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              Introduction 
 Since the early days (beginning in 1956), when x-rays were 

extracted as a byproduct in circular electron and positron 

accelerators,  1   synchrotron radiation has developed tremen-

dously, with brilliances (photons/s/mm 2 /mrad 2 /[0.1% band-

width]) increasing faster than the often-cited Moore’s Law 

of computer-memory capacity. In so-called storage rings, 

electrons or positrons circulate and emit synchrotron radia-

tion (see   Figure 1  ). Subsequent to its parasitic use at high-

energy particle-physics laboratories, rings were refurbished 

for the delivery of synchrotron radiation (second generation). 

For the third generation, dedicated facilities were optimally 

designed and newly built. Three third-generation high-energy 

storage rings for synchrotron radiation have been built 

and continuously refurbished since the 1990s, namely the 

European Synchrotron Radiation Facility (ESRF, 1994), the 

Advanced Photon Source (APS, 1996), and Super Photon 

Ring–8 GeV (SPring-8,1997) (see   Figure 2  ), followed in the 

past decade by Deutsche Elektronen Synchrotron DESY’s 

PETRA-III (former Positron-Elektron-Tandem-Ring-Anlage) 

(2009). Their high-particle energies of 6 GeV, 7 GeV, 8 GeV, 

and 6 GeV, respectively, allow for undulator radiation into 

the high-energy x-ray range (100 keV) necessary for bulk 

studies in materials science and engineering, as well as 

other advantages, such as easy penetration into sample 

environments, small scattering angles, and large reciprocal-

space coverage.  2 

 Numerous 3 GeV storage rings have been established all 

over the world, including the Diamond Light Source, Canadian 

Light Source, Taiwan National Synchrotron Radiation Research 

Center, Swiss Light Source, Australian Synchrotron, Shanghai 

Synchrotron Radiation Facility, Pohang Light Source, and 

National Synchrotron Light Source II. The fl agships of 

such medium-energy rings have been trimmed to ultimate, 

diffraction-limited brightness in the soft (0.1 to 1 keV) to 

hard x-ray range (10 keV), delivering brilliance and a high 

degree of coherent light. A multitude of applications for all 

ranges of x-rays have evolved, including dedicated niches, 

such as absorption spectroscopy, inelastic scattering, surface 

scattering, and deep-bulk diffraction, which is beyond the 

scope of this article. This multitude also implies the necessity 

and existence of different-purpose storage rings (i.e., syn-

chrotrons), varying in size and energy by orders of magni-

tude. Comprehensive information on facilities, techniques, 

applications, and news can be found on the  LightSources.

org  website.  3 

 This article discusses the underpinning concepts of diffrac-

tion, spectroscopy, and imaging, and traces the use of various 

x-ray energy ranges applicable to the contributions in this 

issue of  MRS Bulletin .   
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 X-ray techniques 
 Within the scope of hard- and soft-matter sciences, x-rays 

interact with a specimen, and scattered primary or secondary 

radiation is detected in order to characterize the material. 

Based on the method of scattering and interaction with the 

specimen, one classifi cation scheme divides the techniques 

into the categories of diffraction, spectroscopy, and imaging 

(  Figure 3  ); however, these processes can overlap and inte-

grate with each other.     

 Imaging, where an object is placed in a beam and an image 

is recorded through optical mapping, involving projection as 

in radiography and in topography  4   or transformation through 

an optical lens or element is the most intuitive technique. 

Numerous variations of these basic techniques exist using 

the lateral coherence of the x-ray beam for phase-contrast 

imaging, where in an extreme case, an interface or edge 

between two fully transparent media is mapped by its differ-

ence in refractive index. So-called Fresnel diffraction at the 

media edge is due to the beams slightly deviating from each 

side of the edges and overlapping in the distance, resulting in 

interference fringes and thus an image of the edge.  5   

 Both spectroscopy and diffraction probe for scattered 

or secondary photons. In coherent scattering, an x-ray wave 

can be described by a space-,  x , and time-,  t , dependent 

oscillatory function exp( i  ( kx  –  ω  t )) of wave vector  k , 

wavenumber  k  = | k |, and angular frequency  ω . Both  k  and  ω  

can potentially change by  Q  =  Δ  k  =  k  f  –  k  i  and  Δ  ω  =  ω   f   –  ω  i , 

where indices i and f denote initial and fi nal states, respec-

tively. Usually, the distinguishing feature for spectroscopy 

  

 Figure 1.      (a) Illustration of a synchrotron radiation facility 

showing the linear accelerator (linac), booster synchrotron 

(sync), storage ring, and x-ray beamline. (b) Principles of 

synchrotron radiation sources. When relativistic electrons 

pass a magnetic fi eld, established between opposite magnetic 

poles (blue and orange rectangles), such as in a bending 

magnet, they emit radiation in the tangential direction. In 

insertion devices, such as a wiggler, multiple source points 

are superimposed, increasing the total intensity  I , while 

gentle and high-frequency wiggles in an undulator lead to 

coherent superposition of intensity, radiating well-defi ned 

spectral lines. In three dimensions, the magnetic fi eld is 

vertical, and the path deviation of the electrons is horizontal. 

