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High-energy X-rays between 30 keV and 1 MeV, such as provided by modern synchrotron radiation sources as
the ESRF and HASYLAB, bear the advantage of high penetration into most materials. Even heavy element
compositions can be accessed in their volume. The range of applications is huge and spreads from nuclear
spectroscopy to the characterization of metal extrusion under industrial conditions. This article compiles
an overview over the most common instrumental diffraction techniques.

Modern two-dimensional detectors are used to obtain rapid overviews in reciprocal space. For example,
diffuse scattering investigations benefit from the very flat Ewald sphere as compared to low energies,
which allow mapping of several Brillouin zones within one single shot. Diffraction profiles from liquids or
amorphous materials can be recorded easily. For materials science purposes, whole sets of Debye—Scherrer
rings are registered onto the detector, their diameters and eccentricities or their intensity distribution along
the rings relating to anisotropic strain or texture measurements, respectively. At this point we stress the reso-
lution of this technique which has to be carefully taken into account when working on a second generation
synchrotron source.

Energy-dispersive studies of local residual strain can be studied by a dedicated three-circle diffractometer
which allows accurately to adjust the scattering angle from a defined gauge volume.

Triple axis diffractometry and reciprocal space mapping is introduced and can be employed for highest
resolution purposes on single crystal characterization, even under heavy and dense sample environments.
Thus, the perfection of single crystals can be mapped and strain fields and superstructures as introduced
by the modulation from ultrasonic waves into crystals or epitaxially grown Si/Ge layers can be investigated
in detail. Phase transitions as magnetic ordering can be studied directly or through its coupling to the crystal
lattice. Time resolved studies are performed stroboscopically from a sub-nanosecond to a second time scale.

The combination of these techniques is a strong issue for the construction and development of future
instruments.
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INTRODUCTION

The applications of high-energy X-rays have been continuously developed with the
upcome of dedicated synchrotron sources one decade ago and benefit from more
and more popularity. They have been employed by the most different techniques
concerning different questions, as the Compton spectroscopy to measure the
momentum-distributions of bound electrons (Isaacs er al., 1999; Suortti et al.,
2001) or the atomic and nuclear spectroscopy to access high-energy levels (Bikit
et al., 1987, Materna et al., 1999; Schnier, 2002). High-resolution triple crystal
diffractometry is pursued to investigate phase transitions in single crystals such as
magnetic or charge ordering and structural changes (Strempfer et al., 1996, 1997;
Chatterji et al., 1998; Wilkins et al., 2000; Bastic et al., 2003; Hatton et al.,
2003; Liss et al., 2003; Miclaus and Goorsky, 2003) or to analyze artificial super-
structures or tiny strain gradients as in optical band-gap structures (Liss et al.,
1998b) or ultrasonically excited crystals (Liss et al., 1997a,b,1998a). Both white
beam and monochromatic beam technologies can be employed to study residual
strains and textures in polycrystalline samples for materials science purposes
(Reimers et al., 1998,1999; Pyzalla et al., 1999,2000a.,b,c,2001; Withers et al.,
2002; Brokmeier et al., 2003; Wecislak et al., 2003). Imaging methods and thus
computed tomography are possible and, nowadays, are being developed rapidly
(Jolie et al., 1999; Materna et al., 1999; Lame et al., 2003).

Historically, high-energy X-rays were obtained from radioactive sources like '*’Cs,
97 Au or "?1Ir with characteristic nuclear y radiation at 660, 412 and 317 keV, respect-
ively (Schneider, 1974; Jauch and Palmer, 1999). They have been employed for the char-
acterization of single crystalline materials as beryllium (May et al., 1995), Heusler alloys
(Freund et al., 1983), intercalated graphite (Fischer et al., 1991) vapor grown materials
as Hgl, (Rossberg et al., 1994), shear creep in nickel based super alloys (Maniguet et al.,
1995) and much more. Even though unique experiments can be performed by y-ray
sources (Jauch, 2001), high-energy X-ray tubes are available with a continuous spec-
trum up to several hundred keV replacing these nuclear sources, which were too
difficult to handle (Bastie er al., 2000). High brilliance with energies well above
100 keV, however, are obtained at synchrotron radiation sources with the first
developments at the DORIS and later the PETRA storage rings at HASYLAB in
Hamburg, Germany (Hahn et al., 1997). Beyond the third generation sources, the
European Synchrotron Radiation Facility (ESRF) was planned to come up with a
dedicated high-energy beamline IDI5 which is in operation since mid 1994
(Tschentscher and Suortti, 1998). At that time, the user community was small and
applications had to be developed in the diverse fields of physics, chemistry, life sciences
and materials science. High-energy programs are developed sometimes with huge effort
in order to reach a 100 keV with a lower-energy electron beam such as at the Pohang
Light Source (Sohn ef al., 2001). Presently, dedicated beamlines are planned to be con-
structed by traditional institutes for materials science employing so far neutron radia-
tion like the GKSS in Geesthacht near Hamburg (Beckmann ef al., 2003; Schreyer et al.,
2003). Actually, GKSS completely refurbishes a new, dedicated beamline HARWI-II
at DORIS and is involved in defining beamline projects at the future PETRA-III, a
project delivering higher emittance and thus brilliances than the ESRF nowadays.
Among the three high-energy third generation sources ESRF, APS in the USA and
SPRING-8 in Japan the beamline ID15A at ESRF offers the highest X-ray energies
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in the range between 30keV and 1 MeV, which is typically one order of magnitude
higher than that on most other beamlines at the same storage ring.

