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Introduction
 X-ray synchrotron radiation and free-electron laser (XFEL) 
sources (also referred to collectively as x-ray light sources) 
are important tools in materials science for probing the 
atomic and electronic structure of materials and their sur-
faces, as well as the dynamics of atomic- and molecular-
level processes.  1   In turn, materials research is critical for 
the advancement of the fundamental technologies under-
pinning these sources. In this issue of  MRS Bulletin , we 
explore recent advances in materials for the optics, detec-
tors, and other components that are essential parts of these 
research tools. 

 X-ray synchrotron radiation is generated by a beam of elec-
trons (or positrons) that are accelerated to nearly the speed of 
light. While passing through a linear periodic magnetic fi eld 
created by specialized magnet devices (or insertion devices) 
called undulators, these electrons (or positrons) oscillate and 
emit x-rays at each bend. X-rays emitted at consecutive bends 
add up to form a powerful laser-like, quasi-monochromatic 
x-ray beam billions of times brighter  2 , 3   than light from conven-
tional laboratory x-ray tubes (  Figure 1  ), that can probe matter 
at the atomic scale. In addition to brightness, these x-ray light 
sources exhibit natural collimation, which leads to greatly 
improved resolution, as well as the ability to select a single 
photon energy that interacts with the material of interest, yield-
ing an optimum signal-to-noise ratio. These characteristics 

have enabled detailed studies ranging from materials behav-
ior and properties under extreme conditions  4   (  Figure 2  ) to 
the behavior of biological systems at the cellular and molecu-
lar levels. Experiments at synchrotron sources have resulted 
in important discoveries, as evidenced by the Nobel prizes 
received for such work.         

 X-ray sources have seen an exponential improvement over the 
last 40–50 years, a trend that is continuing today ( Figure 1 ). New 
XFEL sources are being developed worldwide that promise 
high repetition rates with unprecedented brilliance (also called 
spectral brightness or simply, brightness, which is the num-
ber of photons/second/millimeter 2 /milliradian 2 /0.1% energy 
bandwidth), and pico- to femtosecond timing over a broad 
photon energy range with full, or a high degree of, spatial and 
temporal coherence;  5   these sources will enable revolutionary 
advances in x-ray science and new discoveries in the fi elds 
of physics, biology, materials science, and engineering. Also, 
“ultimate” storage rings will allow powerful new experiments 
that take advantage of the full coherence and brightness of the 
diffraction-limited radiation. 

 These new sources present major challenges and new 
opportunities to develop advanced optical elements and 
detectors. All optical elements in the beam path must be 
manufactured to a high degree of precision, and their materi-
als must maintain their characteristics during use to preserve 
the integrity of the source brightness. The detector materials 
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must be effi cient and able to withstand a high photon fl ux. 
Improvements in both detectors and optics highly depend on 
advances in specialized materials as well as in the availability 
of customized fabrication techniques.   

 Materials challenges for x-ray optics 
 The x-ray beams produced by modern synchro-
tron sources provide enormous capabilities; 
however, further conditioning is required to 
match the needs of the experiments. To pro-
duce incident beams with the required wave-
length, monochromaticity or bandwidth, spot 
size, polarization, and intensity, various x-ray 
optical elements are utilized. After the beam 
has interacted with the sample, x-ray optics 
are often used to collect or disperse the result-
ing photons before detection. Optics used in 
x-ray light sources can be grouped in three 
major categories—mirrors, monochromators, 
and lenses (or focusing elements). 

 X-rays interact with matter differently 
compared to visible light because of their high 
penetration depth and low index of refraction 
(<1). These properties impose special require-
ments for x-ray optics, and these requirements 
will become more severe with increasing co-
herence lengths foreseen for the new genera-
tion of storage rings. 

 Materials for x-ray optics must have high radiation resis-
tance, long-term stability, and excellent thermal-mechanical 
properties (low thermal expansion coeffi cients and high thermal 
conductivities). They should be available in large sizes, and 
they must be easy to fabricate, machine, and polish. Also, 
the x-ray optics used for beam conditioning are generally 
located in an ultrahigh vacuum environment, so interventions 
for repair or adjustments cause signifi cant downtimes for 
experiments. Since synchrotrons are expensive to run, and 
experimental time is precious and diffi cult to obtain, x-ray 
optics must be as reliable as possible. 

