Kossel interferences in Gdansk 
 
Walther Kossel predicted the interference of the characteristic X-rays within the crystal, in 
which the self-radiation is excited, the so-called interferences from lattice sources, in 1924 [2].  
This had initially erroneously been supposed by M. von Laue, W. Friedrich und P. Knipping in 
1912 to be the cause of the interference phenomena of X-ray radiation.  Ten years later in 
1934, this X-ray diffraction effect was proved, for the first time by means of electron excitation 
on a copper single-crystal in Gdansk (Danzig at that time) by W. Kossel, V. Loeck und 
H. Voges [3].  Fig. 2 shows a historical sketch Kossel’s on the left, schematically, of the 
experimental setup used.  The cathode beam (1 mm diaphragm diameter) hits the copper 
single-crystal sphere, and the patterns are observed in back reflection by means of X-ray film 
[3].  As can be seen in the historical Fig. 2, in the thermal spot of the crystal the self-radiation 
is emitted with increased intensity according to the Bragg equation in those directions, which 
are defined through the Bragg angle, θB.  Fig. 3 shows one of the first historical Kossel patterns 
of copper with the reflection calculation belonging to it.  In the strong background the curves 
with increased intensity, which are called Kossel lines in Walther Kossel’s honour, can be 
seen.  Finally, in a time line (Fig. 4) the essential stages from the beginning of the Kossel 
technique up to today are pointed out. 
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Figure 2. Historic schematic sketch of the used experimental setup in 1934 (historic figures 1 

and 2 from [3]). 
 
 

 
 
Figure 3. First historic X-ray lattice source interference or Kossel pattern of Cu with 

reflection calculation belonging to it by W. Kossel, V. Loeck and H. Voges 
observed in Gdansk in 1934 at the Institute for Physics of the nowadays Gdansk 
University of Technology (historic figures 3 and 6a from [3]). 
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  2.3. The principle of the Kossel effect in detail 
 
For the Kossel effect, the emission of characteristic X-ray radiation within the investigated 
crystalline or quasi-crystalline volume is used [4].  The excitation is executed with electron, 
ion, proton X-ray and synchrotron radiation, respectively.  The lattice atoms excited by means 
of the beam are starting points of the spherical waves of characteristic X-rays, which are 
diffracted at all neighbouring lattice points.  These again become origins of spherical 
propagating scattering waves.  The three-dimensional crystal lattice leads to the complex 
interference phenomena, and the resulting wave field has to be dealt within the scope of the 
dynamic theory of X-ray interferences [5]. 
 
In the background blackening outside the crystal a family of pure dark and bright cones appear 
and also such cones with a bright-dark fine structure or dark-bright structure, i.e., a bright 
border on the short wavy (convex) face of the lateral surface of the cone follows a dark part 
and vice versa.  The crystal structure defines the geometrical positions and intensities of the so-
called Kossel cones.  Then the diffraction patterns show a system of curves, which can be 
understood as lines of intersections of the Kossel cones with the detection plane, i.e., conical 
sections, curves of the second order. 
 
Diffraction geometry 
The geometry of the Kossel lines, but by no means their fine structure of the lines, can be 
illustrated if the X-ray diffraction is interpreted as the reflection of the divergent incident rays 
on the family of the lattice planes of the crystal (Fig. 5).  Since sinθB ≤ 1 must be valid, the 
Bragg equation 2dsample sinθB = n λsample can only be fulfilled for the Kossel method if the 
wavelength λsample of one of the excited self-radiations of the atoms is small, when compared 
with the lattice constants.  Therefore, pure Mg, Al, and Si, do not show any Kossel lines.  Here, 
the pseudo-Kossel method can overcome the problem by choosing the suitable target material 
(see Fig. 14). 
 
 
  3.  DIFFERENT EXCITATION METHODS FOR THE KOSSEL EFFECT 
 
  3.1. Electron excitation 
 
As already discussed, the Kossel effect was first proved by electron excitation in Gdansk 
(Danzig) in 1934 [3].  This is also the most widespread method today since it is applicable in 
the scanning electron microscope (see Fig. 5) or electron probe microanalyzer, attaining a high 
lateral resolution of up to 1 µm.  At a probe current of 0.1 µA and an acceleration voltage of 
20 kV the exposure time is only a few minutes. 
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Figure 5. Basic principle of the Kossel effect with different excitation methods (electrons and 

X-rays using a polycapillary lens) as used in Dresden presently. 
 