Note:  N , number of poles; e – , electrons;  γ , x-ray photons.    

  

 Figure 2.      (a) Aerial view and (b) part of the annular experimental 

hall of the SPring-8 synchrotron facility. The storage ring 

circumference is 1436 m, and electrons orbit counterclockwise, 

irradiating x-rays into the tangential beamlines, some of which 

are outside the circular hall. The beamline to the top left in 

(a) is 1 km long, and the large building parallel to it houses the 

700 m long, world’s strongest x-ray free-electron laser SACLA 

(SPring-8 Angstrom Compact Free Electron Laser). Photographs 

courtesy of RIKEN, Japan.    
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is  Δ  ω  ≠ 0, with energy transfer as  Δ  E  =  ħ  Δ  ω , where  ħ  is the 

reduced Planck constant. In contrast, diffractometry investi-

gates the scattered waves as a function of scattering vector  Q , 

also called the wave vector transfer, and momentum transfer 

 Δ  p  =  ħ  Δ  k . 

 For conventional x-ray diffraction in powders, single crys-

tals, and amorphous substances,  Δ  ω  = 0, in other words, elas-

tic scattering occurs. In their article in this issue, Simons et al. 

describe how in modern methods, these regimes of diffraction, 

spectroscopy, and imaging can be combined and interwoven, 

such as diffraction-contrast imaging in topographic methods, 

and particularly in dark-fi eld x-ray microscopy. Both spectro-

scopic and diffraction methods can be used to scan a sample 

in order to form a raster map or image, taking advantage of 

scattered or secondary photons, as applied in fl uorescence 

spectroscopy and reported by Liu and Weng (see their article 

in this issue), or in white beam Laue microdiffraction, as dis-

cussed in the X. Chen et al. article. 

 In their article, Glazer et al. discuss the application of 

high-energy x-rays for the study of materials relevant to the 

realization of modern Li-ion batteries. Such materials are of 

worldwide interest, employing both synchrotron  6   and neutron 

radiation  7   on dedicated beamlines. Because of the availability 

of small and brilliant x-ray beams, small specimens can be 

investigated in tiny volumes under extreme conditions, as 

reviewed by B. Chen et al. in their article on high-pressure 

studies. Experimental access to high-pressure (10–100 GPa) 

and temperature (cryogenic to 5000 K) extreme conditions 

allows not only for investigation of materials as they occur 

in the interior of the earth,  8 , 9   but also for the synthesis of 

new materials and the study of their fundamental properties. 

Large-volume multi-anvil pressure cells for specimens of 

several cubic millimeters have become useful for materials 

scientists to study microstructure evolution and segregation 

chemistry during high-pressure thermomechanical processing 

of engineering-relevant materials,  10   and are nowadays comple-

mented by an apparatus allowing uniaxial stress components.  11     

 Applications of synchrotron x-rays in materials 
research  
 High-energy x-rays for bulk investigations 
 Many applications of high-energy x-rays have been devel-