HIGH-ENERGY X-RAYS

The main advantage of high-energy X-rays is their penetration into matter which allows
for the investigation of bulk material. The attenuation lengths 7, for an intensity
decreases to ¢! for the elements of the fifth group of the periodic table, standing as
a typical example for all the periods, are manifested in Fig. 1. The energy range from
30keV to 1 MeV accessible on a typical high-energy beamline is marked in light gray
while most diffraction experiments take place between 80 and 500 keV. Generally,
attenuation is marked by three regions namely photo absorption which strongly
decreases with the third power of the photon energy and shows the characteristic
absorption edges, the Compton scattering which depends weakly on energy and at
last pair production which onsets at 1022 keV well above the energy range we are inter-
ested in. For the light elements, only Compton scattering occurs, making them favor-
able for beam attenuators without modifying the spectral distribution too much.
Samples of many centimeters thickness can be accessed. Note that silicon becomes
even more transparent than diamond which makes this cheap and perfect material
applicable for monochromators for multiple beam side-stations, such as realized on
IDI5A (Tschentscher and Suortti, 1998). For the heaviest elements photo absorption
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FIGURE 1 Attenuation lengths of the elements of the 5th group, representing the typical behavior for the
different periods. The three attenuation processes, photo absorption, Compton scattering and pair production
are distinguishable by their different slopes. The gray shaded area shows the energy range accessible at ID15A.
Note, that silicon is more transparent than diamond in this energy range which allows to take off monochro-
matic beam for two further side stations while the transmitted beam continues to the main station.
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does not cease but volumes of thickness in the millimeter range are accessible. The K
absorption edges increase with the atomic number Z and the one for uranium lies at
115.6keV. They can be useful for imaging methods in materials and environmental
research (Materna et al., 1999). Only neutron radiation may penetrate deeper and
shows no continuous dependency of the penetration on the atomic number Z.

Attenuation is one of the primary parameters when envisaging a bulk sample
measurement. The attenuation length 7y can be calculated from the mass absorption
coefficient ¥ which is listed in literature (Berger et al., 1998) by

1

T) = 2710 (1)

where p stands for the density of the material.

PHOTON FLUX

The photon fluxes of the high-energy sources at ESRF and HASYLAB are compared in
Fig. 2. They are calculated for a pinhole of 1 x 1 mm? which is positioned approxi-
mately at the monochromator or sample position of the beamline. ID15 has two
optional sources, the Asymmetric Multi Pole Wiggler (AMPW) (Tschentscher and
Suortti, 1998) and a new 3 Tesla device W3T (Chavanne et al., 1999). With only 7
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FIGURE 2 Comparison of the photon fluxes of the high-energy beamlines at ESRF and HASYLAB
through a 1 x 1 mm?® pinhole. The medium-energy source HARWI (old) (Hard Réntgen Wiggler) is being
upgraded by the GKSS Forschungszentrum to HARWI-II (new), which will deliver about twice the flux than
HASYLABEs existing high-energy beamline BWS5 (Beckmann e al., 2003). The short ESRF devices suffer from
flux but benefit strongly from a much smaller angular source size.
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and 2 poles, respectively, they are relatively short and suffer from this design on the flux
scale. The symmetric devices at HASYLAB are much longer and have about one order
of magnitude more poles, which reflects directly in their higher fluxes. Here, even the
second-generation devices at DORIS can compete. Their drawback is, however, the
huge angular source size, which plays an important role in some applications, like
dispersion in strain measurements or for focusing optics.

Before the beam encounters the sample, it has to be conditioned for each individual
purpose. Typically a series of metal filters as aluminum or copper of a few millimeter
thickness are permanently installed in order to take away the heat load due to lower
X-ray energies in the spectrum. Diaphragms and slit systems carefully shape the
beam size, for technical, radiation protective and experimental purposes. Either white
beam or monochromatic beam can be used according to the individual stations. Of
most concern is the monochromator where sets of systems have been developed for
Bragg and Laue geometries, focusing and fixed-exit options, high- and low-resolution
purposes (Suortti et al., 2001b).

TWO-DIMENSIONAL DIFFRACTION TECHNIQUES

The most simple experimental technique is the employment of a two-dimensional
detector placed behind a sample in transmission mode. High energies have the advan-
tage, that they scatter mainly into the forward direction. The scattering angle 20 is
related through Bragg’s law to the momentum transfer Q by

sin(®) = Q/2k 2)

where k represents the wavevector, k =25/, which typically lies in the range of 60 AL
0 being equal to a reciprocal lattice vector G of up to 10A7", 20 may reach up to 10°.
A good estimate when doing an experiment is the fact that 2@ [deg]~G [1&_1] at
113keV. A second advantage is the relatively flat Ewald sphere as demonstrated in
Fig. 3: Since the energies are about 10 times higher than for conventional X-rays, the
curvature of the Ewald sphere is about 10 times smaller. Low-energy Ewald spheres
strongly bend away from a plane in reciprocal space, a crystallographic zone, and
only a few reciprocal lattice points in some arbitrary directions may lie on or in the
vicinity of the sphere. For high energies, we encounter much more the case known
from electron diffraction, namely that the sphere smoothly takes off the zone, having
reciprocal lattice points from several Brillouin zones in their vicinity.

If, for example, there is some diffuse distribution around these points, one can map a
large section of reciprocal space in a single shot. Such an example is given for thermal
diffuse scattering on a perfect silicon crystal, in our case along the [111] direction. The
bright spots in Fig. 4 originate from the diffuse scattering peaking around the Bragg
points and reflect the symmetry of the crystal orientation. Particular branches extend
into other crystallographic directions according to the phonon distributions in this
material. It is important to mention, that the Bragg peaks themselves are slightly off
the Ewald sphere. They would be much sharper and strongly saturate the detector
if they were falling onto the sphere. Figures like these are easily obtained on a
one-second time scale and can be taken for all crystallographic directions and under
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FIGURE 3 Ewald-spheres S1 and S2 for low- and high-energy X-rays, respectively, which differ typically
by one order of magnitude in their radius. S1 is strongly curved and only a few reciprocal lattice points may lie
in or near to it, the reflected wave vectors going into arbitrary directions. The curvature of S2 is much smaller
and the sphere takes off smoothly a plane in reciprocal space. Diffraction goes mainly into the forward
direction and diffuse halos around the Bragg peaks can be mapped in a single shot over several Brillouin
zones.

FIGURE 4 Thermal diffuse scattering of silicon taken in the 111 direction with an image intensifier and a
CCD camera. The bright spots are centered close to the Bragg peaks which are not directly registered in this
setup and show the symmetry of the crystal lattice. Some diffuse branches extend into other crystallographic
directions according to the phonon density distribution of the crystal. The direct X-ray background has not
been shielded for the current setup and hits the CCD chip resulting in the scatter of saturated pixels
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FIGURE 5 Scattering from liquid InGa, registered with an image intensifier tube coupled to a CCD
camera. The black curve is a horizontal cut through the center. The data can be acquired within a second
of time and demonstrates the potential for in-situ observations on liquid and amorphous materials. The very
sharp peaks are artefacts due to X-ray photons from the background hitting the CCD chip directly and
deposing a large charge. They can be shielded properly or corrected by a numerical image treatment.

influences of external parameters. Diffuse scattering as well plays an important role to
study phase transitions and this technique has been employed successfully on systems
like the spin glass CugzMn;; (Reichert ef al., 2001).