 
  3.2. X-ray excitation 
 
Not long afterwards Borrmann, an assistant in Kossel’s laboratory successfully carried out his 
idea of an excitation by X-rays [6].  So far, for the application of conventional X-ray tubes, 
long integration times (24 h) conditional on the slight attainable intensities were required.  As 
our investigations, which are discussed in section 5, show, this can, nowadays, be markedly 
improved by the use of polycapillary lenses (Fig. 5). 
 
  3.3. Proton or ion beam excitation 
 
The 1 MeV proton-induced Kossel effect were first proved on GaP semiconductor 
single-crystals (reflection (111), P-Kα-radiation) by V. Geist and R. Flagmeyer [7] in 1974.  
Shortly thereafter, J. B. Roberto et al. [8] and H.-J. Ullrich et al. [9], independent of each other, 
observed proton-induced Kossel patterns on metal crystals (Ep = 2 MeV on Cu and 
Ep = 5.6 MeV on Fe as well as Ni, resp.). 
 
  3.4. Synchrotron radiation excitation 
 
In 1992, H.-J. Ullrich et al. [10] detected Kossel interferences by polychromatic synchrotron 
radiation excitation.  In comparison with an X-ray tube the many times higher intensity leads to 
substantially shorter exposure times of several seconds.  Ch. Schetelich et al. [11] used 
monochromatic synchrotron radiation with the advantage of a selective excitation of one 
characteristic radiation. 
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  4.  APPLICATION EXAMPLES 
 
Table 1 shows an overview of the most important information which can be determined by 
lattice source interferences (Kossel method) in comparison with the pseudo-Kossel diffraction 
(PKD) as well as electron backscattering diffraction (EBSD) [12].  Some application fields of 
the Kossel technique shall be presented in detail in this contribution. 
 
 
Table 1. Comparison and application ranges of the three different methods [12]. 
 
Parameters and application areas Kossel PKD EBSD 
Crystal orientation mapping and texture analysis   *** 
Phase discrimination map   ++ 
Pattern quality mapping   +++ 
Precise lattice constant determination: Δa/a ≈ 10-5 *** ++  
Exact determination of crystal orientations: ±0.05 +++ ++  
Crystal structure determination +++ ++  
Symmetry determination, e.g., tetragonal distortion +++ ++  
Detectability, location of crystal defects + ***  
Estimation of dislocation densities: 106 - 1010 cm-2 [13, 14] ++ +  
Proof of mechanical tensions and deformations +++ +  
Determination of the crystal stoichiometry ++ +  
Determination of the expansion coefficient +++ +  
Determination of the chemical concentration of elements ++   
New formation of phases and phase transformation in the high 
and low temperature range 

++ + + 

Residual stress measurements in micro-range [15-18] +++ +  
Polar plane distinction at non-centrosymmetric crystals +++  + 

 ***: main application range; +++: excellent; ++: good; +: possible 
 
 
  4.1. Precision lattice constant determination by the Kossel technique 
 
The high attainable accuracy for the determination of lattice constants follows from the precise 
value of the wavelength of the characteristic X-ray of the excited crystal volume of up to 
Δλ/λ = 10-6.  According to the material, one uses either K- or L- and M-radiation, respectively, 
in order to fulfil the Bragg equation.  For the lattice constants accuracies in the micro-range of 
up to Δa/a = 10-5 arise from that.  For these precise values, a high temperature durability during 
the measurement is required.  According to the substance, the exposure times lie at a few 
minutes.  As an example, FeAl (CsCl structure) should be called here, in which a value of 
a = (0.29075 ± 0.00001) nm which correspond to a relative error of Δa/a = 3⋅10-5, was 
determined at the Dresden University of Technology already in the 1960’s. 