oped over the past two decades, spreading into a multitude 

of disciplines. The main advantage of x-rays with energies 

above 80 keV is the high penetration into bulk materials, 

which can exceed one centimeter in steel.  12   In the 1970s, 

Freund and Schneider pioneered crystal defect studies using 

412 keV x-rays obtained from a radioactive gold  γ -ray 

source.  13   This was followed by the fi rst 145 keV synchro-

tron high-energy diffraction studies at the Cornell High Energy 

Synchrotron Source (CHESS),  14   and subsequently, the high-

energy synchrotron beamlines BW5 (and preceding temporary 

setup) at Hamburger Synchrotronstrahlungslabor at DESY  15   

and ID15 at ESRF.  16   Early applications in materials science 

evolved from ultrahigh-resolution single-crystal studies,  17 , 18   

investigations of amorphous materials, and pair distribution 

function analysis,  19 , 20   as well as studies on magnetism.  21 , 22   

 Further work by Reimers led to a breakthrough in engi-

neering studies using the ESRF for strain–stress analysis 

by an energy-dispersive method.  23 , 24   The potential for bulk 

texture analysis has also been demonstrated.  25   The introduc-

tion of two-dimensional (2D) detectors for high-energy x-rays 

has opened up capabilities for large-area reciprocal space 

mapping, such as for studies of diffuse scattering,  26   simultane-

ous recording of many 2D powder diffraction rings, so-called 

Debye–Scherrer rings,  27   leading to advanced texture analysis,  28   

three-dimensional x-ray diffraction techniques  29   that map 

microstructures in volume, and the materials oscilloscope.  30 , 31   

In the latter, the intensity distribution of distinguishable dif-

fraction spots, lying on the Debye–Scherrer rings and stem-

ming from individual crystallites, is streaked along a time axis 

while the specimen undergoes thermomechanical processing, 

leading to characteristic traces or “timelines” that help to dis-

tinguish various deformation and annealing processes, such 

as grain coarsening, refi nement, subgrain formation, rotation, 

slip, twinning, (dynamic) recovery, and recrystallization. 

 Modern applications of high-energy x-rays cover time-

resolved  in situ  and  operando  experiments, such as the over-

view of energy-storage materials by Glazer et al. in their article. 

  

 Figure 3.      Some scattering processes for x-rays, namely 

(a) diffraction (sketched on a crystal with lattice planes), which 

is a coherent, elastic process defi ning a scattering vector 

 Q ; (b) spectroscopy, where scattered photons (or particles) 

change energy (coherent and incoherently); and (c) imaging, 

here depicted in a radiography setup, where individual rays 

are attenuated, indicated by the different shaded arrows, 

projecting the object to a screen. Note: 2 θ , scattering angle; 

 k  i , initial state wavevector;  k  f , fi nal state wave vector.    
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They report on battery research, from the reaction and struc-

tural transformation during the synthesis of cathode materials; 

to structural changes in the fi rst lithium loading cycle; and to 

investigations during the charging and discharging processes 

of an entire lithium battery. Because of the fi ne spot size of 

the x-ray beams today, together with their bulk penetration, 

studies of buried layers can be conducted, such as in different 

battery components.    

 Principles of two-dimensional x-ray diff raction 
 In conventional powder x-ray diffraction, intensity is recorded 

against a single dimension, for example, scattering angle 2 θ . 

This diffraction involves rotational symmetry about the pri-

mary beam axis, leading to so-called Debye–Scherrer cones 

in space. In a typical experimental setup (  Figure 4  ), bundled 

high-energy x-rays impinge onto a sample volume, while a 

2D detector maps these cones to Debye–Scherrer rings at a 

given distance. The radial intensity distribution of those rings 

corresponds to a conventional x-ray diffractogram, where the 

radius is transformed into scattering angles 2 θ , or even bet-

ter, into  Q  = 2  k  sin( θ ) = 4 π / λ  sin( θ ), where  λ  is the x-ray 

wavelength. In order to increase the intensity, Debye–Scherrer 

rings are azimuthally integrated if the pattern is isotropic. 

Such  Q -dependent information not only allows extraction of 

phase changes, but also allows for obtaining microstrain and 

particle sizes from line broadening. The broadening con-

tributions can be separated by their dependence on scatter-

ing transfer  Q : since strain  ε  = – Δ  Q / Q , strain broadening 

increases linearly with  Q , while size broadening transforms 

into reciprocal space by a constant  Δ  Q  ≈ 2 π / D  for crystallites 

of coherent size  D .     

 Most often, however, strain and particle size are crystal-

lographically anisotropic and also exhibit some distribution, 

transforming the use of these basic relations into the use of 

more complicated fi tting and modeling procedures.  32   

 Anisotropy may occur in uniaxially loaded specimens 

and in textured samples,  33   for which such 2D patterns can 

be sectored  31 , 34   and evaluated along their orientation. In extreme 

cases, the azimuthal distribution of intensity along the rings 

is either continuous, stemming from a large number of ran-

domly oriented grains, or shows only a few spots, if any, to 

be identifi ed as a refl ection from a single crystal or crystal-

lite. A small number of refl ecting crystallites results in a low 

number of spots on the rings, and their distribution has been 

traced by the previously mentioned materials oscilloscope, 

for instance in plastic-deformation processes at high tempera-

tures (  Figure 5  ).  31   The spots are not intrinsically sharp, but are 

convolved with the beam size. Moreover, they map features 

of the refl ecting grain, which may consist of subgrains with 

slightly different orientations and stress states.  35   Mapping of 

these spots has been developed by some groups,  36   and is now 

driven by the introduction of magnifying optics in the spot 

beam path, as described in the Simons et al. article.       