Studies on liquids and amorphous samples necessitate the registration of the scatter-
ing function S(Q) up to high-momentum transfers of 30 A~" or even more, where high-
energy X-ray diffraction becomes necessary to access this Q-range at all (Neuefeind and
Liss, 1996). Different scanning techniques have been employed for careful measure-
ments, but the simple setup with a two-dimensional detector is of great benefit with
regard to the speed of data acquisition. Figure 5 shows a diffraction pattern of the
liquid ecutectics InGa with the radial intensity distribution superimposed. The rings
stem from the distributions of neighbors in the liquid. The fast data acquisition with
a CCD camera allows for in-situ studies as undercooling and nucleation processes
for crystallization as studied by several groups and other applications in the field
of liquids and amorphous materials (Notthoff er al., 1999; Tomberli et al., 2001;
Holland-Moritz et al., 2002; Marques et al., 2002).

Polycrystalline materials benefit from the registration of entire Debye—Scherrer
rings with a two-dimensional detector. A typical setup is given using an image-plate
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FIGURE 6 Setup for the registration of Debye—Scherrer rings of a polycrystalline sample in order to
measure strain or texture. An image plate detector can be used in 1-2 m distance to register the whole pattern.
Alternatively, ring sections can be recorded more accurately by putting larger area detectors further away.
Such a configuration has been established by using wire-frame gas detectors at the PETRA-II beamline at
HASYLAB (Kampmann et al., 2001).

detector as shown in Fig. 6. Here, both, the eccentricity of a ring and the azimuthal
intensity distribution along the ring can be used for strain and texture measurements,
respectively. Since these applications are overlapping with other techniques, they are
treated in an individual chapter.

TEXTURE AND STRESS ANALYSIS

The quantitative determination of stresses in work pieces is a most important issue
in order to understand the deformation behavior of materials and to simulate manu-
facturing processes as well as to predict the lifetime of a structural component.
Because polycrystalline materials consist of single crystallites (grains, second phases,
precipitates, etc.) which can exhibit a significant mechanical anisotropy, most of the
mechanical properties and strengths depend strongly on the texture of the material.
Textures are the distribution functions of orientations of the crystallites. Preferred
orientations are obtained, for example, by the production process, such as rolling or
extrusion. Thus, “texture engineering” is used to influence and control the mechanical
and physical properties of a material. On the other way round, textures can tell about
the production history of a material. Finally, it should be noted that geologists learn
about deformation processes in the earth crust by measuring the textures of rocks
(Gtinther ez al., 2002).

Textures are easily obtained by the registration of entire Debye—Scherrer rings
of several reflections simultaneously and evaluating the intensity distribution 7
around the ring as the first independent angle y for the pole figure (Wcislak et al.,
2001,2003). A second, independent angle w is obtained by rotation of the sample
around an axis perpendicular to the incident beam. The algorithm for the translation
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of the angles (6, y, w) into a pole figure («, B) can be found in the literature (Bunge and
Klein, 1996). Basically, the Debye-Scherrer ring at w=0 describes a circle with
a=90°—6 and =1y, which can be expressed in Cartesian coordinates (x,y,z) for a
point on the unit sphere. Further a rotation matrix M(w) has to be multiplied to this
vector in order to get the final position in the pole figure. A stereographic or alterna-
tively a parallel projection then relates to the final representation (x,y,l). The
Debye—Scherrer rings for a rolled sample of y-TiAl as registered at 87keV on the
PETRA-II beamline are shown in Fig. 7 for the two extreme w-rotations. The sheet
material is Ti—46.5A1-4(Nb,Mn,Cr,Si)-0.5B (at%) a second-generation y-TiAl-based
alloy called y-TAB (Kestler et al., 1999). The microstructure is “near gamma,” that
means fine-grained and equi-axed with a very low content of second phase a-Ti;Al.
The structure is ordered (L1y) and tetragonal with a c¢/a-relation of about 1.02. The
001 ring is a superlattice reflection and shows, in Fig. 7(a), intensities only in transverse
direction (7) and does not appear, in Fig. 7(b), in which the transverse direction is par-
allel to the beam. The 002 and 200 reflections generate a double ring due to the tetra-
gonality. The inner 002 ring occurs, in Fig. 7(a), only in transverse direction, whereas
the outer 200 ring is visible only in rolling direction (r). In Fig. 7(b) the 002 ring is with-
out intensities, but the 200 ring is observed in rolling direction (r) as well as in normal
direction (n) of the sheet. The observed intensity distribution on the rings are caused
by a very strong cube texture component with an alignment of the c-axis [001] of the
tetragonal unit cells in transverse direction and the a-axis in the rolling and normal

(a)

FIGURE 7 Debye-Scherrer rings of a highly textured y-TiAl sample for o =0° (a) and @ =90° (b). Strong
differences can be seen in the intensity distribution of each ring, which are coupled through the crystalline
symmetry to each other.
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(b)

FIGURE 7 Continued.

direction. This texture is the result of recrystallization during the reheating between two
rolling passes and causes a strong anisotropy of the mechanical behavior (Bartels et al.,
2002, 2003; Schillinger et al., 2002).

Pole figures are evaluated for some particular reflections and represented in Fig. 8 in
form of a parallel projection. They show the high texture of the material. The 001 direc-
tions are concentrated around the transverse direction. The 111 pole figure shows that
the structure of the TiAl is near to fcc and we see the reflection of the four planes of the
111 tetrahedron oriented accordingly to the cube component of the texture. The 220/
202 pole figure shows all possible 6 reflections of the unit cell in cube orientation.
The pole figures confirm that the “modified cube texture” with the aligned c-axis is
the sole texture component in the y-TiAl alloy sheet.