In this substance, tetragonal distortions of the cubic lattice could be found as well, which are 
expressed by splitting the so-called fivefold intersections (see enlarged detail of Fig. 6 below 
right), e.g., intersection points of the reflections ( 0 0 2 ), ( 1 1 2 ), ( 1 0 1 ), ( 1 

_

1 0 ) and 
( 

_

1 2 1 ).  The ascertained distortions are manifested in the ratio c/a = 1.0045 ± 0.0006 [19].  In 
contrast to today’s observation of the interferences by a CCD area detector [20, 21] and 
subsequent computer evaluation, the original Kossel patterns were detected on X-ray film 
plates. 
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       exact cubic        tetragonal 
                 distorted 
 

Figure 6. Kossel pattern of FeAl, [110]-pole, with enlarged details below, produced by 
S. Däbritz (1965) and published in [19, 22]. 

 
 
  4.2. Phase transformation of V3Si at low temperatures 
 
At the intermetallic compound V3Si (A15-crystal type, transition temperature ≈ 17 K) the 
lattice transformation tetragonal ⇒ cubic was studied in dependence of the temperature.  The 
evaluations of the Kossel pattern in V3Si specimens deformed plastically at high temperatures 
provided between 7 and 293 K at low temperatures the in the following Fig. 7 plotted lattice 
parameter [23]. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Lattice parameter versus temperature of V3Si single crystals after plastic 
deformation; a) two different undeformed samples, i.e., 0 %, b) 8 %, c) 13 %, and 
d) 12.9 % [23]. 

 
 
  4.3. High-temperature Kossel experiments on Cu and phase transformation in Fe 
 
In Table 2, the essential results of high-temperature Kossel investigations attained at the 
Dresden University of Technology are summarized [24-25].  As marked in the table, lattice 
constants and thermal expansion coefficients were determined as well as the phase 
transformations studied extensively.  Two examples chosen from the vast amount of 
investigations will be described in more detail. 
 
a) Phase transformation in Fe 
In a single-crystal α-iron (bcc, 99.99 %, dislocation density < 107 cm-2) altogether 16 Kossel 
patterns were observed up to 1000 °C in steps at intervals of < 100 °C.  It turned out that with 
increasing temperature both, the contrast and the line sharpness, decrease.  From the pattern at 
910 °C, the γ-lattice of iron could be proved unambiguously.  Clearly, the relationships of the 
directions of the lattice show the following: the [111]-axis in the [110]-plane of the α-lattice 
turns into the [110]-axis in the [111]-plane of the γ-lattice: 

    {110}α ⏐⏐ {111}γ    and    〈111〉α ⏐⏐ 〈110〉γ 

The evaluation of Kossel lines at 1000°C provides the lattice constant value of 
a1000°C = (0.3645 ± 0.0003) nm (Fig. 8). 
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Table 2. Overview of high-temperature Kossel investigations regarding lattice constant 
changes, and should the occasion arise, phase transformations [24-25]. 

 

Material Temperature range 
°C 

Measurable 
variable 

Relative precision of 
a-determination 

Cu        20 to   800        a 5⋅10-5 - 10-4 
Cu      800 to 1050        a 4⋅10-4 
Cu        20 to     80        a, α 3⋅10-5 
Fe        20 to 1000        a, P 1⋅10-4 
Co        20 to   500        a, c, P 5⋅10-2 
Ni        20 to   110        a, α 3⋅10-5 
Fe3O4        20 to   850        a, α 3⋅10-4 
Fe3Al        20 to   100        a, α 3⋅10-5 
MgCu2        20 to     80        a, α 3⋅10-5 

   a, c   … Lattice constant determined 
   α      … Thermal expansion coefficient ascertained 
   P      … Phase transformation studied 
 
 

 
 

 
 
Figure 8. Measured Fe lattice constants versus temperature (α-γ transformation) as well as 

Kossel pattern of γ-iron at 1000°C: two grains [26]. 
 
 
b) High-temperature experiments on Cu 
The high-temperature investigations on copper of up to 1050 °C (melting point: 1083.4 °C) 
show an interesting connection between the reflection system and the lattice parameter.  
Without measuring the line distances, in this case the value a = 0.363111 nm 
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(λ-Cu-Kα1 = 0.154055 nm) for the lattice constant, follows immediately with a relative 
precision of 4⋅10-4 as at a temperature of 262 °C the reflections (042) and (024) touch each 
other directly (see Fig. 9 left) [24]. 
 
 

 
 
Figure 9. Kossel pattern of Cu at [011]-pole; left at T = 262 °C, touch of (042) and (024), 

right at T = 363 °C (overlapping) [24]. 
 