 Imaging and spatial mapping 
 X-ray topography,  37   called dark-fi eld imaging in electron 

microscopy, is the mapping of a crystal refl ection onto a 2D 

detector and resolving contrasts from various origins. The 

latter can be crystal distortions, changes in the 

intensity by increasing the extinction depth, or 

small-angle grain boundaries by displacing parts 

of the diffracted beam under an angle such that 

their imprints can partly overlap or have a gap, 

resulting in a bright or a dark line, respectively. 

In parallel to electron backscatter diffraction, 

orientations of subgrains can be mapped and 

further evaluated, such as orientation bounda-

ries, and peak width, as described in the Simons 

et al. article. Here, x-rays have the advantage 

of much higher intrinsic angular resolution 

as compared to electron diffraction and are 

capable of resolving local strain and derivative 

strain components in the examined material. 

 Another diffraction-mapping method pre-

sented by X. Chen et al. in their article is the 

application of white beam Laue diffraction as 

a function of position, as well as rastering the 

image. In contrast to monochromatic-beam dif-

fraction, as previously explained, a white beam 

that contains a continuous spectrum impinges 

a crystal. Then, for a given reciprocal lattice 

vector length and orientation, a matching 

wave vector is selected from a large range of 

wave vectors. Thus, a refl ection always exists 

  

 Figure 4.      Typical 2D high-energy x-ray diffraction setup: a small beam arriving from the 

right is scattered by the specimen into Debye–Scherrer cones, which are mapped as 

diffraction rings on a fl at-panel detector. Superimposed to the 2D detector image are four 

radial sections of the intensity, as further illustrated in  Figure 5 . The specimen is 

in a mechanical load frame, heated by halogen lamps; however, a vast variety of sample 

environments can be designed, such as an  in operando  battery cell, and reaction 

chambers. Note:  Q , scattering vector;  η , azimuthal angle.    
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for any arbitrary orientation, within the half space of  Q  oriented 

toward the incident beam and within the limits of the incident 

spectral distribution. For a single crystal, a multitude of recip-

rocal lattice vectors (i.e., lattice-plane orientations) results in 

a set of diffraction spots, from which the orientation of the 

crystal can be determined. Again, if lattice defects (e.g., dislo-

cations and small-angle grain boundaries) exist, peaks spread 

out into streaks or distributions, respectively.  38 , 39   

 In particular, the white beam Laue method has been com-

bined with micro- and nanometer-sized beam diffraction, 

resolving local structures, and key information has been col-

lected in a book edited by two of the pioneers of this fi eld, 

Barabash and Ice.  40   

 More generally, both white and mono-

chromatic micro- and nanobeam diffrac-

tion methods have evolved in various fi elds 

of research. Besides the trend of extensive 

applications in geophysics,  41   mineralogy, and 

biomineralogy,  42 , 43   the intensive combina-

tion with electron microscopy to explore the 

nanoscale world  44 , 45   has matured, in conjunc-

tion with ongoing improvements in the data-

analysis approaches.  46 , 47   The article by X. 

Chen et al. emphasizes some new features 

and further developments of these techniques, 

including the signifi cant improvement of spa-

tial resolution at the Taiwan Photon Source, 

and small-molecule structure refi nement by 

interpreting the monochromatic and poly-

chromatic x-ray diffraction signals from the 

same crystal. 

 Besides the discipline of diffraction, spec-

troscopic methods are widely established 

at synchrotron sources. In their article, Liu 

and Weng present an example of the soft 

x-ray range using absorption spectroscopy. 

Absorption based on the photoelectric effect 

is achieved when a bound electron, often 

inner K or L electrons, is excited by the x-rays, 

leaving a hole (  Figure 6  ). In this process, the 

x-ray energy must be suffi cient to overcome 

the binding potential energy of the electron 

sitting in the atomic shell. When the x-ray 

energy is scanned upward, higher absorption 

occurs suddenly in a step pattern at the edge, 

where the threshold is overcome and the 

photon energy becomes suffi cient to eject 

the electron. Since, in principle, that same 

electron could fi ll the hole again, which is 

stimulated light emission, the entire process 

is a coherent resonance phenomenon, where 

the wave function of the simultaneously bound 

and freed electron needs to be considered in 

detail, including its extension to its nearest 

neighbors. 