The most accurate two-dimensional detectors in terms of spatial linearity and
dynamic range are image plate detectors. Although sophisticated online-models can
be achieved commercially, they have the drawback to be slow in readout time lasting
2-3min.' The exposure time, often less than 1s, is in no relation to that! In order to
overcome this disadvantage, moving detector techniques have been developed, which
register only part of a Debye—Scherrer ring through a fixed aperture. Then the detector
is displaced like a streak camera synchronously to the sample movement (Wcislak ef al.,
2003). Another attempt to surround this problem is to employ CCD cameras with

"Model MAR 345 by MAR, Evanston, IL, USA; http://www.marresearch.com/
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sin(a)

FIGURE 8 Parallel projections of the pole figures with the polar angle « and the azimuthal angle 8 of the
001, 111 and 220/202 reflections of a highly textured y-TiAl sample. The figures have been constructed from
the Debye—Scherrer rings of 10 different w-orientations between 0° and 90°. The c-axis of the slightly hex-
agonal material lies along the direction transverse to the rolling direction which points upwards in the figures.
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| O

FIGURE 8 Continued.

some visual light or ‘image intensifier’ optics as pursued by groups at the ESRF (Terry
et al., 2002).

Residual stresses occur in workpieces or structural components after deformation
or/and heat-treatments. For example, bending of a metal bar can lead to elastic and
plastic deformation. After loosing the bending force, the plastic component holds the
bar further bent within an equilibrium curvature, while potential elastic forces at the
inner and outer radius become compressive and tensile. They remain as residual stresses
and either inhibit or enhance, respectively, the formation of cracks. Their technological
aspects are huge and can be a nuisance or a benefit.

Stresses cannot be measured directly. They are evaluated from longitudinal strain
measurements &, = Ady/d which can be obtained by neutron- or X-ray diffraction
in the spatial dimension k. Then, the corresponding stresses o; are calculated with
the elastic stiffness tensor Cjy, (Which has to be taken from the literature or from a dedi-
cated experiment) according to Hooke’s law:

0y = Cijki€ii (3)

The radiation is sensitive to the lattice parameter d through Bragg’s law (2) which reads
with Q=G =2n/d

A = 2dsin(0). 4)

The logarithmic derivative, i.e. the total derivative of (4) divided by (4) itself and solved
for the strain ¢ = Ad/d relates to
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FIGURE 9 Energy-dispersive setup. The incoming and the diffracted beams are laterally limited by a
system of slits or collimators, such that only the overlapping area of sight defines a gauge volume. Due to
the small scattering angle, its length is typically one order of magnitude larger than its width. The workpiece
can be scanned through the gauge volume in order to register strain gradients as a function of position and
orientation.

Ad/d = A)Jr— cot(®)AB, (5)

i.e. strain can be measured through two complementary methods, either wavelength or
angular dispersive. Since the wavelength is correlated to the energy of the radiation, the
former method is also called energy-dispersive.

Energy-dispersive techniques were the first to be established for high-energy beam-
lines (Brusch, 1998). The setup is sketched in Fig. 9, where an incident, white beam
is collimated by a tiny slit of 50-100 um onto the polycrystalline sample. A secondary
slit system behind the sample defines the scattered beam towards the energy-dispersive
germanium detector. It fixes the scattering angle, which is typically chosen around 6° at
the dedicated diffractometer of ID15A. It also defines a gauge volume by the set of all
sample volume elements illuminated by the incident beam and seen through the slit
system from the detector. The shape of this gauge volume is given by the lateral
beam dimension and the scattering angle, resulting in some 50—100 um in width and
up to 1 mm in length. Crystallites from an ideal powder reflect according to Bragg’s
law into the detector and select their corresponding energy according to the crystallo-
graphic reflection. A typical pattern obtained from a multi-phase AlSi25Cu4Mgl alloy
(Wt%) is given in Fig. 10. This case demonstrates well the individual fingerprints of the
constituting phases which can be considered separately. A full description and evalua-
tion of these data is given in Pyzalla et al. (2001). Under load, the crystal lattice is
deformed and the strain yields in a slight shift of the corresponding energy according
to Ad/d=—AE/E. Now, the sample can be probed in different volumes in order to
obtain a spatial strain distribution and/or under external load such as the force from
a tensile rig or to investigate the influence of temperature on a layered system of coat-
ings which exhibit different thermal expansion coefficients. The data acquisition at one
point lasts typically 15 min but may depend strongly on the material. Accuracies down
to 10~* may be achieved by appropriate care and fitting. The application of this method
ranges from the in-situ examination of composite materials (Pyzalla ez al., 2001), ther-
mal barrier coating systems (Reimers et al., 1999) and functionally graded materials
(Reimers et al., 1998; Broda et al., 1999). A drawback of this method is the need for
the exact knowledge of the average center of the scattering volume. Particularly,
when a sample is scanned through its position and the phase probed for enters or
exits the gauge volume without filling it up completely results in peak shifts due to
the shift of the average scattering angle (Brusch, 1998). In addition, the described
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FIGURE 10 Energy-dispersive diffraction pattern of a multi-phase AlSi25Cu4Mgl alloy under different
mechanical loads. It is clear, that the constituting phases can be evaluated separately. The effect of the strain is
very small on this full scale and can be barely seen by eye. Careful fitting routines, however, evaluate it to an
error of 107 It is clear, that the silicon and aluminum parts can be evaluated separately due to their indi-
vidual fingerprints in the pattern. From (Pyzalla et al., 2001).

method works only for grains small enough to have a smooth distribution of
intensity over the whole gauge volume. Again, a larger grain in the scattering condition,
off-centered the gauge volume results in a shift in the mean scattering angle and thus
gives a systematic error. If grains become too large, they may not scatter into the detec-
tor position at all and the method cannot be used any more.