 
  4.4. Characterisation of intermetallic phases in the system Cu-Sn 
 
In model experiments, Cu-Sn/Pb diffusion zones of microelectronic contacts were generated 
[27], whose intermetallic phases were proved by the Kossel technique for the first time 
(Fig. 10) [28, 29].  In Table 3, the intermetallic compounds found in the diffusion zones are 
listed.  The phase originally known in the literature as Cu4Sn could be specified to Cu41Sn11 
with our investigations in the year 1995 already independently of other experiments carried 
out.  With that, the great performance of the Kossel method turned out especially in the 
characterisation of crystal phases.  Fig. 11 shows the simulation belonging to it for each phase. 
 
 
Table 3. Intermetallic phases in the system Cu-Sn. 
 

Symbol Phase Range of existence 
ε Cu3Sn room temperature up to 676 °C 
η´ Cu6Sn5 room temperature up to 186 °C 
η Cu6Sn5 186 °C to 415 °C 
δ Cu41Sn11 350 °C to 586 °C 
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      Cu6Sn5          Cu41Sn11       Cu3Sn 
 
Figure 10. By means of the Kossel technique, determined crystal phases Cu3Sn, Cu41Sn11 and 

Cu6Sn5 within the in the corresponding scanning electron micrographs shown 
diffusion zones [28]. 

 
 
 
 
 
 
 
 
 
 
 
 
           Cu6Sn5        Cu41Sn11       Cu3Sn 
 
Figure 11. Stereographic projections of the Kossel lines for the three crystal phases [28], 

which can be calculated with the self-developed simulation program KOPSKO 
[30]. 

 
 
 



  5.  PRESENT AND FUTURE DEVELOPMENTS 
 
  5.1. X-ray fluorescence excited Kossel diffraction by polycapillary lenses in SEM 
 
Basic principle of the X-ray fluorescence excited Kossel effect with polycapillary lens in the 
SEM is shown in Fig. 5 at the beginning.  Our preliminary investigations with capillary X-ray 
optics were carried out using a compact X-ray fluorescence spectrometer [31].  In order to 
create the possibility of an X-ray excitation of Kossel patterns the X-ray tube IFG iMOXS, 
with a focusing polycapillary lens, originally intended for fluorescence analysis, was flanged 
onto a SEM CamScan CS44.  The first X-ray fluorescence excited Kossel micro-diffraction 
patterns in the SEM [32] in transmission is presented in Fig. 12.  A large number of mainly 
Kossel extinction lines are clearly visible.  Due to the polychromatic excitation, besides the 
Kossel reflections, additional Laue reflections may also be observed.  The excellent quality of 
the pattern of Fig. 12 is seen from the noticeable dark-light fine structure at reflections 
( 1 1 

_

1 ), ( 1 
_

1 1 ) and (
_

1 1 1 ) as well as a field of gradation inside the triangle of the same 
reflections (marked in Fig. 12 on the right).  As a result, the long exposure times of the Kossel 
pattern excited by an X-ray tube could be decreased to 2 h.  It demonstrates how the µ-X-ray 
fluorescence analysis, the Laue method, and the X-ray excited Kossel diffraction can be 
combined advantageously with the high lateral resolution of the SEM. 
 
 
 [101] 
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Figure. 12. First X-ray fluorescence excited Kossel micro-diffraction pattern in the SEM, 

Ni(111)-crystal in transmission with additional Laue-reflections (modified by local 
contrast compensation) with simulation in gnomonic projection ([111] pole) [32]. 

 
 
  5.2. High-resolution residual stress mapping by means of the Kossel technique 
 
For residual stress measurements an extremely high accuracy for the determination of several 
interplanar crystal spacings is necessary.  The high attainable accuracy for the determination of 
interplanar spacings as partially described in section 4.1 follows from: 
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1) the precise value of the characteristic X-ray wavelength (Δλ/λ = 10-6) used; 
2) the large Bragg angles, i.e. small opening angles of the Kossel cones, and 
3) the noticeably sharp Kossel diffraction lines, which can be measured precisely. 
 