 Each optical element has its own specifi c challenges 
related to the nature of the interaction with the x-ray beam 
(i.e., refl ection, diffraction, or refraction). In this article, we 
briefl y touch upon a few aspects of materials of the most 
important optical elements in x-ray light source beamlines, 
namely mirrors, monochromators, and focusing optics. 

 Mirrors refl ect the x-rays by total refl ection at a low 
grazing incidence angle, typically a few tenths of a degree, 
from the mirror’s refl ecting surface, and are used for a vari-
ety of functions, including low-pass fi ltering, collimation, 
steering, harmonic rejection, and focusing  6   (  Figure 3  ). As a 
result, x-ray mirrors have a rectangular cross section of a few 
centimeters (cm) by a few cm and can be on the order of 1 m 
long to intercept the full incident beam footprint (typically 
1 mm × 1 mm at distances of tens of meters from the source) 
at a few milliradians incidence angle. To preserve the qual-
ity of the incident beam wavefront and provide maximum 
refl ectivity, the substrate material must not only be polished to 
atomic-scale roughness, but must have a low thermal expan-
sion coeffi cient and high thermal conductivity to minimize 
the mirror’s thermomechanical distortions, ideally over a 

  

 Figure 1.      Comparison of different x-ray source devices and facilities. (a) Peak brightness 

of synchrotrons and free-electron lasers worldwide.  2   (b) Average brightness of x-ray tubes, 

bending (dipole) magnet sources at storage rings, undulators (linear periodic magnet) 

devices at storage rings, x-ray free-electron lasers (XFELs), and MAX-IV—the newly built 

diffraction-limited source at the MAX-IV lab in Sweden.  3      

  

 Figure 2.      Study of the hydrogen-rich compound Ar(H 2 ) 2  

in a diamond anvil cell under ultrahigh pressure.  3   X-ray 

synchrotron radiation diffraction (XRD) data collected at the 

Advanced Photon Source, at a pressure up to 2.65 million 

atm using a diamond anvil cell, resolved the structure of this 

compound at the atomic level. This is a record pressure for 

studying hydrogen-rich compounds by XRD. Optical methods 

such as Raman and optical absorption are used to obtain 

complementary information. The use of precise and effi cient 

focusing optics providing an intense, sharply focused x-ray beam 

is critical to the success of such an experiment. Courtesy of C. Ji, 

Carnegie Mellon University.    
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wide range of temperatures. Very few materials meet these 
demands. Silicon (Si) is the most used mirror substrate material. 
Its excellent thermal expansion coeffi cient, which is about 
2.6·10 –6 /K at room temperature, goes to zero at  ∼ 124K 
(or about –150°C), and its thermal conductivity is improved by 
an order of magnitude at liquid nitrogen temperature ( ∼ 193°C) 
compared to room temperature. Others include ultralow-
expansion glass, fused silica, and zerodur (a lithium alumino-
silicate glass-ceramic produced by Schott AG). These materials 
have poor thermal conductivity compared to Si, and some 
develop color centers under intense x-rays. XFEL beams are 
characterized by extreme brightness, ultrashort pulse dura-
tion, and high peak power, so radiation damage to the mirror’s 
refl ecting materials is a serious concern.  7       

 Monochromators select the wavelength of interest for a par-
ticular experiment from the x-ray beam and analyze the signal 
after the incident beam interacts with the sample as a conse-
quence of the diffraction of the beam by the crystal lattice. 
The type of crystal material used depends on the wavelength 
and the bandwidth of the desired x-ray spectrum. Ideally, the 
materials should be of high crystalline purity and dislocation-
free, and, for some applications, must provide a wide range 
of selectable refl ections. In their article in this issue, Yava ş  et al. 
provide a detailed discussion on monochromator materials 
and requirements for high-resolution applications. 