A more flexible technique is the registration of Debye—Scherrer rings with a mono-
chromatic incident beam. The setup is qualitatively similar to the one for acquiring
texture measurements, albeit more care has to be taken to account for a high strain
resolution. The strain is derived from (5), best with AA/A=0. It is expressed in the
diameter of a Debye—Scherrer ring with respect to a starting condition. Thermal expan-
sion, for example, increases the lattice spacings with increasing temperature, which
through (4) relates to a shrinkage of the rings. On externally applied, uniaxial stress,
however, the lattice parameter expands along the force direction while it shrinks with
Poisson’s ratio in the perpendicular direction. This relates to shrinkage and expansion
of the radius of the Debye—Scherrer rings in the respective azimuthal orientations.
The rings become ellipses and two components of the strain tensor can be measured
simultaneously. Let D be the distance between the sample and the detector, then the
radius R of a Debye—Scherrer ring reads

R = Dtan(20). (6)

If the Bragg angle is small as it is the case in high-energy diffraction, we can develop the
sine and the tangent function in (2) and (6) to Q@ ~ G/2k and R~2DQ resulting in

e = Ad/d = —(AD/D + AR/R). (7)
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The relative change in the diameter is directly the negative value of the strain compon-
ent and is a quantity easy to measure. However, care has to be taken to keep the reso-
lution and errors in AR small: First, the detector resolution is not smaller than 100 pm
and secondly a final size of the incident beam reflects directly in the width of the
Debye—Scherrer rings. The last quantity has to be minimized to the order of the resolu-
tion of the detector or a bit smaller. Let us assume the realistic values of an intrinsic
width of the Debye—Scherrer rings of 150 um on the image plate in 1.5m distance
and a ring radius of 150 mm. Then the full width at half maximum in & results in
10~* and cautious fitting routines determine the strain to 10~*, the accuracy we aim
to measure with this method. Equation (7), however, expresses further, that the distance
between the sample and the detector must not vary well beyond 150 pm. Indeed, this
condition is not so easy to hold. Experiments are often done under in-situ environ-
ments, for example in a tensile rig or in a furnace, which makes it difficult to prevent
a drift of the sample position. In practice, a calibration powder which sticks at the
sample surface is measured simultaneously, which, however, may lead to other prob-
lems, especially during experiments conducted at high temperatures. In addition, the
sample thickness should not broaden the full width at half maximum such that thick-
nesses above 1 mm should be avoided. One way out of these constraints is to place
the detector 5-10 times farther away from the sample. If we aim for a similar resolution
in ¢, all the numbers scale up with the distance increase. Especially the influence of the
position drift of the sample falls one order of magnitude less into account and the regis-
tration of a calibration powder is not necessary. A great distance, however, means huge
Debye—Scherrer rings and no detectors have been set up yet covering the whole area of
the rings. Instead it has been demonstrated to register only part of the rings and to
determine their curvature by a fitting method (Béhm et al., 2003). In particular two
detectors can be used in order to still acquire two dimensions of the strain field.
However, in a greater distance the requests regarding spatial resolution of the detectors
is relaxed and position sensitive gas detectors as developed by DENEX? can be
employed (Kampmann et al., 2001; Marmotti et al., 2002). Those detectors are not iso-
tropic and the position resolving wires are oriented radially to the Debye—Scherrer ring
in order to receive a resolution of about 1 mm. As a feasibility experiment, uniaxial ten-
sile tests were conducted on intermetallic y-TiAl based alloy sheet material. The data,
obtained with the image plate detector with D=1150mm and a photon energy of
100keV at BWS5 are shown in Fig. 11. The same experiment has been repeated at
PETRA-II employing two wire-frame detectors with D~ 7m. The size of the detectors
was 300 x 300 mm? and the experimental setup is sketched in Fig. 6. The raw data of the
two experiments are compared in Fig. 12. One important difference is the fact, that
many more rings are resolved at the PETRA-II rather than the BWS5 setup. The inves-
tigated y-TiAl based alloy consists of the y-TiAl (major phase) and about 10 volume
percent of the a»-TizAl phase. This latter is better distinguished at PETRA-II, which
is due to the different beamline parameters, such as a more brilliant source, a more
perfect monochromator and a large distance between the sample and the detector.
The eccentricity of the rings are evaluated in Fig. 13, which plots the ring diameters
of the y-TiAl 222 reflection of the sample under applied stress of 470 MPa as a function

’DENEX GmbH, Liineburg, Germany; http://www.denex-gmbh.de/
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loading direction

FIGURE 11 Part of a typical diffraction pattern of the y-TiAl-based alloy, recorded by the image plate
detector at beamline BW5. A close-up of area “1” is shown in Fig. 12(a). From Béhm et al. (2003).

of the azimuthal angle ¢. The diameters are normalized to the diameter obtained from
the unloaded sample and show the eccentricity with the short and long axes along and
perpendicular to the load direction with sin®¢=1 and sin®¢=0, respectively. The
scatter of the points around the mean straight line is a direct measure for the statistical
error and the salient result of this comparison is the better accuracy of the PETRA-II
experiment by at least a factor of 5. A full evaluation of this work has been published
in an individual paper (B6hm et al., 2003).

RESOLUTION WITH TWO-DIMENSIONAL DIFFRACTION

It has been shown that better accuracy can be achieved for strain analysis with the
Debye—Scherrer method if a larger distance between the sample and the detectors is
used (Bohm et al., 2003). This is one important, but not the only issue which plays a
role when defining an experimental setup or a beamline. Of similar importance
are the angular source size, which makes up a new-generation synchrotron source
and the quality of the optics employed. The angular source size is the angle under
which the source is seen from a slit just in front of the sample position. This divergence
determines, how large the beam spreads onto the detector and must be minimized for
strain measurements. For texture, single crystal or even small angle scattering
applications has to be guaranteed, that adjacent reflections do not fall into a larger
divergence and overlap. Further, it is desirable that the source size is similar in
vertical and horizontal dimensions. However, the necessary use of a monochromator
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FIGURE 13 (a) Example of the strain evaluation procedure based on the full diffraction rings recorded at
BWS5. The diameter of the y-TiAl 222 diffraction ring is plotted against sin” ¢, where ¢ is the azimuthal angle.
The diameters are normalized to the average ring diameter in the stress-free starting condition. Due to the
lattice strains caused by the applied stress of 470 MPa, the diffraction ring is distorted elliptically. The two
main axes of the ellipse are obtained by fitting a straight line to the data and extrapolating to sin?¢=1
(longitudinal direction) and sin’>¢ =0 (transverse direction). (b) The same procedure can be applied to the
radii of the ring segments recorded at PETRAIIL. The range of sin” ¢ is restricted to values close to 0 and 1. It is
apparent that the data in (b) exhibit considerably less scatter than those in (a). From Bohm er al. (2003).