 As the electron wave backscatters toward the hole, the stimu-

lated emission contribution, and thus the whole absorption 

process, varies in amplitude and yields observable fringes 

in the absorption spectrum. The electron-wave interference 

pattern depends sensitively on both electron wavelength 

(which changes with the x-ray energy) and the local mor-

phology of the electron cloud where the atom sits (i.e., its 

local crystal structure or other environment), leading to the 

extended x-ray absorption fi ne structure, known as EXAFS. 

In particular, the oxidation state of an ion defi nes the local 

environment, namely at the absorbing atom itself, leading to 

fi ngerprint-like characteristics at or close to the edge, allowing 

determination of the oxidation state. The energy of the absorption 

  

 Figure 5.      2D  in situ  data acquisition from a materials oscilloscope. (a) False-color 

photograph of a glowing titanium aluminide-based alloy specimen (cylinder, 8 mm 

length and 4 mm diameter) between the jaws of a thermomechanical processor. The 

thermocouple is shown by the two red lines at the bottom. A sketched incoming beam 

and a diffraction pattern in the background were added to the illustration.  30   Diffraction 

patterns from a zirconium alloy under heating in (b)  α  phase and (c) ( α  +  β ) phase, and 

(d) during hot plastic compressive fl ow in the  β  phase. Radial,  Q , and azimuthal,  η , 

coordinates are indicated, as well as an azimuthally integrated powder diffractogram 

(inset, blue).  52   Such time-resolved diffractograms not only allow the study of phase 

evolution with the integrated patterns, but also, deliver information about the grain 

orientations and relationships expressed by the intensity distribution along the 

Debye–Scherrer rings, and their evolution with time. Note:  Q , wavenumber transfer; 

 η , azimuthal angle;  I , intensity;  t , time;  T , temperature;  L , longitudinal direction of 

compression. Scale markers are given in direct space (8 mm) and reciprocal space 

(1 Å –1  cross).    
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edges is dictated by the nature of the atoms, covering the very 

soft and soft x-rays for the lighter elements, hard x-rays for the 

K-edges of medium elements, and L-edges of heavier elements.  48       

 The details and variations of absorption spectroscopy are 

more deeply explored in Liu and Weng’s article. They pre-

sent example applications and a study that further explores 

the chemical bonds at the solid–electrolyte interface in Li-ion 

batteries, making a thematic link to the diffraction work by 

Glazer et al. Similarly, the B. Chen et al. article reports on 

the complementary nature of absorption spectroscopy and dif-

fraction as well as the characterization of materials under high 

pressure.   

 Conclusion 
 Advanced synchrotron-based techniques, especially for materi-

als research, have continuously emerged and evolved in the 

past decades. A number of facilities and beamlines are cur-

rently being created, upgraded, and refurbished around the 

world. On the basis of the knowledge and experience gained 

in the fi rst 10–20 years of large third-generation sources, new, 

dedicated beamlines are being installed for specifi c purposes, 

such as battery research,  6   by commercial companies.  49   These 

beamlines, for example, the Hard X-Ray Nanoprobe Facility 

at the National Synchrotron Light Source II at Brookhaven 

National Laboratory, are also combining a multitude of differ-

ent scattering, diffraction, and imaging techniques.  50   

 At the same time, synchrotron sources, including free-

electron lasers, have also been upgraded to perform at their 

extremes, delivering diffraction-limited, coherent beams and 

ultrashort time scales. Specifi c sample environments, such as 

high-pressure apparatus, chemical reactors, and thermomechani-

cal processors have been developed and are complemented 

by automated, smart, and comprehensive computing power and 

algorithms for data analysis. 

 Synchrotron radiation is not the only modern probe for 

which highly sophisticated facilities are needed. Future 

research trends in applications will have to utilize their com-

plementarity, such as neutron and synchrotron radiation 

for structural studies, neutrons and muons for magnetism 

studies, light scattering, synchrotrons, and neutrons for the 

study of the dynamics of the materials, positrons, and syn-

chrotron x-rays for the measurement of electronic density of 

states, ions and diffraction for the study of crystal defects, 

and electrons, x-rays, and neutrons for texture analysis. 

Such quantum-beam science is currently led by centers and 

organizations operating at least two or more such facilities 

and user groups. In addition, they have created a dedicated 

journal.  51   With this potential, we are looking forward to an 

even brighter future for this fi eld.     
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scale. This process involves many attosecond cycles of the 

x-ray wave (X), during which a standing electron wave builds 

up, thus modulating the absorption probability. In quantum 

mechanics, the process of absorption is not localized at a 

fi xed position, but instead is distributed over many equivalent 

atoms, giving rise to the interference.    
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