 In some cases, multilayer optics and refl ection gratings are 
used for monochromatization. Multilayers are artifi cial one-
dimensional (1D) crystals made by sputtering a stack of 10s 
or even 100s periodic bilayers of alternating low-density and 
high-density materials or alloys on a supersmooth substrate. 
They provide 100-fold more bandwidth compared to crystal 
monochromators, which is important for fl ux-hungry experi-
mental techniques such as phase-contrast imaging, coherent 

diffraction imaging, and small-angle x-ray 
scattering. The performance of these optics 
is strongly dependent on the quality and the 
compatibility of the bilayer materials, the 
interlayer roughness, the uniformity of the lay-
ers, and their stability. Examples of bilayer 
materials include W/C, W/Si, and Mo/Si. One 
of the biggest challenges is to produce low 
interfacial roughness  8   with extremely low 
built-in stress. Therefore, the choice of bilayer 
materials and the ratio of the thicknesses of the 
layers are critical to achieving optimum per-
formance. The use of periodic trilayer material 
structures has been shown to enhance refl ec-
tivity compared to a periodic bilayer material.  9   

 The development of diffraction-limited 
synchrotron radiation storage rings (DLSRs) 
makes it possible to focus x-rays to a nanoscale 
spot size, thus enabling new scientifi c research 
opportunities and imaging at a single-particle 
level. X-ray focusing is conducted through a 
variety of optical elements using diffraction, 

refraction, or refl ection. Focusing optics present material chal-
lenges with respect to homogeneity and minimal absorption of 
radiation at the wavelength of interest. In their article in this 
issue, Roth et al. discuss refractive focusing lenses in detail. 
Here, we briefl y highlight materials issues for two types of 
diffractive focusing optical element, Fresnel zone plates  10   
and multilayer Laue lenses (MLLs),  11   which have the poten-
tial of achieving sub-10-nm spot size. A zone plate consists of 
a grating-like set of concentric rings, known as Fresnel zones, 
that alternate between opaque and transparent, with a decreas-
ing width from the center to the edge of the optic. The spot size 
and the focusing effi ciency are directly related to the width of 
the outermost zone relative to the thickness of the zone plate. 
For high-energy x-rays, aspect ratios of zone thickness to width 
of more than 100 are needed. Therefore, their fabrication 
requires advanced tools and materials. The MLL is a type of 
linear zone plate, made by thin-fi lm sputtering, that offers 
unlimited aspect ratio with the potential of achieving sub-10-nm 
focusing and unmatched effi ciency at very short (<0.1 nm) 
wavelengths. MLLs require depositing thousands of bilayer/
trilayer materials with graded thickness. Such an optic has 
achieved a record 15 nm × 15 nm focus at 0.1 nm wavelength 
for routine experimental use.  12   Intense research is underway 
worldwide to reach the ultimate focus.   

 Materials challenges for x-ray detectors 
 At every experiment station in a synchrotron facility, there is 
an x-ray detector, and it is often the capabilities of this detec-
tor that determine the potential value of the experiment. New 
x-ray sources pose a formidable challenge to the detector, 
not only for the electronics and signal processing parts, but 
also for the layer that absorbs the incoming x-ray photons.  13   
With increasing fl ux, these materials will need to be more 

  

 Figure 3.      (a) Schematic of some of the functions served by mirrors as x-ray optical 

components.  6   (b) Example of a Si x-ray mirror ready for installation in a synchrotron 

beamline. Courtesy of T. Rabedeau, SLAC/SSRL, Stanford University.    
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radiation hard. With the large instantaneous fl uxes generated 
by XFELs, these materials will require faster charge-transport 
properties and lower afterglow (where carriers are slowly 
released from traps, producing signal over a long time period 
after the original x-ray hit). With future DLSRs, there is a shift 
to higher photon energies, where silicon becomes increasingly 
ineffi cient, so new materials are required. With the small source 
sizes at DLSRs, even higher spatial and time resolutions are 
needed, requiring new scintillators. The vast variety of experi-
ments and techniques that will be performed, each requiring 
different aspects to be optimized, makes materials science a 
fundamental part of detector science.   

 Material challenges for linear and circular 
accelerators 
 The continuing development of x-ray light sources would greatly 
benefi t from the availability of advanced materials such 
as high-temperature superconductors and new materials for 
insulators, as well as more effi cient materials for electron guns 
and klystrons (i.e., high-frequency power sources). The avail-
ability of these materials will signifi cantly shrink the size of 
magnets, undulators, and radio-frequency cavities and improve 
their performance. 