is a dispersive optical element with highest anisotropy. Here, we have to distinguish
between the particular nondispersive and the dispersive setups, as sketched in Fig. 14.
Imagine a setup of two crystals, first with identical lattice spacing, the monochromator
and the sample as sketched in Fig. 14(a) where a divergent, white incident beam hits the
first crystal with Bragg angles 6;, 0,, 05 for the different rays to the reflecting lattice
planes. Since each ray has a different Bragg angle, different wavelengths A, A>, A3z
are selected, which is called dispersion. Now these rays impinge onto the second crystal
which has to be rotated into Bragg condition and, remaining in a common scattering
plane, two positions either rotating the scattered beam into the same sense (+ +) or
the inverse sense (+ —) are possible. In the former, Bragg condition for the first ray
can be fulfilled by impinging A; by 6;. Then, however, the other rays do not impinge
with their appropriate angles to the net planes, thus only A; is reflected, the others
transmitted. By rotating further the second crystal, A, and A3 come into Bragg condition
successively while reflection fails for the first ray. With this fully dispersive geometry
one mainly probes for the beam divergence. Considering the (+ —) geometry it turns
out that the lattice planes of the second crystal have to be parallel to the first in
order to get A; under 6; into reflection. Then, however, one has Z-geometry and math-
ematically all A; enter with their corresponding 0; being reflected all at a given rotation
angle. Further all rays loose the Bragg condition commonly when the crystal is rotated
such that the angular width of the reflection curve is minimal. The beam divergence
does not play any role and this mode is called the nondispersive one. The setup is sen-
sitive to monochromator and sample parameters like lattice spacing or mosaicity only.
Since each polycrystalline material is constituted of small single crystallites, these results
from single crystal diffractometry also play a role in the Debye-Scherrer setup
described above, which, however, have to be generalized for more parameters of free-
dom: First, the nondispersive condition is only valid for a point on the detector, the
non-dispersive point Z, which falls into the scattering plane of the monochromator
and corresponds to the scattering angle —20 o, in (+ —) geometry. The diffraction
conditions may differ in two orthogonal ways from this point, namely by an azimuthal
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FIGURE 14 Dispersive (a) and nondispersive (b) two-crystal arrangements, (+ +) and (+ —) geometry,
respectively, within a common scattering plane. A divergent, white beam impinges under different Bragg
angles onto the first crystal selecting different wavelengths for each ray. While all rays are reflected simul-
taneously with their corresponding Bragg angles in the (+ —) setup, the second crystal has to be rotated to
fulfill Bragg’s law successively in the (+ +) arrangement. (a) is sensitive to the beam parameters while (b)
measures the crystal qualities upon scanning.

rotation going along a Debye—Scherrer ring until one reaches the (+ +) geometry, or by
a variation in the lattice spacing or scattering vector, going radially. The farther one
goes away from the nondispersive point, the more dispersion plays a role. It can be
shown, that the streaks all point toward the nondispersive point Z (100) in Fig. 15.
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FIGURE 15 Dispersion of the diffracting system monochromator-sample. The figure sketches a diffraction
pattern as it should be observed with a two-dimensional detector placed behind the sample. The spots can be
either single crystal reflections registered in a rotating crystal technique or reflections from individual crystal-
lites in a polycrystalline sample. Usually a beam stop covers the direct transmitted beam 000, the origin of
reciprocal space. The reciprocal lattice point 100 denotes the nondispersive point, to which all resolution
streaks of the other points point to. The length of the resolution streak vanishes at this point and increases
linearly with the distance. This effect influences as well the width of Debye—Scherrer rings as drawn here with
radii 1/2, 1 and 2 times the length of the scattering vector of the monochromator. For the inner rings, points A
and A exist where the resolution streak is aligned tangentially to the ring and the thickness of the rings
vanishes.

Reversing the arguments, such a diffraction pattern reveals the employed monochroma-
tor reflection and orientation.

The previous thoughts hold for both, single crystal diffraction and the characteriza-
tion of Debye—Scherrer rings. Experimental data are given in Fig. 16. The behavior of
the width of the rings along their azimuthal coordinates can be simulated by drawing
two off-centric rings delimiting the intensity which include the gray areas in Fig. 15.
The width of the rings vanishes, of course, at the nondispersive point and becomes max-
imal on the opposite side (ring 1). For G > G, dispersion always delivers a nonvanish-
ing ring width (ring 2). In the opposite case G < Gy, however, these two off-centric rings
intersect in the positions 4 and 4" where the resolution elements become tangential to
the rings (ring 1/2). Large angles around 90° between 4 and A4’ can be achieved by an
appropriate design of the monochromator and this might be interesting in setting up an
experiment to measure with high accuracy the two independent strain components
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along these directions, which has never been done so far. A more quantitative analysis
of this resolution effect will be published elsewhere.

TRIPLE-AXES DIFFRACTOMETRY

Single crystal studies with high energies play an important role in physics and materials
science. Especially high resolution in reciprocal space is obtained with a triple-axis
diffractometer and detailed descriptions, strategies for reciprocal space mapping and
resolution are given in dedicated papers (Neumann, 1991; Neumann et al., 1994;
Riitt er al., 1995; Bouchard et al., 1998; Liss et al., 1998b; Riitt et al., 2001).
Investigations of lattice distortions in perfect (Liss et al., 1997a;1998a) and imperfect
materials (Bouchard ez al., 1993; LiB3, 1994; Magerl et al., 1995; Helmers, 1996), studies
of macroscopic thick or industry relevant samples (Royer and Bastie, 1997; Royer et al.,

(a) .CS

>
o3

FIGURE 16 (a) Experimental Debye—Scherrer rings R1-R5 obtained at 90keV on TiAl (R1, R4, R5) and a
further window materials (R2, R3) centered around M. The rings demonstrate dispersion with the non-
dispersive point Z as reconstructed from the data. They are fine and well distinguished close to Z while
they broaden further away from this point. Some of the rings, R2 and R3 even begin to overlap on the
opposite side of the nondispersive point. The streaks stemming from individual crystallites point all towards
Z. The boxes A1-F1 and A5-F5 are expanded in Fig. 16(b) and (c), respectively.

(b) Expansion of part of the outer Debye-Scherrer ring RS from Fig. 16(a). The dispersion streaks as mapped
by the reflections of individual crystallites are exactly pointing to the nondispersive point Z as indicated by the
arrows. Note, that the ring is narrowest in the (+ —) geometry (A5) and broadest in (+ +) (D5).