The first residual stress measurements in the micro-range by means of the Kossel technique 
using synchrotron excitation were presented by J. Brechbühl, J. Bauch and H.-J. Ullrich in 
1996 [15-17].  Fig. 13 shows one of the first examples for a high-resolution residual stress 
mapping by means of the Kossel technique using electron excitation in the SEM [18].  The 
distribution of residual stresses of the third kind was determined in the vicinity of a laser cut 
edge on FeSi3 electrical sheets [18]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure. 13. High-resolution residual stress mapping by means of the Kossel technique showing 
the distribution of residual stresses in the vicinity of a laser cutted edge by M. 
Böhling and J. Bauch [18] (by courtesy of M. Böhling, Dresden University of 
Technology). 

 
 
  5.3. Kossel pattern observed by CCD area detector on model samples of deformed Ni 
 
The important advantage nowadays is that the patterns of three different diffraction methods 
both, X-ray Kossel as well as pseudo-Kossel and the electron backscattered Kikuchi diffraction 
(EBSD), can be observed by means of only one self-developed scintillator-CCD area detector 
combination [21, 22] in the SEM.  Fig. 14 shows the principles [11] and the corresponding 
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CCD patterns for each diffraction method in an overview.  In each case the patterns of the 
undeformed Ni crystals are shown on the right side.  On the other hand, the observations at 
20 % tensile deformed Ni crystals can be seen on the left.  By measuring the width of Kossel 
and pseudo-Kossel reflections, a clear azimuthal dependence of the width of the (111) 
reflection could be obtained for the 10 % deformed Ni crystals in good agreement with known 
theoretical models for the line width at dislocation structures formed mainly by edge 
dislocations (Fig. 15) [34]. 
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Figure 14. Principles and CCD patterns of X-ray and electron micro diffraction methods in the 

SEM (on the left half 20 % deformed and on the right half undeformed Ni-crystal). 
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Figure 15. Measured Kossel line width of the (111)-reflection versus the azimuth angle. 

Comparison between two 10% deformed (•, ) and undeformed (■) Ni-crystals 
[34]. 

 
 
  5.4. Investigation of crystal defects by the Pseudo-Kossel diffraction in the SEM 
 
The Pseudo-Kossel X-ray diffraction (wide-angle method) is a technique which uses a capillary 
tube with a thin metal foil (e.g., Fe) near the crystal surface under investigation to form a 
divergent micro X-ray source by a focused electron beam [35, 36] (Fig. 14, middle).  In X-ray 
pseudo-Kossel patterns information about the crystal structure [37], precise lattice constants, 
deformation, and stress-strain [38, 39] can be determined non-destructively.  However, the 
influence of crystal defects on this wide-angle pattern have not been sufficiently investigated 
so far; therefore, one example for a basic investigation shall be presented.  Pseudo-Kossel X-
ray diffraction patterns of 2 % tensile deformed Ni model crystals were extensively observed in 
the SEM.  As a remarkable irregularity, a lens-shaped splitting of the Fe-Kα1/2-(111)-reflection 
into a principal and a weaker secondary line were found for the first time as shown in Fig. 16 
on the left.  Kinematic simulations of the line intensity show that a Pseudo-Kossel line splits as 
described above when crossing a stacking fault (Figs. 16 and 17).  Therefore, these 
characteristic changes of the line profile observed are possibly be caused by this kind of defect.  
Please compare Fig. 16 on the left with Fig. 17.  The basis for these considerations are similar 
calculations which are known at Kossel-Möllenstedt pattern in the convergent beam electron 
diffraction in the TEM [40].  Moreover, the origin of the pseudo-Kossel curve section of the 
fourth order with this irregularity could, in principle, be localized on the crystal surface by 
simulation and has an extension to the order of 10 µm.  There are further investigations 
necessary in order to confirm these first observations before it can be said that this is a new 
method for observing stacking faults in the SEM. 
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Figure 16. Observed lens-shaped line splitting of the (111) Pseudo-Kossel reflection (left)  as 
well as calculated rocking curve for an ideal crystal (dotted line), and for a crystal 
with a stacking fault (full line curve), s - Bragg–angle deviation, ξ - primary 
extinction length, l - absorption depth, t - depth parameter, α - phase shift (right). 
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Figure 17. 3 D intensity simulation of the effect of a stacking fault on an X-ray pseudo-Kossel 

(1 1 1) - reflection for a slightly against the crystal surface tilted stacking disorder 
perpendicular to this Bragg line (I - intensity: ×1000). 
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