 The next generation of linear and circular particle beam 
accelerators based on novel approaches to accelerator design 
present major challenges, with a strong emphasis on smaller 
footprints and reduced capital and operation costs. Signifi cant 
R&D efforts are anticipated, with a focus on understanding 
the fundamental physics of the surfaces of the material and 
bulk properties, to increase the gradient of the accelerating 
fi eld in both normal and superconducting structures beyond 
the current limits. 

 Normal-conducting copper has been widely used for 
radio-frequency cavities because of its excellent properties, 
even at room temperature. Ongoing and new R&D programs 
will explore pushing the performance limits of copper by, for 
example, modifying its properties or operating it at cryogenic 
temperatures. A new approach to improve the performance of 
bulk niobium superconducting accelerating cavities has 
produced outstanding results.  14   Novel medium- to high-T c  
superconducting materials such as Nb 3 Sn (niobium-tin)  15   
and MgB 2  (magnesium diboride)  16   thin fi lms on niobium 
and copper structures are being investigated. An important 
goal is operation of the accelerating structures at a higher 
temperature than liquid helium temperature, resulting in sig-
nifi cant cost savings.   

 In this issue  
 Optics 
 Three articles in this issue focus on diamond optics, materials 
for high-energy-resolution optics, and materials for refractive 
lenses. 

 In their article, Shvyd’ko et al. review recent progress in 
synthesizing fl awless diamond crystal components that exploit 
the material’s outstanding advantages compared to silicon in 

radiation hardness, x-ray transparency, stiffness, thermal con-
ductivity, thermal-expansion properties, and refl ectivity. 

 The article by Yava ş  et al. provides an overview of crystal 
monochromators and analyzers and explores recent advances 
in materials beyond silicon for application to high-energy 
resolution ( ∼ 10 meV or better) techniques such as resonant 
inelastic x-ray scattering and nuclear resonant scattering. 

 The use of x-ray refractive lenses has quickly expanded to 
become mainstream in many applications at all light sources 
worldwide. However, the fabrication methods as well as the 
materials (Be, Al) commonly used in their fabrication still 
have many shortcomings in terms of their ability to produce 
scatter and preserve the beam wavefront. In their article, Roth 
et al. provide an excellent overview of the state of the art 
of both materials and fabrication methods for 1D and two-
dimensional focusing lenses and discuss ongoing develop-
ments and potential future directions.   

 Detectors 
 With exponential increases in the source brilliance of syn-
chrotron storage-ring sources, and more recently, with the 
nine-orders-of-magnitude increase in peak brilliance of XFEL 
sources as compared to even the brightest storage rings,  2   
custom-designed detectors have become mandatory. A variety 
of such detectors and detector systems have been constructed 
(  Figure 4  ) and commercialized in recent years. Most of these 
are based on hybrid-pixel detector technology, with silicon as 
the x-ray absorbing sensor. Silicon-based hybrid-pixel array 
detectors (HPADs) are perfectly suited for the photon energy 
range between approximately 3 and 20 keV, and spatial reso-
lutions of a few tens of microns and up.     

 Increasingly important are photon energies greater than 
20 keV, especially at DLSRs. This means that alternatives to sili-
con as the photon absorbing material are required. Considerable 
effort and resources have been invested worldwide over the last 
few decades in developing high- Z  semiconductor materials 

  

 Figure 4.      The adaptive gain integrating pixel detector, custom 

developed for the European X-ray Free Electron Laser facility in 

Hamburg, Germany.    
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(e.g., CdTe, CdZnTe, and GaAs) for x-ray detection, espe-
cially for and by the medical imaging and homeland security 
markets. Much progress has been achieved in improving 
material quality as well as in sensor-processing technologies. 
Nevertheless, these materials remain relatively imperfect, 
especially under intense irradiation. Ge is an alternative to GaAs, 
but requires deep cooling because of the small bandgap, pos-
ing challenges in system designs. In their article, Pennicard 
et al. describe the current state, the remaining challenges, and 
the perspectives for the previously mentioned materials. 