(c) Expansion of the inner Debye-Scherrer ring R1 from Fig. 16(a). Again, the dispersion streaks are well
aligned towards the non-dispersive point Z as shown by the arrows. In B1 and F1, they are aligned tangentially
towards the rings which is the position, where the rings become narrowest.
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FIGURE 16 Continued.

1997a,b; Goorsky et al., 1999), structural phase transitions in the bulk of a material
(Neumann et al., 1995; Poulsen et al., 1996; Wilkins et al., 2000; Lippmann and
Schneider, 2000a,b; Arzel et al., 2002,2003; Hatton et al., 2003) and their kinetics
(Liss et al., 2003), diffuse diffraction from ‘relaxor’ ferroelectrics as discussed by
(Zhukov et al., 1995), nonresonant magnetic diffraction (Lippert et al., 1994,
Strempfer et al., 1996) and anomalous thermal expansion near a magnetic phase
transition (Chatterji et al., 1998) are only a few of the applications which have
successfully used this technique.

A typical layout of a triple-axes diffractometer is given in Fig. 17 which consists of
three individual axes each holding a crystal, namely the monochromator, the sample
and the analyzer. The essential tactics in reciprocal space is sketched in Fig. 18. The
monochromator, defines an incident wavevector k;, which in the Ewald construction,
points to the origin 0 of reciprocal space whereas the analyzer accurately probes for
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FIGURE 17 Schematic layout of the triple crystal diffractometer at IDISA. A pre-monochromatized or
white beam impinges from the optics hutch to the left, the sources being about 65m away. The beam path is
fed through the monochromator M, sample S, and analyzer A positions in order to meet the detector D.
Collimators in-between reduce the solid angles and thus the background. All components are mounted onto
translation stages and are run computer-controlled into the correct position. Interferometric encoders I can be
used for ultimate angular resolution beyond 0.01 arcsec. Either perfect or oxygen-precipitated monochroma-
tors M and analyzers A can be used to compromise between resolution and intensity. From Liss et al. (1998b).

FIGURE 18 Strategy for reciprocal space mapping with a triple axes diffractometer. The monochromator
defines well the incident wave vector k;, the analyzer accurately fixes k;, both lying on the Ewald sphere and
probing for a scattering vector G in the reciprocal lattice distribution of the sample. Transverse scans are
obtained by the w-rotation of the sample while the longitudinal direction, inclined by the small Bragg angle 6,
is obtained by a ¢-rotation of the analyzer.
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a diffracted wave vector k. The Bragg condition is fulfilled, if a scattering vector G of
the sample lies on the Ewald-sphere such that

G =k —k ®)

holds. Here, the analyzer acts as an extremely narrow collimator accepting rays in the
very narrow angular range of its natural line width. This triple-crystal mode has to be
distinguished from the two-crystal mode omitting the analyzer crystal and thus inte-
grating over a larger angular range in ¢.

Usually, G is not a point in reciprocal space, but a distribution, which can be mapped
out in two dimensions, i.e. longitudinal, AG, and transverse, AG, to the scattering
vector. The scanning parameters are the sample and analyzer rotation angles w and
¢, respectively and can be transformed to the local, Cartesian coordinates in the vicinity
of G' by

AG) ! 0
G | | 2(tan(®) . A¢g )
AGy B 1 | Aw

G 2

(Liss et al., 1998b). Thus, w probes for the mosaic spread of the sample while ¢ seeks
mainly for the longitudinal distribution and i.e. is most sensitive to the lattice par-
ameter. Resolutions of 107° and 10~ can be reached for the longitudinal and transverse
directions, respectively.

The triple-axes diffractometer enjoys dedicated applications since over more than a
decade and most of the instrument functions have been described in the literature
cited above, such that at this point we limit the presentation to a very few, selected
examples.

Applications in materials science are interesting for a quality mapping of single
crystals, grown for the many different applications and techniques. Rocking curves
in two-crystal mode can be taken locally as a function of the position of a larger
sample (Goorsky et al., 1999). Figure 19 shows the local full width at half maximum
(FWHM) of an 11 mm thick, Verneuil grown crystal of SrTiO; as obtained from the
company CRYSTAL GmbH.? It is mostly narrow, thus the crystal is almost perfect
in the center of its volume, from where growth has started, while mosaicity strongly
spreads in the outer regions. Triple crystal investigations are necessary in order to dis-
tinguish different phases and compositions such as the phases of nickel-base superalloys
interesting for the engineering of turbine blades of aircraft engines (Royer and Bastie,
1997; Royer et al., 1997a,b) or the epitaxial growth of Si/Ge alloys in the semiconductor
industry. Figure 20 gives an example with seven layers of Si;_,Ge, with seven different
concentrations x which have been grown epitaxially by a rapid CVD method onto a
substrate of perfect silicon (Madar et al., 1992; Lil}, 1994; Magerl et al., 1994). One
can distinguish the very narrow substrate peak at AG;/G =0 from the seven epitaxial
peaks extending to AG|/G=—-15.5x 1073 due to the different lattice parameters of
the individual concentrations. They reveal increasing transverse widths related to a

3Crystal Gmbh, Berlin, Germany; http://www.crystal-gmbh.com
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FIGURE 19 Spatial distribution of the full width of half maximum (FWHM) of rocking-curves taken on a
11 mm thick SrTiO; crystal with 200 keV radiation. The crystal was Verneuil grown, starting in the center. The
figure demonstrates, how the crystal quality detoriates from a nearly perfect lattice alignment in the center to a
large mosaic spread in the outer regions.

continuous introduction of lattice faults in order to relax the crystallographic lattice
mismatch.

The quality of ultrasonic fields, which have been excited into a volume of a perfect
silicon crystal can be mapped and diffraction effects can be studied in detail. Thus
low-frequency sound oscillations up to the 10 MHz range represent an anisotropic
strain field which oscillates as a function of space and time. X-rays diffracted in
Laue geometry integrate over several ultrasonic wave periods along [111] and probe
for the strain distribution as demonstrated in Fig. 21 for the Sis31 reflection (Liss
et al., 1997b). An unexcited crystal shows the natural line width of 0.2arcsec and
50% of reflectivity in the Laue case as obtained by the dynamical theory of diffraction
(Rauch and Petrascheck, 1976, 1978). An ultrasonic excitation induces a gradient with
maximal strain proportional to the total width of the reflection curve. It depends on the
voltage applied to the exciting transducer. The evaluation of the shape of the rocking
curve reveals the quantitative strain distribution in the crystal (Liss et al., 1998). The
doubling in intensity is related to the loss of the Pendellésung effect in a gradient crystal
(LiB, 1994). Since the ultrasonic field oscillates as a function of time, stroboscopic meas-
urements can be acquired with the time resolution of 100 ps of the synchrotron. Figure
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FIGURE 20 Diffraction pattern on rapid-CVD grown Si; _Ge, layers on a silicon substrate with seven
steps of concentration x. Each composition with individual germanium content has its own lattice parameter
which is distinguished by its longitudinal deviation AG/G in reciprocal space, while the mosaic spread as a
result from lattice tilts as created by misfit dislocations or stacking faults appear in the transverse direction
AG | /G. The crystal grew starting from the silicon substrate at AG/G = 0 with stepwise increase of germanium,
showing less crystal quality for higher concentrations. From Li3 (1994).

22 demonstrates a harmonic oscillation with temporal nodes and antinodes in the strain
distribution. A full evaluation is given in a dedicated paper (Liss et al., 1998a). For high
ultrasonic frequencies above 100 MHz, the diffraction pattern becomes qualitatively
different: The ultrasonic wave forms a superlattice to the crystalline structure which
can be resolved using the ultimate resolution of the instrument, here with a Si;51
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FIGURE 21 Evolution of rocking curves in a perfect crystal subjected to a low-frequency ultrasonic field.
The central curve belongs to the unexcited crystal and is close to the intrinsic reflection curve as obtained by
the dynamical theory of diffraction. An ultrasonic field first doubles the maximum intensity and then broad-
ens the curve according to the lattice parameter distribution, i.e. the strain field in the crystal. From Liss et al.
(19970).
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FIGURE 22 Time-resolved intensity distribution of a rocking curve such as presented in Fig. 21. The
ultrasonic strain field occurs in form of a standing wave with zero-transitions, the nodes and maximal
amplitude, the antinodes, as a function of time. Like a pendulum, the whole crystal volume oscillates here
with a sinusoidal behavior. From Liss ez al. (1998a).
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FIGURE 23 Diffraction pattern around the 751 reflection of a perfect silicon crystal excited by a high-
frequency ultrasonic field along [111]. The wavelength of the longitudinal ultrasonic volume-wave is much
shorter than the Pendellsung period, such that the diffraction process resolves the periodic modulation of the
crystalline lattice revealing satellite peaks. Note the narrow scan range of only 2arcsec and the resolution
corresponding to about 1077 of the triple-axes diffractometer in the transverse direction. Courtesy of Hock
et al. (1999).

reflection. Satellites appear as shown in Fig. 23 (Hock et al., 1999). Their spacing is
inverse proportional to the ultrasonic wavelength of about 10um for this case.
Thus at lower frequencies, they join too close together and overlap with the resolution
function of the instrument. Not only the strain density distribution is obtained by the
envelope function of the satellites but also detailed information of the wave field
composition is obtained through the intensity modulation, i.e. the structure factor of
the side reflections. In this sense, Fig. 23 shows two modes of excitation, one spaced
with half the period compared to the other.

Changes in the crystallographic structure are of major importance in the
characterization of phase transitions in solid state physics. Besides the studies
cited above we present here examples on europium arsenide (EuAss) (Chattopadhyay
et al., 1997) and manganese sulfide (MnS,) which both order antiferromagnetically.
Figures 24 and 25 show the lattice strain as a function of temperature. Decreasing
from high temperatures, the lattice parameters shrink according to the usual
phonon contribution in an anharmonic model. At the phase transitions, however,
anomalies occur: there is a negative expansion in the case of EuAs; where the
lattice parameter increases with decreasing temperature. The behavior of the strain
curve is very similar to the order parameter, which is proportional to the square
root of the intensity of a pure magnetic reflection as in the inset of Fig. 24. Further
evaluations of this similarity have been conducted on the system NaV,Os
(Chatterji et al., 1998). In the case of MnS,, the shrinking lattice parameter
splits into two peaks below the phase transition, Fig. 25. The cubic lattice at high
temperatures is tetragonally deformed along the axis of antiferromagnetic order and
both peaks according to the a- and c-axes are observed simultaneously by integration
over several domains.
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FIGURE 24 Thermal variation of the 6, 0, 6 lattice spacing of EuAs;. The evolution for higher tempera-
tures originates from phonon processes whereas the anomalous expansion below the phase transitions at 11
and 10.3K is related to magnetic ordering. The latter is obtained by the sublattice magnetization measured by
the integrated reflectivity of the nonresonant magnetic 1, 0, 5/2 Bragg reflection shown as an inset. Courtesy
of Chattopadhyay et al. (1997).

CONCLUSION

High-energy X-rays benefit from the high penetration power, the flat Ewald-sphere and
the scattering mainly into the forward direction in order to be applied in various fields
of solid state physics and materials science. Different techniques, such as the older and
well established high resolution triple-crystal diffractometer, the newer two-dimen-
sional detection setups and the energy dispersive methods have been developed
during the last decade. Particularly, the employment of two-dimensional detectors
with the possibility of parallel data acquisition requires attention to the resolution
and data accuracy as presented here which can drive i.e. stress analysis to larger bene-
fits. Future developments will have to combine the different techniques, such as the fast
acquisition of a global reciprocal space map and the orientation matrix of a crystal with
a two-dimensional detector together with a highest resolution scan with a triple crystal
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FIGURE 25 Thermal expansion of the lattice parameter of MnS, measured at the 8, 0, 0 and the 0, 8, 0
reflections of the cubic system. Two values are observed below the magnetic phase transition at 48 K indicat-
ing a tetragonal deformation of the lattice. Courtesy of Chattopadhyay et al. (1997).

diffractometer. Further imaging and diffraction techniques have to be combined for
parallel acquisition in topography and tomography. Huge potential is hidden in the
time resolving techniques as there is enough intensity at third generation synchrotron
sources in order to investigate kinetics and in-situ processes. Developments of faster
detectors are on the way and are necessary for a further milestone in X-ray diffraction.
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