 Another area not well addressed by silicon HPADs is imag-
ing with micrometer or better spatial resolution. Here, the sys-
tem of choice is a photon detector, generally a charge-coupled 
device or complementary metal oxide semiconductor imager, 
lens-coupled to an input scintillator. Whereas the photon 
detector and optical relay system are relatively straightfor-
ward, the choice of the right scintillator is less obvious. There 
are a wide variety of scintillators, each with its own advantages 
and disadvantages. Important parameters include light yield, 
emission spectrum, decay times, afterglow, and radiation 
hardness. In addition, substrate materials, ease of production, 
processing, and handling conditions determine usability of the 
materials. The article by Martin et al. gives a clear overview of 
the most commonly used scintillators and their applicability to 
x-ray detectors at synchrotron and XFEL sources. 

 In addition to developments of x-ray absorbing and convert-
ing materials described in the two contributions on detectors, 
there are many developments and opportunities in the fi eld of 
novel construction materials and fabrication processes, such as 
three-dimensional printing and carbon-based lightweight struc-
tures that are relevant or even crucial for modern detectors.    

 Outlook 
 New materials and novel processing techniques will undoubtedly 
play a central role in further advancing the key components 
of future diffraction-limited light sources, from electron gun 
technology to magnet and vacuum technologies. In turn, 
exploiting the full potential of these light sources will require 
near-perfect optics, highly stable beamlines and sample envi-
ronments, and highly effi cent and specialized detectors. 

 For optics, silicon will likely remain the material of choice 
for now for monochromators and mirror substrates for most 
x-ray synchrotron radiation and XFEL techniques. New deter-
ministic fabrication and processing techniques are expected 
to emerge to further improve the quality of both silicon- and 
nonsilicon-based optics. Development of materials beyond 
silicon will be key in developing more effi cient and higher-
resolution optics. 

 Better and faster scintillators will likely appear over the 
coming years. The high- Z  semiconductors used today will 
see continuous improvement in quality and reliability, both 
in raw materials and in processing. It is less likely that new 
compound semiconductors will be used in x-ray detectors in 
the near future. What is very likely, on the other hand, is that 
novel materials and fabrication techniques will be employed 

in constructing future systems, for example, to handle the 
ever-increasing heat loads produced by advanced electronics 
while keeping the system as compact and light as possible. 

 Additive manufacturing has been demonstrated to produce 
a new material exhibiting a near-zero coeffi cient of thermal 
expansion (CTE) over an extended range of temperature 
(CTE = –0.22 ppm/°C from –196°C to +24°C).  17   The tech-
nique could someday enable fabrication of advanced light 
source components using materials with engineered proper-
ties, opening doors to the development of a new generation 
of light sources with the combination of high brightness and 
reduced footprint and cost.     
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X-ray Optics Metrology Laboratory, and section 
leader of the Mirrors, Multilayers, Optics, and 
Metrology Section of the Optics Fabrication and 
Metrology Group. He has organized numerous 
conferences and workshops in the fi eld. He is a 

Fellow of OSA and SPIE. Assoufi d can be reached by phone at 630-252 2774 or 
by email at  assoufi d@anl.gov .  

         Heinz Graafsma  has been head of the Photon-
Science Detector Group at Deutsches Elektronen-
Synchrotron, Germany, a research center for 
photon science, accelerator physics, and parti-
cle and astro-particle physics since 2006. He 
obtained his PhD degree in applied physics 
from the University of Twente, The Netherlands, 
and the State University of New York at Buffalo, 
based on studies of crystals in electric fi elds 
using synchrotron radiation at the National 
Synchrotron Light Source at Brookhaven 
National Laboratory. Prior to this, he was a 
beamline scientist and head of the Instrumenta-
tion Group at the European Synchrotron Radia-

tion Facility, France. Graafsma can be reached by phone at +49 (0)40 8998-
1678 or by email at  heinz.graafsma@desy.de .   

2017
election

Election rules require active 
membership status. To ensure 
voter eligibility, membership 
dues must be paid in full by 
11:59 PM (ET), June 30, 2017.

COMING SOON! 
Election of 2018 
MRS Officers and 
Board Members

www.mrs.org/elections-2017 prior to the election

https://doi.org/10.1557/mrs.2017.118 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2017.118



